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ABSTRACT 

A regional survey of emerged Pleistocene marine terraces, with 
emphasis on chronostratigraphic data, permits documentation of 
recent deformation in coastal areas adjacent to the plate boundary 
of northwestern Mexico. 

During the last million years, the eastern coast of the Gulf of 
California, on the North American plate, remained vertically 
”stable,” whereas the Baja California peninsula was subjected to a 
slow and fairly continuous uplift. As a whole, the peninsular block 
has been uplifted at a mean rate of approximately 100 mm/lO3y in 
the past million years. However, uplift rates seem to have 
decreased, at least locally, based on the relative stability of the late 
Pleistocene terrace (ca. 125,000 years BP) in several areas of the 
northeastern, southern, and west central parts of the peninsula. 

During the late Quaternary, the most deformed and uplifted areas 
were located close to the main fracture zones-in northwesternmost 
Baja California (between the Agua Blanca and Rose Canyon-San 
Miguel fault systems), in the westernmost Vizcaíno region (along 
the Bahía Tortugas fault, related to the Tosco-Abreojos fault system), 
and in the Colorado delta region (along the Cerro Prieto fault 
system). Strong uplift and warping motions also occurred in the 
Santa Rosalía area, but these are controlled by volcano-tectonic 
events related to the La Reforma Plio-Quaternary caldera. 

The Baja California peninsula behaved as one large crustal block, 
in near-isostatic equilibrium, and was much less deformed than the 
California coast. This block has not been tilted westward since the 
Pliocene. This study supports the concepts that the peninsula is not 
completely attached to the Pacific plate, and that there is some plate 
motion along the western continental margin of Baja California. 
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INTRODUCTION 

Previous Investigations 

Since the first mention of emerged Pleistocene shorelines 
in Baja California (Gabb, 1868; Lindgren, 1888; Emmons and 
Merrill, 1894) and in Sonora (McGee and Johnson, 1896), it 
has been known that the coastal areas of northwestern Mexi- 
co (Figure 1) have been somewhat uplifted in recent times. 
One of the most common ideas encountered in the literature 
on the tectonic history of the Gulf of California region is that 
strong vertical motions had occurred during the late Ceno- 
zoic, notably during the Quaternary. 

This concept stemmed from a series of papers covering 
various areas of Baja California, in which Böse (1907), Wit- 
tich (1909, 1911, 1912, 1915, 1920), and Böse and Wittich 
(1913) described what they interpreted to be remnants of a 
regional transgression followed by a minimum 1000-m 
emergence in post-Pliocene time. Later, this interpretation 
was largely accepted, notably by Beal (1948) in the first 
important published work dedicated to the geology of the 
Baja California peninsula. In fact, Wittich, Böse, and Beal 
had been misled by the presence of modern shells brought 
to elevated camp sites by Indians. These misinterpretations 
were avoided by a few authors (such as Hertlein and Emer- 
son, 1956), but the idea that the peninsula had been greatly 
submerged, and subsequently emerged, has lingered on for 
many years (see Eardley, 1951; McFall, 1968). 

Just before the development of the plate tectonics model, 
Rusnak and Fisher (1964) conceived that the peninsula was 
a ”continental marginal block resting in an area of regional 
uplift and tension” and that the vertical motions had 
induced gravitational sliding of Baja California crustal 
blocks. 

After the general recognition that the North American/ 
Pacific plate boundary in the Gulf of California as a series of en 
echelon transform faults, it has been inferred that the ongoing 
opening of the Gulf was accompanied by vertical motions and 
active block faulting of the peninsula (Fife, 1968,1974; Moore 
and Buffington, 1968; Normark and Curray, 1968; Orme, 1972; 
Minch and James, 1974; Minch, 1975). Some authors even 
extended this concept to assume major recent tectonic activity 
in the southeastern gulf coast area (Connally, 1984; Connally 
and Sullivan, 1984). 

Another concept commonly found in the literature is that 
the peninsula is a block recently tilted toward the Pacific 
Ocean and that the eastern coast had been strongly uplifted 
relative to the Pacific coast (Lindgren, 1888; Beal, 1948; Rus- 
nak and Fisher, 1964). 

Previous work on Pleistocene marine terrace deposits in 
northwestern Mexico has been performed by two kinds of 
scientists-paleontologists, who have been mainly con- 
cerned with the faunal content of late Cenozoic marine and 
littoral units; and geologists/geomorphologists, who were 
more specifically interested in the spatial distribution of 
Quaternary shorelines and in their neotectonic implications. 
The first group gathered information on a large number of 
outcrops of Pleistocene (and Pliocene) marine deposits, but 
naturally paid more attention to the more recent, better-pre- 
served, and more fossiliferous localities (Hertlein, 1934, 
1957; Durham, 1950; Emerson, 1956, 1980; Valentine, 1957, 
1980; Emerson and Hertlein, 1964; Valentine and Rowland, 
1969; Dowlen and Minch, 1973). The second category of 
workers generally surveyed marine terraces in relatively 
restricted areas, sometimes within regional mapping pro- 
jects (Anderson, 1950; Ives, 1951,1959,1964; Hammond, 
1954; Orme, 1971,1972,1974; Gastil et al., 1975; Woods, 1978, 

1980). As a direct consequence of the fragmentary and loca 
character of most of these studies, no clear regional picture 
of Quaternary vertical motions around the Gulf of Califor- 
nia and in Baja California was obtained. 

Between 1975 and 1981, within the framework of a coop- 
erative French-Mexican project, ORSTOM-UNAM (Instituto 
de Geologia), a general reconnaissance of the Quaternary 
shorelines and a study of the recent deformations was car- 
ried out in northwestern Mexico, specifically along the entire 
coastline between Guaymas (Sonora) and Ensenada (Baja 
California Norte). The main results of this research, which 
included many geochronological and geochemical analyses 
oriented toward a better chronostratigraphic control on Qua- 
ternary marine deposits, are gathered in the author’s French 
”thèse d’Etat” dissertation (Ortlieb, 1987). ,This paper pre- 
sents some of the main conclusions of that work. 

METHODOLOGY 

Quaternary Variations in Sea Level 

Regional correlation of remnants of Pleistocene shore- 
lines constitutes one of the most useful and satisfactory 
ways to document vertical deformations of coastal areas. 
Relative recent vertical motions-such as local or regional 
uplift, warping, and block faulting-are evidenced through 
deleveling surveys of the ancient shorelines. Furthermore, 
when ”absolute” geochronological data are available, and 
provided that assumptions can be made about the paleosea 
level height (paleogeoid position), it becomes possible to 
evaluate the net absolute vertical motion experienced at any 
given area during the elapsed time. 

In the present state of knowledge of Quaternary sea level 
variations, it is reasonably well established that during the 
larger part of the early Pleistocene, climatic variations and 
induced sea level fluctuations were characterized by lower 
amplitudes and higher frequencies than during the second 
half of the Quaternary (Shackleton and Opdyke, 1973,1976; 
Chappell, 1981; Williams et al., 1981; Prell, 1982). For the last 
0.9 to 1.0 m.y. (that is, since the present regime of climatic 
variations began), sea level has been fluctuating with a 
major periodicity of 90,000/100,000 years. During each 
interglacial peak, the sea level was close to its present posi- 
tion, and during glacial maxima, it was more than 100 m 
below present mean sea level (MSL). This simplified model 
is complicated by the occurrence of interstadial events, dur- 
ing both glacial and interglacial episodes, which produced 
intermediate seastands. 

The last interglacial is characterized by a highest sea- 
stand at about 125 ka (kilo annum = 1000 years before Pre- 
sent), followed by two slightly less elevated sea level maxi- 
ma at about 105 and 85 ka (Broecker et al., 1968; Matthews, 
1973; Bloom et al., 1974; Chappell, 1974; Shackleton and 
Chappell, 1985). The highest level reached was several (? 6) 
meters above the present datum and most probably higher 
than former interglacial high seastands. This high inter- 
glacial position of sea level is directly related to a well-docu- 
mented warmer climate (Shackleton, 1969; Chappell, 1974; 
Kennedy, 1982; CLIMAP Project Members, 1984). 

For most authors, the chronostratigraphic scale of the 
Quaternary marine units is based on oxygen-isotope curves 
of the V28-238 and V28-239 deep-sea cores (Shackleton and 
Opdyke, 1973,1976). In the present paper, the interglacial 
stages corresponding to the highest sea level episodes are 
referred to by their odd numbers in the V28-238 isotopic 
curve. These “Isotopic Stages’’ are I.S. 5 (-130-80 ka), 
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Figure 1-Index map of the area studied around the Gulf of California and the Baja California peninsula, showing main 
localities mentioned in the text and locations of the detailed maps (circled numbers correspond to figure numbers). 
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Figure 2-Geochronological data on late and late middle Pleistocene marine shells from Baja California and the east coast 
of the Gulf of California: Localities yielding radiometric Th/U data and amino acid racemization (AAR) stratigraphic data. 

I.S. 7 (-240-200 ka), I.S. 9 (-320 ka), etc. The subdivisions of 
the Quaternary period adopted here are as follows: early 
Pleistocene (1.8-0.7 Ma), middle Pleistocene (0.7-0.13 Ma), 
late Pleistocene (150-10 ka), and Holocene (10-0 ka). The 
term "late Quaternary" is meant to encompass both the late 
Pleistocene and the Holocene. 

In general, one may thus assume that coastal regions 
showing a last interglacial (I.S. 5e) shoreline a few meters 
above present MSL, and with no highly elevated middle 
Pleistocene terraces, have not been subjected to recent verti- 
cal motions. Conversely, a "staircase" arrangement of 
marine terraces, with several interglacial marine platforms 
lying significantly higher than +10 m, may be taken as evi- 
dence for uplift motions during the last few hundred thou- 
sand years. 

Geochronology 

Dating Pleistocene shorelines is the second main chal- 
lenge in the analysis of recent vertical movements in coastal 
areas. For the last 150,000 years (the late Quaternary), radio- 
metric methods generally provide acceptable results; mol- 
lusk shells and corals associated with the littoral deposits 
are dated through the classical 14C and uranium-series 
methods. 

Another recently developed method, based on the 
racemization of amino acids, yields relative chronological 
information which may be converted to "absolute" ages if 
kinetic models can be established for the given area and if 
some assumptions are made on the evolution of the Quater- 
nary ground temperatures. In the Gulf of California area, 
however, the arid climate seriously interferes with the deter- 

mination of reliable geochronological data on the Pleis- 
tocene marine remnants. Along the Pacific coast of the Baja 
California peninsula, amino acid racemization (AAR) strati- 
graphic analyses yield valuable data that distinguish the last 
two interglacial deposits from older ones (Keenan, 1952; 
Keenan et al., 1984,1987), but in the warmer Gulf of Califor- 
nia, this kind of analysis could only contribute late Pleis- 
tocene (last interglacial) dates (Ortlieb, 1982a, 198413,1987) 
(Figure 2). In comparison with the results obtained along the 
west coast of the United States (Masters and Bada, 1977; 
Wehmiller et al., 1977, 1978; Karrow and Bada, 1980; 
Wehmiller, 19521, the chronological range, as well as the 
accuracy, of the AAR stratigraphic results from northwest- 
ern Mexico appear to be much more limited; this is a direct 
consequence of the higher Quaternary temperatures experi- 
enced by the southern area. 

Environmental and paleoclimatic conditions in the north- 
western Mexico coastal areas also probably played a major 
role in the geochemical complications that affected many 
Th/U analyses of pelecypod and coral samples. Most of the 
radiometric analyses of fossil carbonates indicated a last 
interglacial age (only a few cases were older than the I.S. 5e 
age), but they are not accurate enough to give reliable abso- 
lute ages. In other words, the Th/U age measurements do not 
permit a clear distinction between the isotopic substages 5a, 
5c, and 5e (-85 ka, -105 ka, and -125 ka, respectively) of the 
last interglacial. In the case of pre-I.S. 5e samples, the confi- 
dence intervals of the radiometric apparent ages are so wide 
that the geochronological data are of reduced practical use, 
even for determining whether the samples are coeval with the 
penultimate interglacial episode (I.S. 7), or if they are older. 

The composition of faunal assemblages and the oxygen 
isotope composition of marine shell carbonates are two 
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I. ,t ?independent and complementary paleoclimatic indicators 
that help to identlfy specific episodes of late Quaternary sea 
level (Valentine and Meade, 1960; Kennedy et al., 1982; 
Muhs and Kyser, 1986). In California and northwestern Baja 
California, comparative studies of the composition of 
marine terrace faunal assemblages provided useful chronos- 
tratigraphic data which distinguish earliest last interglacial 
(I.S. 5e) from younger last interglacial (I.S. 5a/c) localities 
(Valentine and Meade, 1961; Emerson, 1980; Kennedy et al., 
1982,1986). In the Gulf of California, ISO isotopic analyses 
of littoral shells permit the identification of early last inter- 
glacial (I.S. 5e) localities and their separation from older 
(middle Pleistocene) deposits, as well as from younger ones 
(I.S. 5a and 5c) (Ortlieb, 1987). 

K/Ar dating of volcanic rocks which have chronostrati- 
graphic relationships with marine terraces was attempted 
but was not always successful. It should be added that the 
generally coarse littoral sediments which cover the Pleis- 
tocene marine platforms are not suitable for magnetostrati- 
graphic analyses. 

Under such conditions, it is apparent that chronostrati- 
graphic interpretations still depend heavily on stratigraphic 
and geomorphological observations. 

Marine Terraces and Reconstruction 
of Paleosea Levels 

On methodological and practical grounds, it must be 
emphasized that the reconstitution of Pleistocene sea levels 
involves more than an identification of old marine surfaces 
and of marine and littoral units. The elevation of any wave- 
cut surface of some unknown time has by itself no practical 
significance except to indicate that sea level has once been 
close to the locality concerned. 

The regional correlation of Pleistocene marine features, 
as well as their chronologic interpretation, can only be 
made through comparative studies of the relative position 
of remnants of definable high seastands; those definable 
levels are coeval with the interglacial maxima. Thus, every 
effort should be made in the field to reconstruct the posi- 
tion and the elevation of the paleo-sea level at the maxi- 
mum of every transgressive phase; this is done by paying 
particular attention to the shoreline angle (back-edge) of 
the wave-cut platforms, as well as to the morphology, the 
sedimentology, and the faunal content of the marine 
deposits (Ortlieb, 1982b, 1987). Commonly encountered 
difficulties are: the localization of shoreline angles in 
regions covered with thick alluvial or eolian sediments, the 
identification of transgression maxima in the case of series 
of beach ridges or closely spaced marine platforms, and 
the distinction of interglacial from interstadial high sea- 
stands. 

In this large study area, analyses of marine terraces and 
their associated deposits must also take into account region- 
al geomorphic and climatic parameters. 

EASTERN AND NORTHERNMOST 
COASTS OF THE GULF OF CALIFORNIA 

Geomorphic Context 

The late Cenozoic history of the mainland coast of the 
Gulf of California is dominated by Plio-Quaternary deposi- 
tional processes. Notwithstanding the variety of their cli- 
matic and geomorphic controls, these active processes of 

continental sedimentation have led to the same result: a gen- 
eral burial of Pleistocene paleoshorelines. 

In the northern Gulf area, the hyperarid conditions of the 
Sonoran Desert, combined with a generally low relief and 
the abundance of Colorado River alluvial sediments, are 
responsible for great accumulations of eolian sands and flu- 
vio-deltaic deposits (Mesa de Sonora, see Figure 1). Along 
the northeastern coast of the Gulf of California, the Sonoran 
climate, combined with surface runoff and the typical Basin 
and Range relief, together controlled a widespread develop- 
ment of bajadas (compound alluvial fans) and piedmonts. In 
the southeastern part of the Gulf, where the climate 
becomes tropical, several perennial rivers supply great 
quantities of alluvial material from the Sierra Madre Occi- 
dental to the flat coastal plain and ultimately contribute to 
the wide continental shelf. 

Besides the inland accumulation of terrestrial sediments, 
another limitation to the study of Pleistocene shorelines 
comes from the importance of the Holocene littoral process- 
es; the eastern coast of the Gulf of California presents long 
sequences of beach ridges (in Nayarit and Sinaloa), exten- 
sive barrier-islands (in southern Sonora and Sinaloa), abun- 
dant coastal dunes (in the northeastern Gulf), and numerous 
coastal lagoons. 

The most suitable areas for gathering data on Pleistocene 
high sea levels are the coastal ranges between Guaymas and 
Puerto Lobos, in central Sonora, and some cliffed stretches 
of the coast near Puerto Lobos and along the southern Mesa 
de Sonora in the northern extremity of the Gulf (Figure 1). 

Late Pleistocene Terrace 

Morphostratigraphy 

The rocky sectors of the central Sonoran coast show a 
conspicuous terrace, cut at a few meters above the present 
MSL. This is a marine platform, with its associated 
nearshore sediments commonly covered by several meters 
of alluvium and eolian sands. The shoreline corresponding 
to the maximum transgression is located between +5 and +7 
m (Hertlein and Emerson, 1956; Malpica et al., 1978; Ortlieb 
and Malpica, 1978; Ortlieb, 1980, 1981a, 1982b). (In this 
chapter, all elevations are referred to the present MSL, and 
not to any high-water datum). 

The age of this terrace is well constrained by morphos- 
tratigraphic and lithostratigraphic criteria, but has caused 
some problems in geochronological interpretation. On the 
central Sonoran and Isla Tiburón shores, stratigraphic rela- 
tionships and geomorphic features clearly show that this is 
the only marine unit that immediately antedates the late 
Quaternary bajada deposits. The weak cementation of the 
littoral sediments and the fair preservation state of the fossil 
remains, which confirm a relatively young Pleistocene age, 
provide reliable criteria for regional correlations of the rem- 
nants of this unit. 

Geochronology 

The 230Th/234U method of radiometric dating did not 
yield a clearcut I.S. 5e (-125 ka) age (Bernat et al., 1980; 
Ortlieb, 1981a) for marine shells from the low terrace. Four- 
teen of 17 samples of thick-shelled pelecypods provided 
results ranging from 64 to 129 ka (54 to 142 ka, with a confi- 
dence interval of f l o  for individual values, Figure 3). This 
range of apparent ages, from all the Gulf east coast samples, 
is similar to the range of results (64 to 120 ka) obtained from 
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a series of six samples collected in situ in a single thin sedi- 
mentary unit at Campo Dolar (Figure 3). If formerly coexist- 
ing shells yield such a wide spread of apparent Th/U ages, 
one may assume that single Th/U results are of little signifi- 
cance, and that all the radiometric data should not be taken 
as statistical evidence for more than a single episode of late 
Pleistocene high-level seastand. 

Radiometric dating of comparable low terraces in other 
parts of the world provided a mean 125 ka age (Bloom et al., 
1974; Chappell, 1974,1981; Kern, 1977). The most probable 
age of the whole sample set from Sonora and Isla Tiburón is 
close to the oldest limit (130 ka) of the apparent range, and 
not its statistical mean (93 ka); this results from a late uptake 
of uranium by the mollusk shells in the particular paleocli- 
matic and paleohydrologic conditions that exist along the 
eastern coast of the Gulf of California. Pelecypod shell mate- 
rial is often considered to provide minimum Th/U ages (Ku 
and Kern, 1974; Ku, 1976; Stearns, 1980). 

On the eastern coast of the Gulf of California, amino 
acid racemization analyses were performed on 29 fossil 
shell samples (Figure 2). The data strongly support a late 
Pleistocene age at practically all localities (Ortlieb, 1982a, 
198413,1987, in press). Amino acid analyses of individual 
Dosinin ponderosn shells previously submitted for Th/U 
dating demonstrate the unreliability of most of the individ- 
ual radiometric ages and confirm that the fossils do not 
pertain to several episodes of late Pleistocene high sea- 
stands. 

Age of the Tepopa Paleoembayment: 30 ka by Radiocarbon 
or 120 ka? 

In central Sonora, another kind of geochronological prob- 
lem with neotectonic implications concerns the reliability of a 
series of -30 ka apparent radiocarbon ages. Richards (1973) 
inferred recent vertical motions of the northeastern coast of 
the Gulf of California on the basis of four 14C dates of emerged 
Pleistocene shells from the area of Tepopa; three of the results 
ranged from 26,770 f525 y BP to 29,550 k.1115 y BP, and the 
fourth was apparently older than 42 ka. Eleven additional 14C 
dates obtained ranged from 24,150 +150 y BP to 33,800 33,500 
y BP, and a twelfth result showed 20,150 +230 y BP (Ortlieb, 
1984a, 1987). These dates were measured on shells sampled at 
distinct littoral units corresponding to various openshore, flu- 
vio-marine and lagoonal paleoenvironments, which all seem 
to be coeval with a +5 kl m Pleistocene transgression. 

Thus, 15 dates averaging 30 ka versus a single result of 
"older than 42 ka" apparently document a correlation of the 
Tepopa marine and lagoonal units with a last interstadial 
high seastand (I.S. 3). Many controversial discussions have 
taken place on the existence (or otherwise), at -30 ka, of a 
sea level episode high enough to have left emerged rem- 
nants (Mörner, 1971; Thom, 1973; Giressse and Davies, 1980). 
According to commonly accepted modells of late Quaternary 
sea level variations (Bloom et al., 1974; Chappell and Veeh, 
1977), the -30 ka eustatic sea level was probably as low as 40 
m below present datum. 
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# Lithostratigraphic and paleogeographic interpretations 
of sequences of littoral deposits (Lecolle and Ortlieb, 1978; 
Ortlieb, 1984a, 1987) demonstrated that the Tepopa marine 
and lagoonal series were contemporaneous with the nearby 
I.S. 5e Campo Dolar locality, and that they are not associated 
with a distinct episode of late Pleistocene high sea level. 
Consequently, the radiocarbon data from the Tepopa beds 
are discarded as evidence of a high I.S. 3 high-level sea- 
stand. The 15 of a total of 16 finite 14C apparent ages are 
interpreted to result from a surprisingly widespread and 
uniform contamination of the shell carbonates by modern 
carbon. 

. ' 

Regional Attitude 

Between Bahía Adair and Bahía Kino, including the 
shores of Isla Tiburón, the remnants of the late Pleistocene 
(I.S. 5e) high sea level are at a uniform elevation of +6 f 1 m 
(Figure 4). At Guaymas, the I.S. 5e shoreline seems to be 
near the present MSL, but southward no data are available. 
In the northeastern Gulf, in general, the localities where the 
late Pleistocene shoreline is at more than +7 m are quite 
exceptional. 

In one of those localities, on the east coast of the Infiernillo 
Channel, the reconstructed I.S. 5e shoreline is uplifted to 
about +9 m; the littoral sequence crops out along the trace of 
an inferred fault (Gastil and Krummenacher, 1974,1977) 
which was probably active in the late Quaternary (Ortlieb, 
1982b, 1984a). A second area where the last interglacial 
deposits have been sigruficantly uplifted is the northwestern- 
most Sonoran coast, near the mouth of the Colorado River. 

Eastem Side of the Colorado River Mouth 

On the eastern side of the Colorado River mouth, a late 
Pleistocene (I.S. 5e) deltaic sequence that is partly emerged 
ends with an index bed of Chione corteziensis coquina. The 
correlation of this coquina with the I.S. 5e is established on 
both morphostratigraphic (widespread, highest-elevated, 
and well-preserved marine remnants) and geochronological 
grounds (one 129 +13 ka Th/U age and three concordant 
AAR stratigraphic results). A comparative geomorphic and 
sedimentologic study of the Holocene delta and of the 
emerged Pleistocene paleodeltaic units (Ortlieb, 1987, in 
press) permits a reconstruction of recent deformation of the 
area. The shoreline associated with the coquina is observed 
at +7 m in northwestern Bahía Adair, at +12 m to the south- 
west of the same bay, and at +25 m at Punta Gorda, whereas 
lateral time-equivalents of the coquina crop out at about +10 
m on the west bank of the present-day deltaic plain (at the 
eastern foot of Sierra El Mayor) and at +8 m in the San 
Felipe area (Figure 5). 

The local uplift thus evidenced along the southern bound- 
ary of the Mesa de Sonora is directly related to the late Qua- 
ternary activity of the Cerro Prieto fault system. A branch of 
this system, the Punta Gorda fault, shows a strong strike-slip 
activity which ceased shortly before the deposition of the 
Chione cortezieizsis coquina (Colletta and Ortlieb, 1979, 1981, 
1984). The Cerro Prieto fault system induced flexuring, drag 
folding, and intense fracturing in a topographic bulge that 
formed since late middle Pleistocene time in the southwest- 
ern part of the Mesa de Sonora near Golfo de Santa Clara 
(Merriam, 1965; Colletta and Ortlieb, 1979,1984). Nowadays, 
almost all seismic activity in the delta region is concentrated 
along this fault trace (Allen, 1975; Suarez et al., 1981; Gonza- 
lez et al., 1984). This fault seems to represent the plate 
boundary and constitutes the principal link between the San 
Andreas system and the Gulf of California. 

The fact that at some distance and on both sides of the 
Colorado River mouth the I.S. 5e shoreline is found at the 
same elevation (+7/+8 m), indicates that no large vertical 
motions have occurred recently on either lithospheric plate. 
The relative vertical motion for the late Quaternary 
observed on the southern Mesa de Sonora, characterized by 
a maximum amplitude of 20 m and a maximum uplift rate 
of 170 mm/103y, is limited to a narrow area northeast of the 
Cerro Prieto fault trace. 

Middle Pleistocene Marine Remnants 

Remnants of pre-I.S. 5e Pleistocene transgressions are 
scarce along the northern and eastern coasts of the Gulf of 
California. Marine deposits and abrasion surfaces of such an 
age are distinguished from late Pleistocene marine remnants 
by morphostratigraphic and petrologic evidence. Petro- 
graphic differences between middle Pleistocene emerged 
marine sediments and those from younger marine terraces 
include a larger degree of cementation, major dissolution or 
diagenetic recrystallization of aragonitic bioclasts, and pre- 
dominance of calcitic fossils like oysters, barnacles, echi- 
noids, etc. Moreover, in several localities the composition of 
the fossil fauna is clearly distinct from that of the I.S. 5e, and 
from the modern fauna (Ortlieb, 1987). 

In several localities (Ensenada de la Cruz, Sierra Bacha, 
Punta Cirio, Bahía Lobos, Bahía Adair), pre-I.S. 5e marine 
sediments crop out underneath the last interglacial unit at a 
relatively low elevation (below +6 m). In most cases, the 
reconstructed position of these former high seastands lies 
between +5 and +12 m. Higher middle Pleistocene littoral 
remnants have only been observed in the Santa Margarita 
locality (north of Puerto Libertad), where they consist of 
marine platforms almost devoid of associated sediments, 
lying at +lo, +15, and +23 m (Figure 6). 

The age of each of the pre-I.S. 5e marine units is not pre- 
cisely determined. In the Colorado delta region, a partially 
emerged marine unit that underlies the late Pleistocene lit- 
toral sequence is interpreted to correspond to a relatively 
young middle Pleistocene high sea level episode (IS. 7 or 9); 
in the subsiding tectonic regime of the deltaic area, during 
Pliocene-Quaternary time, this unit cannot be very old, even 
if it had been uplifted by faulting. In Bahía Adair and at 
Santa Margarita (Figure 6), where pre-IS. 5e deposits crop 
out at the surface and have not yet been removed by ero- 
sion, it is also assumed that they are not older than middle 
Pleistocene. In other localities from the central Sonora coast, 
the burial of pre-I.S. 5e marine units below latest (?) middle 
Pleistocene bajada deposits also suggests a late middle 
Pleistocene age for the high seastands. 

It is noteworthy that Pliocene marine beds have never 
been described on the coast of Sonora, and that Miocene 
marine units are only known below sea level from 
exploratory wells drilled in the Hermosillo coastal plain 
(Gomez, 1971) and from a few outcrops in western Isla 
Tiburón (Smith et al., 1985). 

In summary, most of the middle (and ? early) Pleistocene 
marine units that crop out on the east coast of the Gulf of 
California are relatively low lying, generally at no more than 
about +10 m. In spite of the erosion and covering up by 
Quaternary alluvium, the older littoral remnants also sup- 
port the idea of a lack of important regional vertical 
motions. 

Uplift from latest middle Pleistocene to the present time 
has been detected in the northern Gulf only and can be asso- 
ciated with deformations of the Cerro Prieto fault system. 
No definite neotectonic conclusions have been drawn from 
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Figure 4-Spatial distribution of Pleistocene marine terraces around the Gulf of California. The regional correlation of late 
Pleistocene (I.S. 5e and 5dc) shorelines is based on morphostratigraphic, geochronologic (TWU and amino acid racemiza- 
tion data), and oxygen isotope data; the tentative correlations of older Pleistocene marine terraces (-1 Ma, and ? I.S. 11) are 
based on morphostratigraphic and geometric interpretations. 

the existence of -1-10, -1-15, and t25 m terraces at Santa Mar- 
garita; they may be considered as the only preserved rem- 
nants of elevated middle Pleistocene high seastands, and in 
which case would document a slightly higher elevation of 
the northeastern coast of the Gulf during the middle Pleis- 
tocene. They may be the result of vertical displacement of a 

fault block, perhaps related to the former activity of a south- 
eastern extension of the Cerro Prieto fault system (Figure 6). 
In either case, the motions involved must have ceased by the 
end of the middle Pleistocene, inasmuch as the last inter- 
glacial shoreline in the Santa Margarita locality is observed 
at its typical t6 +1 m elevation. 
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Figure 5-Quaternary geology sketch map of the northern Gulf of California, with location of the Cerro Prieto fault, the 
main active link between the San Andreas and the Gulf systems. Numbers in small hexagons indicate elevations (in 
meters above present MSL) of the late Pleistocene (I.S. 5e) shoreline; the coastal border of the Mesa de Sonora has been 
uplifted (by as much as 17 m at Punta Gorda) in the late Quaternary; but on a larger scale, the PacifidNorth American plate 
boundary does not show evidence of differential vertical motions. Large dots represent a reconstructed former course of 
the Colorado River during the last interglacial (Ortlieb, 1987). 

GULF COAST OF BAJA CALIFORNIA 

Geomorphic Context 

The eastern coast of the Baja California peninsula is char- 
acterized by steep relief due to the regional structural pat- 
tern and the volcanic nature of most of the outcropping 
rocks. Around the eastern peninsula, the continental shelf is 
particularly narrow and has been described as a typical neo- 
trailing edge margin (Inman and Nordstrom, 1971). Many 
offshore faults run parallel to the coastline or make a low 
angle with it (Rusnak et al., 1964; Moore, 1973; Henyey and 
Bischoff, 1973; Bischoff and Henyey, 1974). 

Coastal plains and bajadas are less numerous and nar- 
rower than along the eastern coast of the Gulf or along the 
Pacific coast of the peninsula. On most of the central and 
southern Gulf coast of the Baja California peninsula, paleo- 
climatic and morphodynamic conditions, as well as its 
largely rock nature, have been favorable to the imprint and 

subsequent preservation of Pleistocene shorelines; subaerial 
erosion has generally not been able to destroy the former 
marine platforms cut in volcanic rocks, and continental 
accumulation processes have been too slow to produce thick 
sedimentary covers on the terraces. These relatively favor- 
able conditions are found in the central eastern part of the 
peninsula (notably in the La Reforma and Bahía San Nicolas 
areas) and in several nearby islands. 

In the northern and southern extremities of the Baja Cal- 
ifornia east coast, very few terraces older than late Pleis- 
tocene have been identified. This scarcity of data concern- 
ing old Pleistocene terraces is mainly due to distinct 
climatic regimes and geomorphic parameters, which differ 
from those of the east central Baja California region. In 
northeastern Baja California, as in Sonora, the middle 
Pleistocene shorelines have been concealed under abun- 
dant bajada deposits and alluvial fans; in southeastern- 
most Baja California, the wetter and subtropical climate 
accelerated the alteration of the old Pleistocene marine 
remnants. 
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Figure 6-Geologic sketch map of the Puerto Libertad 
reaion, eastern coast of the Gulf of California (simulified 
frgm Gastil and Krummenacher, 1974), with indidtion of 
the elevation of distinct Pleistocene high seastand rem- 
nants. The inserted map shows the hypothetical relation- 
ship between the Cerro Prieto and Libertad faults (Cerro 
Prieto lineament of Gastil and Krummenacher, 1977). 
1 = Pre-Cenozoic substrate; 2 = Miocene volcaniclastic 
units; 3 = Quaternary sediments, mainly alluvium. 

Late Pleistocene Terrace(s) 

Morphostratigraphy and Geochronology 

Along the east coast of the peninsula, the last interglacial 
shoreline is generally well identified, even though there are 
ambiguities in a few localities. The degree of cementation of 
the littoral remnants and the state of preservation of the fos- 
sils may often, but not always, be used as relative chrono- 
logic criteria to distinguish the youngest (late Pleistocene) 
from the older (late middle Pleistocene) deposits. 

A series of amino acid racemization analyses and Th/U 
age determinations (Figure 2) helped to confirm that, in 
many instances, the lowest emerged terrace, which is associ- 
ated with well-preserved fossiliferous sediments, was 
formed during the I.S. 5e. The AAR stratigraphic analyses 
cover more than 80 samples, mainly from the east-central 
coast (Figure 2). High Quaternary temperatures hinder the 
use of this geochronological tool on the coasts of Baja Cali- 
fornia Norte and south of Bahía San Nicolas in Baja Califor- 
nia Sur, as well as in the closed area of Bahía Concepción. In 
the belt between Santa Rosalía and Bahía San Nicolas, 40 
analyses provided useful data to help separate the last inter- 
glacial from earlier middle Pleistocene. 

Of 15 Th/U dates for late Pleistocene localities along the, 
Gulf coast of Baja California, 6 results are in the range 122- 
135 ka and 9 results are in the range 48-87 ka; some of the 
younger apparent Th/U "ages" are analytically unreliable 
(Ortlieb, 1987). Unlike the Th/U data from the east coast of 
the Gulf of California, the statistical mean of radiometric 
dates (130 ka) clearly designates the low terrace as a rem- 
nant of the I.S. 5e seastand (Figure 3). In three localities 
(Punta Santa María, Bahía Concepción, and Loreto), radio- 
metric analysis was also effective in dating emerged marine 
deposits as latest middle Pleistocene. 

In the area of Santa Rosalía (Figure 7), which shows the 
best-developed and most complete series of marine terraces 
(Figures 8,9), a number of arguments established that the 
two lower terraces are late Pleistocene (Ortlieb, 1987); the 
upper terrace (+25 2 5 m) is correlated with the earliest last 
interglacial seastand (I.S. 5e), and the lower terrace (+11 k 1 
m) is coeval with a subsequent high sea level episode (I.S. 5a 
or 54. 

Besides morphostratigraphic and AAR stratigraphic 
arguments supporting this chronologic interpretation, oxy- 
gen-isotope analyses of shell carbonates show that fossils 
from the upper terrace (-+25 m) have Fl*O values similar to 
modern shells and significantly lower than other Pleistocene 
shells, from both higher (older) terraces and from the lower 
(younger) terrace. These geochemical data indicate on the 
one hand that the upper terrace is coeval with a climatic 
maximum, which compares with present-day conditions 
and, on the other hand, that the lower terrace was formed 
during a milder "interstadial" episode (I.S. 5a or 5c). The I.S. 
5a/c terrace is much narrower than the main last interglacial 
platform (I.S. 5e). 

Remnants of the I.S. 5a/c have not been positively identi- 
fied outside of the La Reforma-Santa Rosalía area. Neverthe- 
less, littoral notches and narrow benches are observed at ele- 
vations between +3 and +6 m, that is, below the well- 
developed I.S. 5e terrace in Bahía San Nicolas (Figure 10) 
and in Isla del Carmen; they are probably contemporaneous 
with the late last interglacial high seastand. The fact that the 
above-mentioned localities are among those that show the 
most 'elevated I.S. 5e shoreline (Figure 4) is certainly not a 
coincidence: the I.S. 5a/c highstand of sea level was eustati- 
cally lower than present MSL, and the emergence of the I.S. 
5a/c remnants only occur in coastal areas that have been 
recently uplifted at mean rates exceeding 100 mm/lO3y. 

Regional Attitude 

., 

Along the coast of Baja California Norte, the main last 
interglacial (IS. 5e) shoreline is observed at +6 to +11 m (Fig- 
ure 4). If an original +6 m eustatic position is assumed, this 
shoreline appears to have been uplifted, by a few meters 
only, from Punta San Francisquito southward. 

Between Cabo Virgenes and San Lucas (La Reforma- 
Santa Rosalía area), this shoreline is generally elevated up to 
+25 to +30 m, although in the faulted area north of the town 
of Santa Rosalía, it reaches an elevation of t40 m (section C 
in Figure 8). Near San Lucas, late Pleistocene and older 
marine terraces are tilted southward; north of San Lucas 
lagoon, littoral deposits of late Pleistocene age crop out at 
up to +14 m, whereas south of the lagoon, the last inter- 
glacial shoreline is apparently depressed below present sea 
level. Tilting and subsidence thus mark the neotectonics of 
the southern part of the Santa Rosalía Basin. The unde- 
formed low terrace (+9 m) visible all around Isla San Marcos 
(Figure 7) indicates that this island is structurally distinct 
from the Santa Rosalía Basin. 

Between Chivato Peninsula and the Loreto-Isla del Car- 
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Figure 7-Geological setting of the Santa Rosalía region, on the central east coast of Baja California: 1 = ”Upper Mesa,” 
interpreted as the oldest Pleistocene marine terrace (-1 Ma); 2 = Miocene volcanics (”Comondu Formation” or ”Andesites 
of Sierra Santa Lucia”); 3 = Upper Miocene to Quaternary sedimentary units; 4 = Tres Virgenes Plio-Quaternary volcanics; 
5 = La Reforma Plio-Quaternary volcanics, including a widespread ignimbritic sheet southwest of the caldera. 

men area, the I.S. 5e shoreline is identified at elevations of 
+9 and +13 m, except at the southeastern tip of Chivato 
Peninsula and in Concepción Peninsula, where it is slightly 
more elevated and reaches +15 to +18 m. In Chivato Penin- 
sula, and in northwestern Bahía Concepción, small faults 
recently deformed and offset (by a few decimeters/meters) 
late Quaternary and middle Pleistocene marine and conti- 
nental units. In Isla del Carmen, some recent vertical defor- 
mations are inferred from lateral correlation of late Pleis- 
tocene shoreline remnants. 

In the poorly surveyed coastal segment between Ligui 
and Bahía de La Paz, the area of Punta San Telmo provided 
evidence of a late Pleistocene high seastand at less than +10 
m (Anderson, 1950; Squires, 1959) (Figure 4). 

East and southeast of Bahía de La Paz, the main last 
interglacial shoreline has been described at +6 to +9 m 
(Hammond, 1954; Hertlein, 1957; Dowlen and Minch, 1973; 
Ortlieb, 198213,1987; Sirkin et al., 1984). In Bahía de la Ven- 

tana and at Buenavista, this shoreline is said to have locally 
warped up to +17 m (Hammond, 1954) (Figure 4). Along the 
southern extremity of the Baja California peninsula, scarce 
marine benches at about 4-6 m most probably constitute the 
remnants of the I.S. 5e shoreline. 

Middle and Early Pleistocene Terraces 

Along the eastern coast of Baja California, the chronos- 
tratigraphy and regional correlations of pre-I.S. 5e shore- 
lines are often difficult to establish. Petrographic character- 
istics and alteration states of the fossils, for instance, are not 
sufficiently discriminant to separate the middle Pleistocene 
deposits, such as those that are coeval with the I.S. 7 
episode, from older ones (I.S. 9, I.S. 11, etc.). The penultimate 
interglacial (I.S. 7) shoreline proved to be practically out of 
reach of the AAR stratigraphic and radiometric methods. 
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Figure 8-Three sequences of Pleistocene shorelines in the Santa Rosalía region (see location in Figure 71, with elevations 
in meters above present MSL. In the sketch map, the larger dots show the extension and approximate elevations of the 
Upper Mesa remnants (oldest marine platform). 

In many cases, the marine deposits associated with the 
I.S. 7 high seastand(s) have been eroded during the subse- 
quent I.S. 5e transgression, and the shoreline position can- 
not be precisely located. As the eustatic level of the I.S. 7 sea 
level was most probably several meters lower than the I.S. 
5e stand (that is, close to or below the present datum), it 
may be predicted that the remnants of this transgression can 
only appear above the I.S. 5e terrace in areas characterized 
by greater than 50 mm/103y mean uplift rates. In fact, ter- 
races assigned with some confidence to the I.S. 7 have only 
been identified in east-central Baja California at elevations 
ranging from t10 to t25 m, at a few meters above the I.S. 5e 
shoreline. In the Santa Rosalía-La Reforma area, the highest 
I.S. 7 shoreline seems to be located at elevations of t38 to 
t54 m (Figures 8,9); a secondary high seastand during the 
I.S. 7 episode probably coincided with the second lower ter- 
race, that is, with the platform which was subsequently 
reoccupied by the sea during the I.S. 5e maximum. 

Tentative correlations of middle Pleistocene marine ter- 
races with the chronostratigraphic scale of Shackleton and 
Opdyke (1973) are possible when the Pleistocene terraces are 
in a staircase arrangement, as in east-central Baja California. 
The vertical spacing of the terraces, the total number of shore 
platforms on the same transect, the identification of the I.S. 
5e shoreline, and morphostratigraphic data are then taken 
into consideration to develop this kind of correlation. One 
particular marine surface provides another criterion in the 

regional correlations; this wide platform is interpreted to be 
coeval with the longer-than-usual I.S. 11 interglacial period, 
as defined in the V28-238 and other deep sea isotopic curves 
(Shackleton and Opdyke, 1973; Kominz et al., 1979). This 
wide terrace, thus tentatively assigned to the I.S. 11 (but 
which might have been prepared during the previous I.S. 13 
high seastand), is generally found between t35 and t70 m 
along the east coast of the peninsula (Bahía Santa Ana, San 
Lucas, Chivato Peninsula, Bahía Concepción, Bahía San 
Nicolas, San Bruno Buenavista, Isla del Carmen, etc.; see Fig- 
ures 1,4), and between +lo0 and t130 m in the Santa Ros- 
alía-La Reforma area (Santa Rosalía airport) (Figures 8,9). 

Along the east coast of the peninsula, the most elevated 
Pleistocene marine remnants are commonly observed 
between t90 and t110 m (Punta San Francisquito, Bahía San 
Nicolas, Isla del Carmen) (Figure 4). In the La Reforma- 
Santa Rosalía area, they are found at +160 to t200 m, at least 
along the present coastline; a few kilometers inland, at the 
boundary between the Santa Rosalía Basin and the La Refor- 
ma volcanic complex, the oldest marine terrace (Upper 
Mesa) has been uplifted to more than t200 m (Figure 7) and 
up to +340 m (Cuesta del Infierno) (Figures 4,7). 

Santa Rosalía Upper M,esa 

In the Santa Rosalía Basin, extensive remnants of a wide, 
even surface cut in Pliocene sedimentary series is known as 
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Figure 9-Nine sequences of Pleistocene shorelines and marine remnants along the coastal margin of the La Reforma vol- 
canic complex (see location in Figure 71, with elevations in meters above present MSL. 
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Figure 10-Sequences of Pleistocene shorelines in Bahía San Nicolas, central east coast of Baja California (see location in 
Figure l), with elevations in meters above present MSL. Circled numbers designate elevations of the best-defined shore- 
lines, which are tentatively correlated with the main interglacial high seastands of late Pleistocene and late middle Pleis- 
tocene age. 

the Upper Mesa (Wilson, 1948; Wilson and Rocha Moreno, 
1955). This mesa is locally covered with nearshore sedi- 
ments containing relatively well-preserved fossil shells 
(thus contrasting with the totally dissolved aragonitic shells 
from the underlying Pliocene marine beds), and which can 
be correlated with the Pleistocene Santa Rosalía Formation 
of Wilson (1948). I interpret the Santa Rosalía Formation as 
constituting typical marine terrace deposits (Ortlieb, 1981b, 
1984a; Ortlieb and Colletta, 1984). 

In the western part of the basin, this marine unit is over- 
lain by a 20-m-thick ignimbrite sequence, which resulted 
from an early Pleistocene explosive event of the La Reforma 
caldera (Figure 7). No reliable radiometric data could be 
obtained directly from the ignimbritic rocks, but two K/Ar 
dates (1.09 5 0.11 Ma, Schmidt, 1975, and Schmidt et al., 
1977; and 1.2 0.1 Ma, Ortlieb, 1987) have been measured 
on ”Aro volcanic” rocks (Schmidt, 1975), an intrusive 
sequence interpreted to be penecontemporaneous with the 
main caldera explosive event (Demant, 1981,1984a). The 
ignimbrite sheet, which preserves the flat paleotopography 
of the marine platform, was deposited shortly after the cut- 
ting of the Upper Mesa; the base of the volcanic sequence 
directly overlies the marine sands and conglomerates. 

These stratigraphic relationships (and others involving a 
higher than +170 m terrace deposit at Punta Santa Maria 

that rests on basaltic flows postdating the ignimbrite emis- 
sion) tend to indicate that the oldest and most elevated 
Pleistocene littoral remnants of the Santa Rosalía area are 
about 1 Ma old. This age estimate fits with the global initia- 
tion of the ”glacial Pleistocene” regime, characterized by the 
alternation of interglacial and glacial episodes every 90,000 
or 100,000 years. In the chronostratigraphic scale of deep-sea 
cores V28-238 and V28-239 (Shackleton and Opdyke, 1973, 
1976), it would probably correspond to the I.S. 23 episode. 

In the locality known as Cuesta del Infierno, at the north- 
western end of the Santa Rosalía Basin (Figure 7), the Upper 
Mesa geomorphic surface and its associated marine sedi- 
ments reach a maximum elevation of +320 to +340 m. The 
altitude of the Upper Mesa decreases progressively toward 
the east and the southeast, down to about +200 m (Santa 
Rosalía) and i-160 m (mouth of arroyo Santa Agueda) close 
to the present coastline (Figure 8). Beside the normal syn- 
genetic slope of this marine platform, toward the open sea, 
the Upper Mesa thus appears to have been tilted up in the 
northwesternmost part of the basin. The net uplift experi- 
enced by the Cuesta del Infierno locality amounts to approx- 
imately 300 to 350 m (mean rate of 300 to 350 mm/103y), 
and the uplift relative to the Santa Rosalía coastal area is on 
the order of 150 m (mean relative rate of 150 mm/103y). 

The wide extent of the Upper Mesa contrasts strongly 



* %ith the 50- to 200-m width of all the lower marine terraces 
of the area. It probably owes its exceptional original dimen- 
sions (10 km-width along a 15-km-long stretch of coast) to 
its particular tectonic history, which permitted multiple 
reoccupations of the same platform by the sea during the 
early Pleistocene, and which started soon after the deposi- 
tion of the (? Upper Pliocene) Infierno Formation. 

, 

To sum up, the distribution of early and middle Pleis- 
tocene marine terraces on most of the eastern coast of the 
Baja California peninsula documents a general regional 
uplift. Apart from the La Reforma-Santa Rosalía area, the 
highest observed Pleistocene shorelines are located at 90 to 
110 m; if one assumes that these marine remnants are coeval 
with the first interglacial high seastands of late early Pleis- 
tocene age (about 1 m.y. old), the mean uplift rate of the east 
coast of Baja California can be estimated to be 100 mm/103y. 

In the northeastern and southeastern coastal regions of 
Baja California, only few notes on old Pleistocene marine 
terraces, at about +90 m, have been made by previous 
authors (Wittich, 1909,1911; Arnold, 1957); additional data 
are needed for these localities (Bahía San Luís Gonzaga, Isla 
Angel de la Guarda, San José del Cabo; see Figures 1,4) 
before they can be correlated with early Pleistocene high 
seastands. If such correlations were confirmed, it would 
mean that almost all the eastern Baja California coast (out- 
side the La Reforma-Santa Rosalía area) would have been 
uplifted at a mean rate of 100 mm/103y during the second 
half of the Quaternary. Alternatively, it could mean that both 
the northern and southern extremities of the eastern coast 
have been less uplifted relative to the east-central part. It 
should be noted that the last interpretation applies to the 
late Quaternary, inasmuch as the I.S. 5e appears to be uplift- 
ed by more than a few meters in the east-central coast (50 to 
100 mm/lO3y), and seems to be near its original position in 
the northeastern and southeastern Baja California coasts 
(Figure 4). 

In the area between Cabo Virgenes, Santa Rosalía, and 
San Lucas, local deformations were surveyed. Stronger 
uplift motions, with mean rates between 150 and 350 
mm/lO3y, were most probably involved in thermal process- 
es directly related to the magma chamber of the La Reforma 
caldera. Immediately south of San Lucas, the total lack of 
emerged marine terraces is attributed to a strong and local 
downdrop of the southern part of the Santa Rosalía Basin. 
The widespread southward tilting thus observed between 
the rim of the La Reforma caldera and San Lucas is still 
active, as it also affects the late Pleistocene shorelines. 

WESTERN COAST OF BAJA 
CALIFORNIA 

Geomorphic Context 

The Pacific coast of the peninsula differs greatly from the 
Gulf of California coastal areas not only in its general strut- 
ture but also in the variety of its climates and inland morphol- 
ogy. Northwesternmost Baja California is, in many aspects, 
geomorphically similar to the southwestern California coast; 
in this more temperate region, Pleistocene marine terraces are 
generally covered by thick alluvial sediments which prevent 
the identification of the early shorelines. Between Punta Baja 
and the 28th parallel, the coast is characterized by a more arid 
climate, higher inland reliefs, and many rocky cliffs. 

The west-central region, including the Ojo de Liebre and 
San Ignacio lagoons (Figure 11, has wide lowlands where 
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eolian sands, lagoonal sediments, and bajada deposits accu- 
mulated throughout Quaternary time. Around the lagoons, 
the best-preserved Pleistocene marine sediments are of last 
interglacial age. These areas were subjected to ,high evapora- 
tion, and the older Pleistocene marine deposits are so heavi- 
ly calichified that they can hardly be distinguished from one 
another. 

The Vizcaíno Peninsula and the region of San Juanico (Fig- 
ure 11) combine rocky coastal areas where marine platforms 
can be formed easily and have remained well-preserved, and 
local nearshore environments that favor accumulations of lit- 
toral and marine sediments. As a result, Pleistocene shore- 
lines are numerous and are commonly observed in sequences 
of staircase terraces (Figures 11,121. In these areas, geomor- 
phic conditions have limited the covering up of the marine 
terraces by eolianites and continental sediments. 

In the southwestern Baja California peninsula, between 
La Purisma and Todos Santos (Figures 1,111, the coastal area 
has been dominated by the piling up of eolian sediments 
and terrestrial sediments eroded from the Sierra La Giganta. 
These wide bajadas, which present many similarities with 
the southeastern coast of the Gulf of California, are not 
favorable for the preservation of Pleistocene littoral rem- 
nants; even the last interglacial marine deposits are com- 
monly hidden or eroded along extensive stretches of the 
coast (north and south of Bahía Magdalena, and north of 
Todos Santos; Figure 1). The southern tip of the peninsula, 
which consists essentially of granitic and metamorphic 
rocks, is also unfavorable for the development of Pleistocene 
shorelines. 

A large variety of Pleistocene marine remnants is 
observed along the western coast of Baja California. In the 
south, the remnants of interglacial high seastands resemble 
the benches cut in batholithic and volcanic rocks from both 
the eastern and western sides of the Gulf of California. 
Around the lagoons of west-central Baja California, outcrops 
of late Pleistocene marine and lagoonal sands measure hun- 
dreds of square kilometers. In many localities of western Baja 
California, particularly southeast and northeast of San Igna- 
cio lagoon, Pleistocene abrasion platforms are especially 
wide (as much as several kilometers), and the older terraces 
commonly consist of isolated mesas capped with a thin layer 
of calichified pebbles and marine sediments. In northwestern 
Baja California, the Pleistocene marine remnants are more 
altered, and the terrace morphology is more subdued, as a 
result of wetter paleoclimates and more active alluviation. 

The Pleistocene marine and littoral sediments that crop 
out along the Pacific coast are generally more abundant, 
smaller-grained, thicker, and better preserved compared 
with those of the Gulf of California. It may be mentioned 
that the reconstruction of former positions of sea level is 
more precise when based on erosional features than on 
marine sediment outcrops; in this respect, the determination 
of the position of Pleistocene shorelines is generally more 
accurate in the arid, rocky environment of the central east 
coast of Baja California than on most of the Pacific coast of 
the peninsula. In the latter region, marine terraces are very 
wide and conspicuous, but the shorelines coeval with the 
transgressive maxima are seldom observed. 

LATE PLEISTOCENE TERRACE(S) 

Morphostratigraphy and Geochronology 

As in the Gulf of California, the last interglacial marine 
remnants of the Pacific coast of Baja California consist of a 
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. 4ow platform covered with poorly consolidated nearshore 
sediments and generally unaltered fossils. In many coastal 
areas where several Pleistocene marine deposits crop out, 
the differences in the state of alteration of the sediments and 
composition of the faunas are distinctive enough so that the 
identification of each late Pleistocene unit is almost unmis- 
takable. Some localities show stratigraphic sequences with, 
or without, interstratified continental units where the I.S. 5e 
sediments clearly overlie an older, probably I.S. 7, marine 
unit (San Juanico, Laguna San Ignacio, Bahia Asuncion). In 
distinct stretches of the Pacific coast of the peninsula (Bahía 
Tortugas, Santa Rosalillita, Punta Baja, San Quintín), the 
particularly extensive development of the lower marine ter- 
race is intgrpreted as the result of an inheritance of an I.S. 7 
platform. Generally, the youngest middle Pleistocene 
marine remnants that crop out immediately above the I.S. 5e 
terrace sediments appear to be older than the IS. 7 episode 
(that is, I.S. 9 or 11 episodes). 

Radiometric dates and amino acid racemization (AAR) 
stratigraphic analyses of the last interglacial littoral deposits 
(Figure 2) cover the Bahía Magdalena region (Omura et al., 
1979; Wehmiller and Emerson, 19801, the Bahía Tortugas- 
Bahía Asuncion area (Emerson et al., 1981; Keenan, 1982; 
Keenan et al., 1984,1987; Ortlieb, 1984b), and a few isolated 
localities from the Baja California Norte coast: Santa Rosalil- 
lita (Woods, 1980), Punta Cono (Keenan, 1982; Ortlieb, 1987), 
Camalu (Valentine, 1980), and Punta Baja (Ortlieb, 1987). On 
the west coast of Baja California, and in the Vizcaíno Penin- 
sula particularly, AAR data appear to be more reliable than 
Th/U dating (Ortlieb, 1982a, 1984b, 1987; Keenan et al., 
1984,1987; Ortlieb et al., 1984). 

At Bahía Magdalena, Omura et al. (1979) dated two coral 
and four echinoid samples from the low (+6 m) marine ter- 
race; the Th/U and Pa/U apparent age spread is from 108 to 
128 ka (Figure 3). In the Vizcaíno Peninsula, only three sam- 
ples provided Th/U apparent ages, ranging from 97 to 150 
ka. In a few localities, the radiometric ages confirmed pre- 
sumed assignments of late middle Pleistocene age to marine 
units morphostratigraphically older than the youngest 
Pleistocene shoreline. 

AAR stratigraphic analyses of western Baja California 
samples benefited from calibration studies and kinetic mod- 
eling applied farther north, in California (Wehmiller et al., 
1977; Wehmiller and Emerson, 1980; Kennedy et al., 1982; 
Wehmiller, 1982), and thus were more useful for chronos- 
tratigraphic interpretations (Wehmiller, 1982; Keenan et al., 
1984; Ortlieb, 1987). Some problems of interpretation arose 
as a consequence of differences in analytical procedures and 
because of uncertainties concerning late Quaternary pale- 
otemperature evolution on the southwestern coast of Baja 
California. For example, there are some minor disagree- 
ments between chronostratigraphic interpretations (Emer- 
son, 1980; Emerson et al., 1981; Ortlieb, 1987) concerning a 
few last interglacial localities (I.S. 5e and/or I.S. 5a/c rem- 
nants) in the Bahía Tortugas region (Figure 13). In some 
other localities, and particularly on the eastern shore of 
Laguna San Ignacio, chronological discrepancies between 

+ 

AAR stratigraphic interpretations (Keenan, 1982) and mor- 
phostratigraphic observations can be resolved (Ortlieb, 
1987) by assuming that diagenetic temperatures were higher 
than predicted by a regular latitudinal model (such as the 
one proposed by Wehmiller, 1982). 

Regional Attitude 

For most of the western coast of Baja California, the last 
interglacial shoreline appears to be little deformed; its eleva- 
tion ranges from only +6 to +9 m from the southern tip of 
the peninsula northward to the Punta Cabras (Figure 1) area 
(except for the Vizcaíno Peninsula) (Figure 14). Between 
Punta Cabras and Punta Banda, this shoreline is elevated up 
to +15 m. From Punta Banda northward to San Diego, two 
last interglacial high seastands have been recorded: the 
older one (I.S. 5e) between +40 and +23 m, and the younger 
one (I.S. 5a/c) between +10 and +18 m (maximum +23 m?) 
(Figure 14). 

Also on the Vizcaíno Peninsula, two sets of last inter- 
glacial marine remnants may be correlated with two high 
seastands. On the southwestern coast of the Vizcaíno Penin- 
sula and on Isla Cedros and Islas San Benito, the I.S. 5e 
shoreline lies between +12 and +18 m, whereas a more 
recent Pleistocene shoreline (I.S. 5a/c) is locally described at 
about +5 to +8 m (Figures 12,13,15). Along the northwest- 
ern shore of the Vizcaíno Peninsula (Figure 16), the IS. 5e 
shoreline has been surveyed at only +9 m, an intermediate 
elevation between that of the Ojo de Liebre region and the 
southwestern Vizcaíno Peninsula. 

The low position (+5 m) of the I.S. 5e shoreline around 
Laguna Ojo de Liebre relative to its altitude along the rest of 
the Pacific coast of Baja California suggests a recent slow 
subsidence of the area (about 1 m in the last 125,000 years). 
This negative vertical motion suggests that the "Baja Cali- 
fornia syncline" (Beal, 1948) is still an active structure. 

Except for the limited area of the Ojo de Liebre Basin, the 
late Pleistocene shoreline attitude thus shows that most of 
the Pacific coast of Baja California has been either "stable" 
or slightly uplifted, by a few meters only, in the late Quater- 
nary. The limited areas where recent uplift motions have 
been relatively strong, and where I.S. 5a/c shorelines could 
be identified, are the Vizcaíno Peninsula (Figure 15) and the 
northwesternmost part of Baja California, from Punta Banda 
northward (Figure 14). 

Middle and Early Pleistocene Marine Terraces 

The Bahía Asuncion area in the Vizcaíno Peninsula is the 
only region where AAR stratigraphic data can support 
chronologic interpretations of middle Pleistocene marine 
deposits (Keenan et al., 1984,1987). In the remaining part of 
the Pacific coast of Baja California, tentative chronostrati- 
graphic interpretations rest on geometric and morphostrati- 
graphic grounds. 

Along the southwesternmost coast of Baja California, 

Figure 11-Sequences of Pleistocene marine deposits, shore platforms, and associated shorelines in the San Juanico region, 
southwestern coast of Baja California. In sketch map, 1 = Pleistocene marine sediments; 2 = Late Quaternary eolian sands; 
3 = Pleistocene shorelines (elevations in meters above present MSL). In cross sections, 4 = Pre-Quaternary substratum (a, 
Eocene; b, early Pliocene basalts; c, marine Pliocene "Salada Formation"); 5 = Pleistocene marine sediments; 6 = Quater- 
nary (a, alluvium; b, eolian sands) and 7 = Highest elevation of marine deposits, or well-defined shoreline elevation. 
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IrS. 9 and I.S. 11 ages are assigned to +12 to +15 m and +22 to 
+30 m shorelines, respectively (Figure 14). Scarce, older ter- 
races, observed between +45 and +60 m, are supposed to be 
coeval with early middle Pleistocene and late early Pleis- 
tocene. 

From San Juanico northward (Figure 141, marine terraces 
are better preserved and document higher regional uplift 
rates. Some ancient littoral features, at elevations close to 
that of the I.S. 5e shoreline (less than +12 m), are interpreted 
to be of IS. 7 age (Figure 11). The higher main terraces, sur- 
veyed at +25 to +30 m and +40 to +50 m, are tentatively cor- 
related with I.S. 9 and I.S. 11 high sea level episodes, respec- 
tively. In the San Juanico-Laguna San Ignacio area, still 
higher elevated terraces, located at +60, +75, +85, +105, and 
+130 m, are assigned to early middle and late early Pleis- 
tocene high seastands (Figures 11,14). This regular spacing 
of the terraces suggests that uplift motions have been steady 
during the Quaternary. 

In the wide Ojo de Liebre Basin, where the Pleistocene 
marine remnants are deeply calichified, there is no record of 
high seastands in staircase disposition; in some places, Pleis- 
tocene marine units are found in normal stratigraphic 
sequences. Near Ojo de Liebre Lagoon, in the center of the 
basin, several Pleistocene marine deposits lying at less than 
+30 m, which are probably coeval with three or more middle 
Pleistocene interglacial high seastands, crop out on a north- 
south-oriented, horstlike topographic ridge; if this ridge is 
an uplifted faulted block, these middle (and early?) Pleis- 
tocene interglacial remnants are not significant for the verti- 
cal motions of the whole Ojo de Liebre region. Anyway, it 
can be concluded that the center of the Ojo de Liebre Basin is 
experiencing much slower vertical motions than the sur- 
rounding areas (San Ignacio area and Vizcaíno Peninsula) 
(Figure 14). 

In the Vizcaíno Peninsula, remnants of middle and early 
Pleistocene high stands of sea level are more numerous than 
anywhere else. They consist either of a series of marine plat- 
forms, or else of partially overlapping units of much- 
encrusted sublittoral sediments (Troughton, 1974; Robinson, 
1975; Ortlieb, 1979a, 197913,1987) (Figures 12,16). Geometric 
correlations of sequences of terraces and marine outcrops all 
along the Vizcaíno Peninsula coasts, aided by a few AAR 
stratigraphic age determinations, lead us to assign I.S. 9 and 
I.S. 11 ages to high seastand remnants found at +30 to +35 m 
and +40 to +55 m, respectively (Figure 15). The highest ele- 
vated littoral remnants, commonly observed between +lo0 
m and +140 m (for example, at Mesa Grande, near Punta 
Eugenia, Figure 16, and north of Bahía Tortugas, Figure 171, 
are most probably of late early Pleistocene age. In the Bahía 
Tortugas area, early and middle Pleistocene marine sedi- 
ments are strongly deformed by the active Bahía Tortugas 
fault system (Figure 17); these units, which locally dip 
steeply, register intense deformations related to a main 
active fracture zone (see below). 

Along most of the coast of Baja California Norte, between 
El Tomatal (Woods, 1980) and Punta Banda, two conspicu- 
ous marine terraces are found above the lowest one (I.S. 5e), 
at +24 to +30 m and +60 m (Figure 14); they are tentatively 
assigned to the I.S. 9 and I.S. 11 high seastands. Two or three 
more middle Pleistocene shorelines are observed at eleva- 
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tions ranging from +90 m to +150 m (Figure 14). 
In northwesternmost Baja California Norte, north of 

Punta Banda, where conditions of preservation of Pleis- 
tocene littoral remnants are less favorable than to the south, 
available information on the position of middle and early 
Pleistocene shorelines is sparse (Emerson and Addicott, 
1953; Valentine, 1957,1961; Valentine and Rowland, 1969). 
The distribution of the few Pleistocene marine remnants in 
northwesternmost Baja California and in the San Diego 
region (California) compares with that prevailing south of 
Punta Banda Peninsula. 

Punta Banda Peninsula and Agua Blanca Fault System 

The series of terraces described at Punta Banda (Lind- 
gren, 1888; Allen et al., 1960; Ortlieb, 1987) document much 
higher uplift rates here than in other parts of northwestern 
Baja California Norte. About 14 terraces, almost regularly 
spaced with 25 +5 m height differences between consecutive 
platforms, are preserved up to approximately +330 m (Fig- 
ure 18, Table 1). At Punta Banda, I.S. 5e, I.S. 7, and I.S. 9 ages 
are tentatively assigned to the shorelines surveyed at +33 m, 
+50 m, and +95 m, respectively. The shorelines observed at 
+140 m and +l6O m, associated with particularly wide plat- 
forms, are tentatively correlated with high seastands coeval 
with the I.S. 11 (and ? I.S. 13) episode(s). The more elevated 
terraces surveyed between +200 and +330 m have probably 
been formed during the previous I.S. 15,17,19,21, and 23 
episodes of the marine isotopic chronostratigraphic scale. 

The regular vertical spacing of the terraces and the fact 
that north and south of Punta Banda, the highest observed 
terraces are located at only +120 to +140 m, indicate that the 
Punta Banda Peninsula has been steadily uplifted through- 
out the Quaternary. This local uplift involves the Agua Blan- 
ca fault system, because the Punta Banda Peninsula is a 
block limited to the north by the Agua Blanca fault proper, 
and to the south by the Santo Tomas branch (Allen et al., 
1960; Gastil et al., 1975). 

The evolution of this major fracture zone, extending from 
the continental shelf into northwestern Baja California, 
remains debatable. Allen et al. (1960) have interpreted that, 
despite the scarcity of precise evidence, maximum strike- 
slip displacements of the Agua Blanca fault amounted to 22 
km, or at least 11 km, since the Cretaceous and to 5 km dur- 
ing the Quaternary. Other authors presented data in favor of 
some Holocene activity (Armiego [=Armijo] and Suarez, 
1981; Hatch and Rockwell, 1986; Hilinsky and Rockwell, 
1986); the hydrothermal activity observed in the village of 
Punta Banda may also be taken as evidence of recent activi- 
ty of the fault. Nevertheless, neither historical nor present- 
day seismic activity have been registered (Johnson et al., 
1976; Leeds, 1979; Darby et al., 1984). Offshore, bathymetric 
and geophysical surveys showed close relationships 
between this fault and both the San Diego Trough-Maximi- 
nos and the Coronados Bank active fractures (Legg, 1979; 
Legg and Wong, 1979; Legg and Luyendyk, 1982). 

From the evidence, it seems that the main late Quater- 
nary activity of the Agua Blanca fault has been concentrated 
in its western and offshore segments. Comparisons of the 
marine terrace distributions in northwestern Baja California 

~ ~~ 

Figure 12-Eight sequences of Pleistocene marine deposits, shore platforms, and associated shorelines in the Punta Abreo- 
jos region, west-central Baja California. In sketch map: 1 = Pleistocene marine deposits; 2 = Quaternary alluvium and 
eolian sands; 3 = Pleistocene shorelines (elevations in meters above present MSL). In cross sections: 4 = Pre-Quaternary 
substratum; 5 = Pleistocene marine sediments; 6 = Quaternary alluvium and eolian sands; 7 = Highest elevation of marine 
deposits, or well-defined shoreline elevation. 
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Figure 13-Late and middle Pleistocene marine terraces in the Bahía Tortugas area, west-central Baja California. An I.S. 5e 
age is assigned to the wide, low platform whose back edge lies at +15/+18 m, except along the trace of the Bahia Tortugas 
fault (near Cabo Tortolo and Bahía Tortugas), where the platform was tilted or downdropped. 1 = Pre-Quaternary substra- 
tum (a, Mesozoic; b, Miocene; c, Pliocene); 2 = Pleistocene marine sediments; 3 = Quaternary alluvium; 4 = Shoreline eleva- 
tion (in meters above present MSL); 5 = Fossil localities studied by Emerson (1980) and Emerson et al. (1981). 
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Figure 14-Spatial distribution of Pleistocene marine terraces on the Pacific coast of Baja California. The regional correla- 
tion of late Pleistocene (I.S. 5e and 5a/c) shorelines is based on morphostratigraphic and geochronologic (ThlU and amino 
acid racemization) data; the tentative correlation of older Pleistocene marine terraces (early Pleistocene and ? I.S. 11) are 
based on morphostratigraphic and geometric interpretations. 

show that, beyond the Punta Banda Peninsula structure, the 
Agua Blanca fault system forms a boundary between two 
large crustal blocks. ' 

According to the adove-mentioned chronostratigraphic 
interpretation of marine terrace data, the Punta Banda 
Peninsula appears to have been uplifted during the Quater- 
nary at a mean rate of about 300 mm/l03y. Yet, even if the 
vertical motions were continuous, it seems that the uplift 
rate has not been constant through time; the present posi- 
tion of the presumed I.S. 5e shoreline suggests that since 
-120 ka the Punta Banda Peninsula experienced only a 

mean 220 mm/103y vertical motion. In fact, this vertical 
motion rate is not significantly distinct from those deter- 
mined in northwesternmost Baja California and southern- 
most California for the late Quaternary. North of Ensenada, 
regional correlation of the late Pleistocene terraces (I.S. 5a/c 
and I.S. 5e) suggests that the area has been uplifted at rates 
ranging between 170 and 240 mm/103y. 

In spite of the poor control on the position of the mid- 
dle/early Pleistocene shorelines in northwestern Baja Cali- 
fornia and southwestern California, it is assumed that the 
+120 to +140 m elevated marine surfaces correspond to late 
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Figure 15-Spatial distribution of Pleistocene marine terraces on the southwestern coast of the Vizcaíno Peninsula, and on 
Isla Cedros and Islas San Benito (see location in Figure 14). The regional correlation of late Pleistocene (I.S. 5e and 5ak) 
shorelines is based on morphostratigraphic and geochronologic (ThllJ and amino acid racemization) data; the tentative cor- 
relation of older Pleistocene marine terraces (early Pleistocene and ? I.S. 11) are based only on morphostratigraphic and 
geometric interpretations. 

early Pleistocene high seastands; accordingly, mean Quater- 
nary uplift rates were on the order of 130 mm/lO3y, that is, 
significantly slower than the rates of motion occurring in the 
last 125,000 years. 

High uplift rates may perhaps have occurred in another 
area of northwestern Baja California, between San Quintín 
and El Rosario (Figure 14). According to previous reconnais- 
sance by Orme (1972,1974), this region registered a series of 
Pleistocene marine terraces that could be compared with 
those of Punta Banda, and the "Quaternary marine limit" is 
said to have reached a maximum elevation of t357 m near 
EI Rosario. However, the early Pleistocene age assignment 
to the highest shorelines examined by Orme needs revision, 
as paleontologic data suggest that some of the "Quaternary" 
terraces mentioned by him are probably of Pliocene age 
(Acosta, 1966; Gastil et al., 1975). The series of hypothetical 
Pleistocene marine terraces represented in the diagram of 

Figure 14 correspond to several conspicuous platforms, cut 
in Upper Cretaceous sandstones and set in successive steps, 
but which have not yet been positively identified as coeval 
with Pleistocene interglacial high seastands (Ortlieb, 1987). 
Aside from the El Rosario area, it may be added that Orme's 
work suggests stronger Quaternary deformations than those 
interpreted in the present work. In the region of Camalu, 
north of San Quintín, for instance, the amplitudes of vertical 
fault displacements are thought to be smaller than previous- 
ly determined by Orme (1972,1974); this author misinter- 
preted the thickness of a Pleistocene eolian sand unit and 
thus overestimated (by about 70 m) the downdrop motion 
of the San Ramon faulted block. It must be stressed that, 
particularly in northwestern Baja California, the determina- 
tion of Quaternary coastal deformation is limited by the 
availability of chronostratigraphic data and field evidence of 
the oldest Pleistocene shorelines. 

Figure 16-Sequences of Pleistocene marine platforms, shore platforms, and associated shorelines on the northern coast of 
the Vizcaíno Peninsula, west-central Baja California. 1 = Pre-Quaternary substratum; 2 = Pleistocene marine sediments; 
3 = Quaternary alluvium and eolian sands; 4 = Highest elevation of marine deposit, or approximate shoreline elevation (in 
meters above present MSL); 5 = Elevation of well-defined shorelines, probably corresponding to the main interglacial high 
seastands of late and middle Pleistocene age. 
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Figure 17-Deformation of Pleistocene marine terraces across the Bahía Tortugas fault system (modified from Robinson, 
1979). In sketch map: 1 = Late Pleistocene marine terrace; 2 = Early and middle Pleistocene marine deposits and shore plat- 
forms (approximate elevations in meters above present MSL); 3 = Main observed faults; 4 = Inferred faults. Cross section 
shows the attitude of early (?) and early middle Pleistocene deformed marine deposits. 
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Fable 1. Elevation (in meters above present MSL) of 
remnants of Pleistocene high seastands in Punta Banda 
Peninsula, northwestem Baja California (see Figure 18). 
kfter Lindgren (1888), Allen et al. (1960), and Ortlieb (19871, 
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GEODYNAMIC SIGNIFICANCE OF 
QUATERNARY DEFORMATION 

Styles of Deformation 

The vertical deformation shown in northwestern Mexico 
through the study of Pleistocene marine terraces may be 
schematically divided into three categories: large-scale 
regional deformations probably seated in the upper crust; 
fault-related displacements; and volcano-tectonic processes. 
The last-mentioned processes are of limited extent, although 
they also involve upper crustal deformation. The recent 
crustal behavior of distinct regions across this plate bound- 
ary are deduced from the deformation surveyed along the 
main fracture zones and from regional comparison of 
marine terrace elevations. 

Volcano-tectonic Motions Near Santa Rosalía 

The tectonic features accompanying the Plio-Quaternary 
evolution of the La Reforma caldera include general doming 
of the area, intense faulting of the northeastern part of the 
volcanic complex, and very strong resurgent uplift of the 
central massif of La Reforma (amplitude of -800 to 1000 m 
in the last million years; Demant and Ortlieb, 1981; Demant, 
l981,1984a, 198413). Pleistocene terrace data document the 
regional uplift motions that encompass the caldera rim and 
the Santa Rosalía Basin (Figure 71, an upwarping of the 
inland boundary of the sedimentary basin, and some fault- 
related deformation. 

The vertical crustal movements, which were apparently 
continuous during the last million years, most probably 
result from thermal phenomena of the La Reforma magma 

chamber. Geochemical arguments suggest that La Reforma 
and Tres Virgenes calc-alkaline volcanism is not directly 
associated with Basin and Range extensional tectonics, nor 
with the recent history of the Gulf of California plate bound- 
ary (Demant, 198413). The closeness of the Quaternary tholei- 
itic cone of Isla Tortugas (Batiza, 1978) and the Guaymas 
Basin spreading center might thus be coincidental. 

The few normal faults, with displacements of a few 
meters or less, that offset Quaternary deposits and marine 
platforms like the Upper Mesa mark an extensional regime 
and are associated with the Basin and Range structural evo- 
lution of the Santa Rosalía Basin (Angelier et al., 1981; Col- 
letta and Angelier, 1981,1983). Near San Lucas, the southern 
boundary of the Santa Rosalía Basin is characterized by 
ongoing Quaternary downwarping and local subsidence. 

Although some Plio-Quaternary faulting has been 
described in the central part of the Baja California peninsula, 
west of the La Reforma and Tres Virgenes volcanic complex- 
es (Angelier et al., 1981; Chorowicz et al., 1982a, 1982131, no 
positive evidence supports the existence of any large, 
recently active, transpeninsular fault which would join 
Bahía Sebastián Vizcaíno on the Pacific coast and the Santa 
Rosalía-San Lucas region. Such a fracture zone, which had 
been suggested by several authors in hypothetical recon- 
structions of late Cenozoic peninsular block motions (Rus- 
nak et al., 1964; Rusnak and Fisher, 1964; Hamilton, 1971; 
Orme, 1972; Fife, 1974; Minch, 1975), might be an old struc- 
ture which remained inactive during the Quaternary. 

Faulting and Vertical Motions 

The vertical deformation of Quaternary coastal deposits 
associated with recent fault activity may be divided into two 
types. Small displacements (a few meters or less) observed 
along local faults do not compare with the deformations 
experienced along major fracture zones. 

Small faults, commonly the pure dip-slip type, were 
found in every coastal region: in Sonora (eastern coast of the 
Infiernillo channel, Isla Tiburón, Puerto Libertad area, etc.), 
in east-central Baja California (Santa Rosalía, Chivato Penin- 
sula, Mulegé, Isla del Carmen, etc.), and in northwestern 
Baja California (Camalu, Santa Dominguito, etc.). These 
faults generally correspond to an extensional regime of 
Basin and Range style (on both sides of the Gulf of Califor- 
nia) or to minor tectonic readjustments. 

The fracture zones, which show large strike-slip compo- 
nents, also produce stronger and wider vertical motions 
than the above-mentioned small normal faults. Three main 
fracture zones which delineate the peninsular block of Baja 
California are responsible for some of the major vertical 
deformation of Pleistocene marine terraces. These main 
block boundaries are the Gulf of California fault system, the 
Tosco-Abreojos fault system, and a set of west-northwest- to 
north-south-striking faults between the international border 
and the Punta Banda Peninsula. The characteristics and 
implications of the vertical deformation surveyed along 
these structural boundaries are discussed below. 

Large-scale Vertical Deformation 

If the approximate age of 1 Ma assigned to the highest ele- 
vated marine remnants observed in numerous places on the 
peninsula is correct, and if the 1 Ma sea level was eustaticdy in 
approximately the same position as it is now, it may be con- 
cluded that the Baja California crustal block has been uplifted 
with a mean net rate of 100 to 140 mm/lO3y. In contrast, the 
eastern coast of the Gulf of California does not present evi- 
dence of any important vertical motion during the Quaternary. 
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Figure 18-Sequences of Pleistocene marine terraces and associated shorelines in the Punta Banda Peninsula, northwest- 
ern Baja California (elevations in meters above present MSL). 1 = Elevation of well-defined Pleistocene shorelines; 
2 = Highest elevation of shore platforms, or of marine deposits (minimum shoreline elevation). 

In comparison with the high uplift rates determined in 
coastal California, the peninsula of Baja California thus 
appears to be in near isostatic equilibrium. The most active- 
ly deformed areas, which show uplift rates not exceeding 
300 mm/103y (still an order of magnitude less than some 
regions of California) are found only near the fracture zones 
bounding the peninsular block or in the volcanic area of 
Santa Rosalía. 

The survey of the late Pleistocene shoreline elevations, 
seen over the whole region (Figures 4,14,15), indicates that 
many areas of the peninsula have remained almost stable 
during the late Quaternary (northwestern and southwestern 
Gulf coasts, southwestern and west-central Pacific coasts). 
Other areas experienced uplift motions on the order of 100 
mm/103y, or slightly less (east-central coast of Baja Califor- 
nia, Vizcaíno Peninsula, and northwestern Baja California 
south of Punta Banda). 

The widely accepted idea that the peninsular block is still 
being tilted toward the Pacific ocean is not supported by 
Pleistocene marine terrace data. A regional tilt developed in 
Miocene time contemporaneously with the emission of a 
large volume of volcanics ("Comondu Formation"). This 
broad crustal motion was due to thermal expansion and to 
rifting processes that accompanied the formation of the 
"protogulf" of California. Since the Pliocene, and particular- 

ly since the major plate boundary was transferred into the 
Gulf, volcanic activity has been greatly curtailed in the 
peninsula. In the last few million years, the peninsular block 
has been slightly uplifted, but without any conspicuous dif- 
ferential motion along the eastern side of Baja California. 
Outcrops of Pliocene marine units are found at appreciable 
elevations (up to -+300 m) along the coasts of the Baja Cali- 
fornia peninsula, but they are not significantly more elevat- 
ed on the eastern side than on the Pacific coast. As far as 
Quaternary movements are concerned, it may be concluded 
from the oldest marine terrace data that it is rather the 
northern half of the Pacific coast which has been uplifted 
more, relative to the rest of the peninsula. Definitely, there 
has been no westward tilting of the peninsular block, at least 
in the past million years, nor probably in all of Plio-$Quater- 
nary time. 

Vertical Deformation Along the Baja Calif ojrnia 
Crustal Block Boundaries 

The recent vertical motions inferred from the Pleistocene 
marine terrace survey provide interesting clues for the defi- 
nition of the Baja California structural block ("miniplate"?). 
These data support the hypothesis that the Pacific/North 
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Figure 19-Structural map of the Pacific/North American plate boundary in northwestern Mexico and southwesternmost 
USA. The Baja California peninsular block is limited to the north by the Agua Blanca fault system. The Quaternary marine 
terrace data support the geodynamic model according to which the plate boundary is not restricted to the Gulf of Califor- 
nia transform faults system, but also includes the San Benito-Tosco-Abreojos fault, as well as the active Newport-Ingle- 
wood-Rose Canyon (NIF) and Vallecitos-San Miguel (VSMF) faults. North of the Agua Blanca fault, the Quaternary verti- 
cal motions have been altogether stronger andrmore irregular than those which affected the Baja California block. 
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American plate boundary is not strictly limited to the San 
Andreas-Gulf of California system, but that it also involves 
some structural features to the west of the present shoreline, 
off southern California and Baja California. 

Gulf of California Fault System 

To the east of the peninsula, the major "Pacific"/North 
American plate boundary is defined by a series of en eche- 
lon transform faults which link the spreading centers seated 
in the deep basins of the Gulf (Moore and Buffington, 1968; 
Henyey and Bischoff, 1973; Moore, 1973; Bischoff and 
Henyey, 1974). 

At the northern end of the Gulf of California, the plate 
boundary is represented by the Cerro Prieto fault. Lateral 
displacements along this fracture zone, throughout the Qua- 
ternary, may be estimated to be about 100 km (if one accepts 
a mean relative plate motion of 50 to 60 " / y ,  according to 
Larson et al., 1968; Atwater, 1970; Minster and Jordan, 1978). 

In addition, the Plio-Quaternary tectonic and sedimenta- 
ry history of the Colorado River delta area is also marked by 
steady subsidence. Plio-Quaternary deltaic sequences are 
found at considerable depths below the surface. Exploratory 
well data indicate that at Yuma, the Pliocene Bouse Forma- 
tion is identified between depths of 960 and 1630 m (Eberly 
and Stanley, 1978), and that offshore Punta Gorda (Pemex 
wells Extremeño 1 and 301), an early-to-late Pleistocene 
marine sequence reaches a depth of at least 3300 m (Trinidad 
Reyes and Rueda Gaxiola, 1982; Viñas Gomez, 1982,1984). 
The relatively young uplift motion experienced by the 
southern limit of the Mesa de Sonora, between the Colorado 
River mouth and Bahía Adair, and documented by deforma- 
tion of fluvio-deltaic and marine units of latest (?) middle 
and early late Pleistocene age, thus appears contrary to the 
general, long-lasting regional subsidence. This uplift, corre- 
sponding to some drag-folding, or transpressive folding, is 
directly related to the Cerro Prieto fault activity; it was initi- 
ated at the end of the middle Pleistocene and probably con- 
tinues today. 

Along the eastern Baja California coast, the only vertical 
deformation of Pleistocene emerged marine units, which is 
probably controlled by the plate boundary structure, was 
detected in the eastern tip of the Chivato Peninsula and in 
Concepción Peninsula, relatively close to the deep fault sys- 
tem of the Gulf. These fault-controlled uplifts, which only 
amount to a few meters in the last 120,000 years, are consid- 
ered as recent, inasmuch as the middle and early Pleistocene 
terraces observed in the Chivato and Concepción Peninsulas 
are not significantly higher than in other localities of the 
central east Baja California coast. 

Finally, it should be noted that the late Pleistocene shore- 
line appears to be preserved at the same (original) elevation 
along the eastern coast of the Gulf of California and on the 
northeastern and southeastern Baja California coasts. These 
data show that no large-scale differential motions are occur- 
ring across the main Pacific-North American plate boundary. 

San Benito-Tosco-Abreojos Fault System 

The western boundary of the peninsular crustal block, 
located almost entirely offshore on the Pacific shelf, is the 
San Benito-Tosco-Abreojos fault system (Figure 19). This 
complex fracture is inherited from the Miocene subduction 
zone, which evolved into a transform fault before the main 
Pacific/North American plate boundary was transferred to 
the Gulf of California (Atwater, 1970; Normark, 1977; 
Spencer and Normark, 1979; Normark and Spencer, 1980). 

Onshore expression of the Tosco-Abreojos system con- 

sists essentially of strike-slip faults cutting the westward 
land projections formed by Bahía Magdalena and the Viz- 
caíno Peninsula. In Isla de Santa Margarita (Bahía Magdale- 
na area), Yeats and Haq (1981) described features related to 
the Alcatraz fault with late (?) Quaternary activity. The 
strongest deformations of Pleistocene marine units known 
in Baja California are observed in Bahía Tortugas (Figure 
17). Late Quaternary activity of the Bahía Tortugas fault 
(Robinson, 1979) involved combined strike-slip and dip-slip 
motions and induced local tilting of the earliest last inter- 
glacial platform (Allison, cited by Emerson, 1980; Angelier 
et al., 1981; Ortlieb, 1987). Earlier Quaternary activity of the 
Bahía Tortugas fault is evidenced by vigorous tilting and 
folding of well-cemented early/middle Pleistocene marine 
units (Figure 17). 

According to some theoretical tectonic reconstructions, 
cumulative right-lateral displacements along the same fault 
system since the Miocene amounted to 50 km (Robinson, 
1979). The Bahía Tortugas fault is interpreted as a crustal 
fracture which delineates a still-active major boundary 
between the Pacific plate and the Baja California peninsular 
block (Figure 19). 

Toward the northwest, data on deformation of marine 
terraces from the Islas San Benito (Cohen et al., 1963) indi- 
cate that the Bahía Tortugas fracture zone can be traced 
through southwestern Isla Cedros to the Islas San Benito 
(Figure 17). A preliminary survey of marine terrace distribu- 
tion on Isla Cedros (Figure 15) leads to the assumption that 
the island has been tilted toward the south, at least during 
the late Quaternary (Ortlieb, 1987). 

Northwestern Structural Boundary of Baja California 

A complex fault system including the Agua Blanca fault 
and several other faults in northwesternmost Baja California 
seems to constitute a northern structural boundary of the 
peninsular crustal block (Figure 19). The Agua Blanca fault 
proper is an old structure which does not show any impor- 
tant present activity inland, but is associated with the high- 
est Quaternary uplift motion detected along the coasts of 
Baja California (Punta Banda); furthermore, this fault sys- 
tem is linked with active offshore fractures (Legg and 
Luyendyk, 1982). 

The precise relationships between the Newport-Ingle- 
wood-Rose Canyon fault, the Vallecitos-San Miguel fault, 
and the Agua Blanca fault remain to be determined (Figure 
19). The activity of the Newport-Inglewood-Rose Canyon 
fault, which is responsible for strong recent vertical offsets 
in southwesternmost California (particularly at La Jolla; 
Kern, 1977), has probably been involved in large right-later- 
al crustal displacements (10 to 20 "/y; Humphreys and 
Weldon, 1984; Weldon and Humphreys, 1986). The Val- 
lecitos-San Miguel fault concentrates most of the seismicity 
presently registered in northwestern Baja California (Gastil 
et al., 1975; Reyes et al., 1975; Harvey, 1986). 

The fact that the late Pleistocene shorelines (I.S. 5e and 
5a/c) reach significantly higher altitudes from Punta Banda 
northward than along the remaining Pacific mast of Baja Cali- 
fornia is attributed to major ongoing crustal deformation. This 
uplift motion, involving altogether the Agua Blanca, New- 
port-Inglewood-Rose Canyon and Vallecitos-San Miguel fault 
systems, may be relatively recent because middle and early 
Pleistocene marine terraces, which are well-documented in 
the Punta Banda Peninsula (up to +320 m), are not known at 
high elevations in the San Diego-Tijuana area (Figure 14). 

In the Punta Banda Peninsula, long-term Quaternary 
uplift motion rates decreased from a mean of -300 mm/lO3y 
to a late Quaternary 220 mm/l03y value, which compares 
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with that for the San Diego-Tijuana area (170 to 240 
mm/lO3y). The marine terrace data lead to the conclusion 
that the Punta Banda Peninsula behaved as a steadily rising 
block during the major part of the Quaternary, and since the 
late (?) middle Pleistocene it lost its independence and inte- 
grated a major deformed block limited to the north by the 
Rose Canyon segment of the Newport-Inglewood-Rose 
Canyon fault system. 

The region limited by the Agua Blanca fault and the 
Newport-Inglewood-Rose Canyon and Vallecitos-San 
Miguel faults is thus interpreted as constituting a recently 
active deep fracture zone separating the Baja California 
peninsular block from the southern California block (Figure 
19). This boundary probably existed throughout the Quater- 
nary and explains why the peninsula experienced uplift 
motions significantly slower than the major part of coastal 
California. The eastern termination of this fracture zone 
remains to be studied. There may be an active structural link 
between the eastern end of the Agua Blanca fault and the 
Canal de Ballenas area, through a fault system involving the 
Main Escarpment feature (San Pedro Martir lineament of 
Gastil et al., 1975) (Figure 19). 

~ 

CONCLUSIONS 

One of the main conclusions of this study, based on rela- 
tive positions of distinct Pleistocene shorelines, is that the 
Baja California peninsula has experienced relatively slow 
and uniform vertical motions in the Quaternary. The penin- 
sula has been uplifted at a mean rate of 100 rtr50 mm/103y 
over the last million years. In several parts of the peninsula, 
these üplift rates seem to have decreased through the Qua- 
ternary. 

Only on the northwesternmost peninsula and in the 
region surrounding the Plio-Quaternary La Reforma caldera 
has there been significantly more uplift (maximum rates of 
about 200 to 300 mm/103y). 

In comparison with the California coast, the recent verti- 
cal motions of Baja California thus appear to have been 
much slower, locally by an order of magnitude. The vertical 
deformation data suggest that the structural boundary 
between the U.S. and Mexican Californias is formed by a 
major fracture zone encompassing both the Agua Blanca, 
Newport-Inglewood-Rose Canyon, and Vallecitos-San 
Miguel fault systems (Figure 19). 

The eastern coast of the Gulf of California behaved as a 
vertically "stable" margin in the Quaternary, although some 
subsidence may have occurred in its southern part. 

In the Colorado River delta area, more than 3000 m of 
Pleistocene deltaic and marine sediments point to a long- 
term, mainly tectonic, subsidence. Nevertheless, local posi- 
tive vertical motions have been active since the end of the 
middle Pleistocene on the eastern compartment of the main 
fracture zone linking the Gulf of California and the southern 
San Andreas fault system (Cerro Prieto fault). 

ACKNOWLEDGMENTS 

This study was supported by ORSTOM (Institut Français 
de Recherche Scientifique pour le Développement en 
Coopération) and by the Instituto de Geología, Universidad 
Nacional Autónoma de México (UNAM), in the framework 
of the cooperative GEOCORTEZ Program (1975-1986). The 
author sincerely thanks his Mexican colleagues, particularly 
V. Malpica, J. Roldan, J. Najera, S. Celis, and A. Castro, and 
all the staff of the Estación Regional del Noroeste of the 

Instituto de Geología (Hermosillo, Sonora), for their collabo- 
ration. 

In the preparation of this chapter, the author benefited 
from useful discussions and advice from J. Angelier, B. Col- 
letta, and C. Hillaire-Marcel. He also thanks R. Fairbridge, Tj. 
van Andel, and H. Faure, who reviewed a previous version 
of the chapter. The careful revision of the English provided 
by R. Fairbridge and B. Simoneit is greatly appreciated. 

REFERENCES CITED 

Acosta, M. G., 1966, Geology of the Bahía Soledad embay- 
ment, Baja California, Mexico: M.S. thesis, San Diego 
State College, San Diego, California, 93 p. 

Allen, C. R., 1975, Geological criteria for evaluating seismici- 
ty: GSA Bulletin, v. 86, p. 1041-1057. 

Allen, C. R., L. T. Silver, and E G. Sehli, 1960, Agua Blanca 
fault: a major transverse structure of northern Baja Cali- 
fornia, Mexico: GSA Bulletin, v. 71, p. 457-482. 

Anderson, C. A., 1950, "E. W. Scripps" cruise to the Gulf of 
California, Part I: Geology of the islands and neighboring 
land areas: GSA Memoir 43, p. 1-53. 

Angelier, J., B. Colletta, J. Chorowicz, L. Ortlieb, and C. Ran- 
gin, 1981, Fault tectonics of the Baja California peninsula 
and the opening of the Sea of Cortez, Mexico: Journal of 
Structural Geology, v. 3, no. 4, p. 347-357. 

Armiego, R., and F. Suarez, 1981, Neotectonics of northern 
Baja California (abs.): GSA Abstracts with Programs, v. 13, 
no. 2, p. 42. 

Arnold, B. A., 1957, Late Pleistocene in landforms, climate, and 
archeology in central Baja California: University of Califor- 
nia Publications in Geography, v. 10, no. 4, p. 201-318. 

Atwater, T., 1970, Implications of plate tectonics for the 
Cenozoic tectonic evolution of western America: GSA 
Bulletin, v. 8, p. 3513-3536. 

Batiza, R., 1978, Geology, petrology, and geochemistry of 
Isla Tortuga, a recently formed tholeiitic island in the 
Gulf of California: GSA Bulletin, v. 89, p. 1309-1324. 

Beal, C. H., 1948, Reconnaissance of the geology and oil possi- 
bilities of Baja California, Mexico: GSA Memoir 31,138 p. 

Bernat, M., C. Gaven, and L. Ortlieb, 1980, Datation de 
dépôts littoraux du dernier Interglaciaire (Sangamon) sur 
la côte orientale du Golfe de Californie,, Mexique: Société 
Géologique de France, Bulletin 7, t. 22, no. 2, p. 219-224. 

Bischoff, J. L., and T. L. Henyey, 1974, Tectonic elements of 
the central part of the Gulf of California: GSA Bulletin, 

Bloom, A. L., W. S. Broecker, J. M. A. Chappell, R. K. 
Matthews, and K. J. Mesolella, 1974, Quaternary sea level 
fluctuations on a tectonic coast; new 230Th/234U dates 
from the Huon Peninsula, New Guinea: Quaternary 
Research, v. 4, p. 185-205. 

Böse, E., 1907, Sobre algunos fósiles pleistocénicos en la Baja 
California recogidos por el Sr. Dr. E. Angermann: Par- 
ergones del Instituto de Geología, México, v. 2, p. 41-45. 

Böse, E., and E. Wittich, 1913, Informe relativo a la explo- 
ración de la region norte de la costa occidental de la Baja 
California: Parergones del Instituto de Geología, México, 

Broecker, W. S., D. L. Thurber, J. Goddard, T. L. Ku, R. K. 
Matthews, and K. J. Mesolella, 1968, Milankovitch 
hypothesis supported by precise dating of coral reefs and 
deep-sea sediments: Science, v. 159, p. 297-300. 

Chappell, J., 1974, Relationship between sea levels, 180 vari- 
ations and orbital perturbations during the past 250,000 
years: Nature, v. 252, p. 199-202. 

Chappell, J., 1981, Relative and average sea level changes, 

V. 85, p. 1893-1904. 

V. 4, p. 307-529. 



476 Ortlieb 

and endo-, epi-, and exogenic processes on the Earth, in 
I. Allison, ed., Sea level ice and climatic changes: 17th 
General Assembly, International Union of Geodesy and 
Geophysics (Canberra, 1979) Symposium Proceedings, 

Chappell, J., and H. H. Veeh, 1977, Th230:U234 support of 
an interstadial sea level of 4 0  m at 30,000 yr B.P.: Nature, 

Chorowicz, J., J. Angelier, C. Rangin, B. Colletta, and 
L. Ortlieb, 1982a, Interprétation des images spatiales du 
secteur de Santa Rosalía (Basse Californie, Mexique) et le 
problème de l’ouverture du Golfe de Californie: Photo- 
interprétation, no. 2, fasc. 1-2a. 

Chorowicz, J., J. Angelier, C. Rangin, B. Colletta, and 
L. Ortlieb, 198213, Un volcan plio-quaternaire partagé par 
une faille près de Santa Rosalía (Basse Californie, Mex- 
ique); relations avec le système de failles de San Andreas 
et l’ouverture du Golfe de Californie: Photo-interpréta- 
tion, no. 2, fasc. 1-2c. 

CLIMAP Project Members, 1984, The last interglacial ocean: 
Quaternary Research, v. 21, p. 123-224. 

Cohen, L. H., K. C. Condie, L. J. Kuest, G. S. Mackenzie, E H. 
Meister, P. Pushkap, and A. M. Stueber, 1963, Geology of 
the San Benito Islands, Baja California, Mexico: GSA Bul- 
letin, v. 74, p. 1355-1370. 

Colletta, B., and L. Ortlieb, 1979, Neotectonic evolution of 
the northernmost coastal area of the Gulf of California, 
Mexico (abs.): GSA Abstracts with Programs, v. 11, no. 7, 

Colletta, B., and L. Ortlieb, 1981, La actividad tectónica cua- 
ternaria en la extremidad meridional del sistema de San 
Andrés: Memoria del Simposio sobre Asentamientos 
humanos en la Falla de San Andrés (Tijuana, C.B.N., 

Colletta, B., and J. Angelier, 1981, Faulting evolution of the 
Santa Rosalía Basin, Baja California Sur, Mexico, in 
L. Ortlieb and J. Roldan, eds., Geology of northwestern 
Mexico and southern Arizona, field guides and papers: 
Instituto de Geología, Universidad Nacional Autónoma 
de México, Hermosillo, México, p. 265-274. 

Colletta, B., and J. Angelier, 1983, Tectonique cassante du 
nord-ouest mexicain et ouverture du Golfe de Californie, 
in M. Popoff and J. J. Tiercelin, eds., Rifts et fossés anciens: 
Bulletin des Centres de Recherche d’Exploration et de 
Production, Elf Aquitaine (Pau), v. 7, no. 1, p. 433-441. 

Colletta, B., and L. Ortlieb, 1984, Deformations of middle 
and late Pleistocene deltaic deposits at the mouth of the 
Rio Colorado, northwestern Gulf of California, in V. M. 
Malpica et al., eds., Neotectonics and sea level variations 
in the Gulf of California area, a symposium (Hermosillo, 
1984): Universidad Nacional Autónoma de México, Insti- 
tuto de Geología, México, D. E, p. 31-53. 

Connally, G. G., 1984, Soil stratigraphy and inferred tectonic 
history of the west Mexican coastal plain, in V. M. Malpi- 
ca et al., eds., Neotectonics and sea level variations in the 
Gulf of California area, a symposium (Hermosillo, 1984): 
Universidad Nacional Autónoma de México, Instituto de 
Geología, México, D. E, p. 55-73. 

Connally, G. G., and J. T. Sullivan, 1984, Historia tectónica 
inferida de la llanura costera del oeste de México, de 
Mazatlán a San Blas (abs.), Symposium on Neotectonics 
and sea level variations in the Gulf of California area 
(Hermosillo, 1984): Universidad Nacional Autónoma de 
México, Instituto de Geología, México, D. E, Abstracts 
volume, p. 13. 

Darby, D., J. J. Gonzalez, and Ph. Lesage, 1984, Geodetic 
studies in Baja California, Mexico, and the evaluation of 
short-range data from 1974 to 1982: Journal of Geophysi- 

p. 411-430. 

V. 268, p. 618-620. 

p. 403-404. 

1979), p. 75-90. 

cal Research, v. 89, p. 2478-2490. J 

Demant, A., 1981, Plio-Quaternary volcanism of the Santa 
Rosalía area, Baja California, Mexico, in L. Ortlieb and 
J. Roldan, eds., Geology of northwestern Mexico and 
southern Arizona, field guides and papers: Instituto de 
Geología, Universidad Nacional Autónoma de México, 
Hermosillo, México, p. 295-307. 

Demant, A., 1984a, The Reforma caldera, Santa Rosalía area, 
Baja California: a volcanological, petrographical and 
mineralogical study, in V. M. Malpica et al., eds., Sympo- 
sium on Neotectonics and sea level variations in the Gulf 
of California area (Hermosillo, 1984): Universidad 
Nacional Autónoma de México, Instituto de Geología, 
México, D. E, p. 75-96. 

Demant, A., 198413, La caldera de la Sierra de la Reforma, 
Baja California, México: caracteristicas principales y Sig- 
nificación geodinámica (abs.), Symposium on Neotecton- 
ics and sea level variations in the Gulf of California area 
(Hermosillo, 1984): Universidad Nacional Autónoma de 
México, Instituto de Geología, México, D. E, Abstracts 
volume, p. 15-16. 

Demant, A., and L. Ortlieb, 1981, Plio-Pleistocene volcano- 
tectonic evolution of La Reforma caldera, Baja California, 
Mexico (abs.), in P. Vyskocil, R. Green, and H. Malzer, 
eds., Recent crustal movements, 1979: Amsterdam, Else- 
vier, Developments in geotectonics, v. 16, p. 194. 

Dowlen, R. J., and J. A. Minch, 1973, Late Pleistocene inver- 
tebrates from Rancho Miramar and Las Cruces, southern 
Baja California: The Veliger, v. 16, no. 2, p. 159-162. 

Durham, J. W., 1950, “E. W. Scripps” cruise to the Gulf of 
California, Part II, Megascopic paleontology and marine 
stratigraphy: GSA Memoir 43,216 p. 

Eardley, A. J., 1951, Baja California and Sonora systems, in 
Structural geology of North America: New York, Harper, 

Eberly, L. D., and T. B. Stanley, 1978, Cenozoic stratigraphy 
and geologic history of southwestern Arizona: GSA Bul- 
letin, v. 89, no. 6, p. 921-940. 

Emerson, W. K., 1956, Pleistocene invertebrates from Punta 
China, Baja California, with remarks on the composition 
of the Pacific coast Quaternary faunas: American Muse- 
um of Natural History Bulletin, v. 111, art. 4, p. 319-342. 

Emerson, W. K., 1980, Invertebrate faunules of late Pleis- 
tocene age with zoogeographic implications, from Turtle 
Bay, Baja California Sur, Mexico: The Nautilus, v. 94, no. 2, 

Emerson, W. K., and W. O. Addicott, 1953, A Pleistocene 
invertebrate fauna from the southwest corner of San Diego 
County, California: San Diego Society of Natural History 
Transactions, San Diego, California, v. 11, p. 429-444. 

Emerson, W. K., and L. G. Hertlein, 1964, Invertebrate 
megafossils of the Belvedere expedition to the Gulf of 
California: San Diego Society of Natural History Transac- 
tions, San Diego, California, v. 13, p. 333-368. 

Emerson, W. K., G. L. Kennedy, J. F. Wehmiller, and 
E. Keenan, 1981, Age relations and zoogeographic implica- 
tions of late Pleistocene marine invertebrate faunas from 
Turtle Bay, Baja California Sur, Mexico: The Nautilus, v. 95, 
no. 3, p. 105-116. 

Emmons, S. E, and G. P. Merrill, 1894, Geological sketch of 
Lower California: GSA Bulletin, v. 4, p. 489-514. 

Fife, D. L., 1968, Reconnaissance of the Bahía Santa Rosalía 
quadrangle, Baja California, Mexico (abs.): GSA Special 
Paper 121, p. 505-506. 

Fife, D. L., 1974, Reconnaissance geology of the Bahía de 
Santa Rosalía quadrangle, Estado de Baja California, 
Mexico, in G. Gastil and J. Lillegraven, eds., Geology of 
Peninsular California: AAPG, SEPM, and SEG, Pacific 

ch. 29, p. 480-493. 

p. 67-89. 



Quatemary Vertical Movements 477 

L a Sections, 49th Annual Meeting, p. 91-106. 
Gabb, W. M., 1868, Lower California, in Report of J. Ross 

and B. Browne on the mineral resources of the States and 
Territories west of the Rocky Mountains: Washington, 
D.C., U.S. Government Printing Office, p. 630-642. 

Gastil, R. G., and D. Krummenacher, 1974, Reconnaissance 
geologic map of coastal Sonora between Puerto Lobos 
and Bahía Kino: GSA Maps and Charts Series, no. 16, 
scale 1:150,000. 

Gastil, R. G., and D. Krummenacher, 1977, Reconnaissance 
geology of coastal Sonora between Puerto Lobos and 
Bahía Kino: GSA Bulletin, v. 88, p. 189-198. 

Gastil, R. G., E. C. Allison, and R. P. Phillips (eds.), 1975, 
Reconnaissance geologic map of the State of Baja Califor- 
nia: GSA Memoir 140,170 p. 

Giresse, P., and O. Davies, 1980, High sea levels during the 
last glaciation; one of the most puzzling problems of sea 
level studies: Quaternaria, v. 22, p. 211-236. 

Gomez, M., 1971, Sobre la presencia de estratos marinos del 
Mioceno en el Estado de Sonora, México: Revista del 
Instituto Mexicano del Petroleo, v. 3, no. 4, p. 77-78. 

Gonzalez, J., E A. Nava, and A. Reyes, 1984, Foreshock and 
aftershock activity of the 1976 Mesa de Andrade, Mexico, 
earthquake: Seismological Society of America Bulletin, v. 74, 
no. 1, p. 223-233. 

Hamilton, W., 1971, Recognition on space photos of struc- 
tural elements of Baja California: USGS Professional 
Paper 718,26 p. 

Hammond, E. H., 1954, A geomorphic study of the Cape 
region, Baja California: University of California Publica- 
tion in Geography, v. 10, no. 2, p. 45-112. 

Harvey, T., 1986, Geology of the San Miguel fault zones, 
northern Baja California, Mexico (abs.): GSA Abstracts 
with Programs, v. 18, no. 2, p. 114. 

Hatch, M. E., and T. K. Rockwell, 1986, Neotectonics of the 
Agua Blanca fault, Agua Blanca Valley, northern Baja 
California, Mexico (abs.): GSA Abstracts with Programs, 
v. 18, no. 2, p. 114. 

Henyey, T. L., and J. L. Bischoff, 1973, Tectonic elements of 
the northern part of the Gulf of California: GSA Bulletin, 

Hertlein, L. G., 1934, Pleistocene mollusks from the Tres 
Marias Islands, Cedros Islands, and San Ignacio Lagoon, 
Mexico: Southern California Academy of Sciences Bul- 
letin, v. 33, pt. 2, p. 59-73. 

Hertlein, L. G., 1957, Pliocene and Pleistocene fossils from the 
southern portion of the Gulf of California: Southern Cali- 
fornia Academy of Sciences Bulletin, v. 56, pt. 2, p. 57-75. 

Hertlein, L. G., and W. K. Emerson, 1956, Marine Pleistocene 
invertebrates from near Puerto Peñasco, Sonora, Mexico: 
San Diego Society of Natural History Transactions, San 
Diego, California, v. 12, no. 8, p. 154-176. 

Hilinsky, T., and T. Rockwell, 1986, Structure and Quater- 
nary faulting about the eastern terminus of the Agua 
Blanca fault, Baja California, Mexico (abs.): GSA 
Abstracts with Programs, v. 18, no. 2, p. 117. 

Humphreys, E. D., and R. Weldon, 1984, A kinematic model 
of southern California: EOS (American Geophysical 
Union Transactions), v. 65, no. 45, p. 992. 

Iman,  D., and C. E. Nordstrom, 1971, On tectonic and mor- 
phologic classification of coasts: Journal of Geology, v. 79, 
no. 1, p. 1-21. 

Ives, R. L., 1951, High sea levels of the Sonoran shore: Amer- 
ican Journal of Science, v. 249, p. 215-223. 

Ives, R. L., 1959, Shell dunes of the Sonoran shore: American 
Journal of Science, v. 257, no. 6, p. 449-457. 

Ives, R. L., 1964, The Pinacate region, Sonora, Mexico: Califor- 
nia Academy of Sciences Occasional Papers, no. 47,43 p. 

7 

V. 84, p. 315-329. 

Johnson, T. L., J. Madrid, and T. Koczynski, 1976, A study 
of microseismicity in northern Baja California, Mexico: 
Seismological Society of America Bulletin, v. 66, no. 6, 

Karrow, P. E, and J. L. Bada, 1980, Amino acid racemization 
dating of Quaternary raised marine terraces in San Diego 
County, California: Geology, v. 8, p. 200-204. 

Keenan, E. M., 1982, Amino acid racemization dating; theo- 
retical considerations and practical applications: Ph.D. 
dissertation, University of Delaware, Newark, Delaware, 
351 p. 

Keenan, E. M., L. Ortlieb, and J. E Wehmiller, 1984, Amino 
acid dating of Quaternary marine terraces at Bahía Asun- 
cion, Baja California Sur, Mexico, in V. M. Malpica et al., 
eds., Neotectonics and sea level variations in the Gulf of 
California area, a symposium (Hermosillo, 1984): Univer- 
sidad Nacional Autónoma de México, Instituto de 
Geología, México, D. E, p. 148-164. 

Keenan, E. M., L. Ortlieb, and J. E Wehmiller, 1987, Amino 
acid dating of Quaternary marine terraces, Bahía Asun- 
cion, Baja California Sur, Mexico: Journal of Coastal 
Research, v. 3, p. 297-305. 

Kennedy, G. L., 1982, Global climate during the last inter- 
glacial and refinement of aminostratigraphic age esti- 
mates on the basis of zoogeographic evidence (abs.): GSA 
Abstracts with Programs, v. 14, no. 7, p. 528. 

Kennedy, G. L., K. R. Lajoie, and J. F. Wehmiller, 1982, 
Aminostratigraphy and faunal correlations of late Qua- 
ternary marine terraces, Pacific Coast, U.S.A.: Nature, 

Kennedy, G. L., T. K. Rockwell, J. E Wehmiller, and 
E Suarez, 1986, Pleistocene molluscan paleogeography 
and terrace correlation, northwestern Baja California, 
Mexico (abs.): GSA Abstracts with Programs, v. 18, no. 2, 
p. 124. 

Kern, J. P., 1977, Origin and history of upper Pleistocene 
marine terraces, San Diego, California: GSA Bulletin, 

Kominz, M. A., G. R. Heath, T. L. Ku, and N. G. Pisias, 
1979, Brunhes time scales and the interpretation of 
climatic change: Earth and Planetary Sciences Letters, 

Ku, T. L., 1976, The uranium-series methods of age determi- 
nation: Annual Review of Earth and Planetary Sciences, 

Ku, T. L., and J. P. Kern, 1974, Uranium-series of the upper 
Pleistocene Nestor terrace, San Diego, California: GSA 
Bulletin, v. 85, p. 1713-1716. 

Larson, R., H. W. Menard, and S. Smith, 1968, Gulf of Cali- 
fornia: a result of ocean floor spreading and transform 
faulting: Science, v. 161, p. 781-784. 

Lecolle, J., and L. Ortlieb, 1978, Etude préliminaire de l'evo- 
lution paléogéographique au Quaternaire supérieur de la 
laguna Tepoca, Golfe de Californie, Mexique (abs.): X 
International Congress of Sedimentology (Jerusalem, 
1978), Abstracts volume, no. 1, p. 372-373. 

Leeds, A., 1979, Relocation of M >5.0 northern Baja Califor- 
nia earthquakes using S-P times: M.S. thesis, University 
of California at San Diego, California. 

Legg, M. R., 1979, Faulting and earthquakes in the inner 
Borderland offshore southern California and northern 
Baja California: M.S. thesis, University of California at 
San Diego, California, 75 p. 

Legg, M. R., and B. P. Luyendyk, 1982, Seabeam survey of an 
active strike-slip fault to the southern California Conti- 
nental Borderland: EOS (American Geophysical Union 
Transactions), v. 63, no. 45, p. 1107. 

Legg, M. R., and V. Wong, 1979, Faulting in the inner Conti- 

p. 1921-1929. 

V. 299, p. 545-547. 

V. 88, p. 1553-1566. 

V. 45, p. 394-410. 

v. 4, p. 347-379. 



478 Ortlieb 

nental Borderland offshore northern Baja California, 
Mexico (abs.): GSA Abstracts with Programs, v. 11, no. 7, 
p. 464. 

Lindgren, W., 1888, Notes on the geology of Baja California, 
Mexico: California Academy of Sciences Proceedings, 

Malpica, V. M., L. Ortlieb, and A. Castro del Rio, 1978, 
Transgresiones cuaternarias en la costa de Sonora, Méxi- 
co: Universidad Nacional Autónoma de México, Instituto 
de Geología, Revista, v. 2, no. 1, p. 90-97. 

Masters, P. M., and J. L. Bada, 1977, Racemization of 
isoleucine in fossil mollusks from Indian middens and 
interglacial terraces in southern California: Earth and 
Planetary Sciences Letters, v. 37, p. 173-183. 

Matthews, R. K., 1973, Relative elevation of late Pleistocene 
high sea level stands: Barbados uplift rates and their 
implications: Quaternary Research, v. 3, p. 147-153. 

McFall, C., 1968, Reconnaissance geology of the Conception 
Bay area, Baja California, Mexico: Stanford University 
Publications in Geological Sciences, v. 10, no. 5,25 p. 

McGee, W. J., and W. D. Johnson, 1896, Seriland: National 
Geographic Magazine, v. 8, p. 125-133. 

Merriam, R. H., 1965, San Jacinto fault in northwestern 
Sonora, Mexico: GSA Bulletin, v. 76, p. 1051-1054. 

Minch, J. A., 1975, Transpeninsular faulting and the Conti- 
nental Borderland (abs.): GSA Abstracts with Programs, 
v. 7, no. 3, p. 350. 

Minch, J. A., and A. H. James, 1974, Evidence for a major 
fault parallel to the Gulf of California (abs.): GSA 
Abstracts with Programs, v. 6, p. 221-222. 

Minster, J. B., and T. H. Jordan, 1978, Present-day plate 
motions: Journal of Geophysical Research, v. 83, 

Moore, D. G., 1973, Plate-edge deformation and crustal 
growth, Gulf of California structural province: GSA Bul- 
letin, v. 84, no. 6, p. 1883-1905. 

Moore, D. G., and E. C. Buffington, 1968, Transform faulting 
and growth of the Gulf of California since the late 
Pliocene: Science, v. 161, p. 1238-1241. 

Mörner, N. A., 1971, The position of the ocean sea level dur- 
ing the interstadial at about 33,000 BP: a discussion from 
a climatic-glaciologic point of view: Canadian Journal of 
Earth Sciences, v. 8, p. 132-143. 

Muhs, D. R., and T. K. Kyser, 1986, Stable isotopic composi- 
tions of mollusks from late Pleistocene California marine 
terraces and possible paleoclimatic significance (abs.): 
GSA Abstracts with Programs, v. 18, no. 2, p. 162. 

Normark, W. R., 1977, Neogene basins and transform 
motion within the Pacific continental margin of Baja Cali- 
fornia: Proceedings 9th Annual Offshore Technology 
Conference, Houston (1977), p. 93-100. 

Normark, W. R., and J. R. Curray, 1968, Geology and struc- 
ture of the tip of Baja California: GSA Bulletin, v. 79, no. 

Normark, W. R., and J. E. Spencer, 1980, The Baja miniplate 
and San Benitos sliver, Mexico (abs.): GSA Abstracts with 
Programs, v. 12, no. 3, p. 145. 

Omura, A., W. K. Emerson, and T. L. Ku, 1979, Uranium- 
series ages af echinoids and corals of the upper Pleis- 
tocene Magdalena terrace, Baja California Sur, Mexico: 
The Nautilus, v. 94, no. 4, p. 184-189. 

Orme, A. R., 1971, Deformation of marine terraces between 
Ensenada and El Rosario, Baja California (abs.): GSA 
Abstracts with Programs, v. 3, p. 174-175. 

Orme, A. R., 1972, Quaternary deformation of western Baja 
california, Mexico, as indicated by marine terraces and asso- 
ciated deposits: XXIV International Geological Congress 
(Montreal, 1972), section 3 (Tectonics), no. 24, p. 627-634. 

V. 1, p. 173-196. 

p. 5331-5354. 

11, p. 1589-1600. 

Orme, A. R., 1974, Quaternary deformations of marine tert 
races between Ensenada and El Rosario, Baja California, 
Mexico, in R. Gastil and J. Lillegraven, eds., Geology of 
Peninsular California: AAPG, SEPM, and SEG, Pacific 
Sections, 49th Annual Meeting, p. 67-69. 

Ortlieb, L., 1979a, Terrasses marines dans le nord-ouest mex- 
icain: étude au long d’une transversale entre la côte Paci- 
fique et le Sonora en passant par la péninsule de Basse 
Californie: International Symposium on Coastal Evolu- 
tion in the Quaternary Proceedings (São Paulo, Brazil, 

Ortlieb, L., 1979b, Quaternary marine terraces in southwest- 
ern Vizcaíno Peninsula, Baja California, Mexico, in P. L. 
Abbott and R. G. Gastil, eds., Baja California geology, 
field guides and papers: San Diego State University, San 
Diego, California, p. 89-93. 

Ortlieb, L., 1980, Neotectonics from marine terraces along 
the Gulf of California, in N. A. Mörner, ed., Earth rheolo- 
gy; isostasy and eustasy: New York, Wiley Interscience 
Publications, p. 497-504. 

Ortlieb, L., 1981a, Recent investigations on Quaternary geol- 
ogy of the coast of central Sonora, Mexico, in L. Ortlieb 
and J. Roldan, eds., Geology of northwestern Mexico and 
southern Arizona, field guides and papers: Instituto de 
Geología, Universidad Nacional Autónoma de  México, 
Hermosillo, México, p. 137-149. 

Ortlieb, L., 1981b, Sequences of Pleistocene marine terraces 
in Santa Rosalía area, Baja California Sur, Mexico, in 
L. Ortlieb and J. Roldan, eds., Geology of northwestern 
Mexico and southern Arizona, field guides and papers: 
Instituto de Geología, Universidad Nacional Autónoma 
de México, Hermosillo, México, p. 275-293. 

Ortlieb, L., 1982a, Geochronology of Pleistocene marine ter- 
races in the Gulf of California region, northwestern Mexi- 
co (abs.): XI INQUA Congress (Moscow, 19821, Abstracts 
volume, no. 2, p. 229. 

Ortlieb, L., 198213, La ligne de rivage du dernier inter- 
glaciaire autour de la péninsule de Basse Californie 
(Mexique); reconnaissance générale et implications néo- 
tectoniques: Cahiers ORSTOM, Série Géologie, v. 12, no. 

Ortlieb, L., 1984a, Field-trip guidebook prepared for the 
Symposium on Neotectonics and sea level variations in 
the Gulf of California area (Hermosillo, 1984): Universi- 
dad Nacional Autónoma de  México, Instituto de 
Geología, México, D. F., 152 p. 

Ortlieb, L., 1984b, Radiometric and amino acid dating of late 
Pleistocene fossils in the Gulf of California area, Mexico: 
available results and problems of interpretations (abs.), 
in Symposium on Neotectonics and sea level variations 
in the Gulf of California area (Hermosillo, 1984): Univer- 
sidad Nacional Autónoma de México, Instituto de 
Geología, México, D. F., Abstracts volume, p. 133-134. . 

Ortlieb, L., 1987, Néotectonique et variations du  niveau 
marin au Quaternaire dans la région du Golfe de Cali- 
fornie, Mexique: Thèse d’Etat, Université d‘Aix-Mar- 
seille, Etudes et Thèses, ORSTOM, Bondy, France, 780 + 
258 p. + 4 microforms. 

Ortlieb, L., 1990, Quaternary shorelines along the northeast- 
ern Gulf of California; Geochronological data and neotec- 
tonic implications: GSA Special Paper 254 (in press). 

Ortlieb, L., and V. Malpica Cruz, 1978, Reconnaissance des 
dépôts pléistocènes marins autour du Golfe de Cali- 
fornie, Mexique: Cahiers ORSTOM, Série Géologie, v. 10, 
no. 2, p. 177-190. 

Ortlieb, L., and B. Colletta, 1984, Síntesis cronoestratigráfica 
sobre el Neogeno y el Cuaternario marino de la cuenca 
de Santa Rosalía, Baja California Sur, México, in V. M. 

u 

r. 

19781, p. 453-474. 

2, p. 103-115. 



Quaternary Vertical Movements 479 

i 0 Malpica et al., eds., Neotectonics and sea level variations 
in the Gulf of California area, a symposium (Hermosillo, 
1984): Universidad Nacional Autónoma de México, Insti- 
tuto de Geología, México, D. E,p. 241-268. 

Ortlieb, L., O. Carro, and Ch. Causse, 1984, Données 
radiochronologiques U/Th de terrasses marines de la 
côte occidentale de Basse Californie, Mexique, in V. M. 
Malpica et al., eds., Neotectonics and sea level variations 
in the Gulf of California area, a symposium (Hermosillo, 
1984): Universidad Nacional Autónoma de México, Insti- 
tuto de Geología, México, D. E, p. 225-240. 

Prell, W. L., 1982, Oxygen and carbon isotope stratigraphy 
for the Quaternary of Hole 502B: evidence for two modes 
of isotopic variability, in Initial Reports of the Deep Sea 
Drilling Project, Volume 68: Washington, D.C., U.S. Gov- 
ernment Printing Office, p. 455-464. 

Reyes, A., J. Brune, T. Barker, L. Canales, T. Madrid, J. Rebol- 
lar, and L. Munguia, 1975, A microearthquake survey of 
the San Miguel fault zone, Baja California, Mexico: Geo- 
physical Research Letters, v. 2, no. 2, p. 56-59. 

Richards, H. G., 1973, A Quaternary elevated beach along 
the Gulf of California, in Sonora, Mexico (abs.): 9th 
INQUA Congress (Christchurch, New Zealand, 1973), 
Abstracts volume, p. 306. 

Robinson, J. W., 1975, Reconnaissance geology of the northern 
Vizcaíno Peninsula, Baja California, Mexico: M.S. thesis, 
San Diego State University, San Diego, California, 111 p. 

Robinson, J. W., 1979, Structure and stratigraphy of the 
northern Vizcaíno Peninsula with a note on a Miocene 
reconstruction of the peninsula, in P. L. Abbott and 
G. Gastil, eds., Baja California geology, field guides and 
papers: Department of Geological Sciences, San Diego 
State University, San Diego, California, p. 77-82. 

Rusnak, G. A., and R. L. Fisher, 1964, Structural history and 
evolution of the Gulf of California, in Tj. van Andel and 
G. G. Shor, Jr., eds., Marine geology of the Gulf of Califor- 
nia: AAPG Memoir 3, p. 144-156. 

Rusnak, G. A., R. L. Fisher, and F. P. Shepard, 1964, 
Bathymetry and faults of the Gulf of California, in Tj. van 
Andel and G. G. Shor, Jr., eds., Marine geology of the 
Gulf of California: AAPG Memoir 3, p. 59-75. 

Schmidt, E. K., 1975, Plate tectonics, volcanic petrology and 
ore formation in the Santa Rosalía area, Baja California, 
Mexico: M.S. thesis, University of Arizona, Tucson, Ari- 
zona, 197 p. 

Schmidt, E. K., J. M. Guilbert, and P. E. Damon, 1977, Struc- 
tural evolution of the Santa Rosalía area, Baja California, 
Mexico (abs.): GSA Abstracts with Programs, v. 9, no. 7, 

Shackleton, N. J., 1969, The last interglacial in the marine 
and terrestrial record: Proceedings of the Royal Society, 
London, v. B-174, p. 135-154. 

Shackleton, N. J., and J. Chappell, 1985, The ocean deep- 
water oxygen isotope record and the New Guinea sea 
level record: EOS (American Geophysical Union Transac- 
tions), v. 66, no. 18, p. 293. 

Shackleton, N. J., and N. D. Opdyke, 1973, Oxygen isotope 
and paleomagnetic stratigraphy of equatorial Pacific core 
V28-238: oxygen isotope temperature and ice volumes on 

I a lo5 Year and lo6 Year time scale: Quaternary Research, 

Shackleton, N. J., and N. D. Opdyke, 1976, Oxygen iso- 
tope and paleomagnetic stratigraphy of Pacific core 
V28-239, late Pliocene to latest Pleistocene: GSA Mem- 
oir 145, p. 449-464. 

Sirkin, L., G. Padilla-Arredondo, S. Pedrin-Aviles, E. Diaz- 
Rivera, J. Gaitan-Moran, and R. Stuckenrath, 1984, Qua- 
ternary marine deposits, raised marine terraces, and tec- 

'I 

F, 

p. 1160-1161. 

v. 3, p. 39-55. 

tonism in Baja California Sur, Mexico: a report on 
research progress, in V. M. Malpica et al., eds., Neotecton- 
ics and sea level variations in the Gulf of California area, 
a symposium (Hermosillo, 1984): Universidad Nacional 
Autónoma de México, Instituto de Geología, México, 

Smith, J. T., J. G. Smith, J. C. Ingle, R. G. Gastil, M. C. Boehm, 
J. Roldan, and R. E. Carey, 1985, Fossil and K-Ar age con- 
straints on upper middle Miocene conglomerate, south- 
west Isla Tiburón, Gulf of California (abs.): GSA 
Abstracts with Programs, v. 17, no. 6, p. 409. 

Spencer, J. E., and W. R. Normark, 1979, Tosco-Abreojos 
fault zone: a Neogene transform plate boundary within 
the Pacific margin of southern Baja California, Mexico: 
Geology, v. 7, p. 554-557. 

Squires, D. E, 1959, Corals and coral reefs in the Gulf of Cali- 
fornia: results of the "Puritan" American Museum of Natu- 
ral History expedition to western Mexico: American Muse 
um of Natural History Bulletin, v. 118, art. 7, p. 367-432. 

Stearns, C. E., 1980, A molluscan revival?: Actes du Colloque 
sur les niveaux marins et tectonique quaternaires dans 
l'aire méditerranéene (Paris, 1980): Centre National de la 
Recherche Scientifique, Université de Paris I, p. 15-26. 

Suarez, E, W. A. Elders, and K. E. Sieh, 1981, Geological 
observations following the June 8,1980, Victoria earth- 
quake, Baja California (abs.): GSA Abstracts with Pro- 
grams, v. 13, p. 109. 

Thom, B. G., 1973, The dilemma of high sea levels during 
the last glaciation: Progress in Geography, v. 5, p. 170-246. 

Trinidad Reyes, R., and J. Rueda Gaxiola, 1982, La historia 
sedimentaria y climática de la secuencia cortada por el 
pozo Extremeño 301 en el delta del Colorado (abs.): VI 
Convención Geológica Mexicana, México, D. E, Volumen 
de resúmenes, p. 109-110. 

Troughton, G. H., 1974, Stratigraphy of the Vizcaíno Penin- 
sula, near Asuncion Bay, Territorio de Baja California, 
Mexico: M.S. thesis, San Diego State University, San 
Diego, California, 83 p. 

Valentine, J. W.,, 1957, Late Pleistocene faunas from north- 
western coast of Baja California: San Diego Society of 
Natural History Transactions, San Diego, California, 
v. 12, no. 16, p. 289-308. 

Valentine, J. W., 1961, Paleoecologic molluscan geography of 
the Californian Pleistocene: University of California Pub- 
lications in Geological Sciences, v. 34, no. 7, p. 309-442. 

Valentine, J. W., 1980, CamalÚ, a Pleistocene terrace fauna 
from Baja California: Journal of Paleontology, v. 54, no. 6, 

Valentine, J. W., and R. E Meade, 1960, Isotopic and zoogeo- 
graphic paleotemperatures of Californian Pleistocene 
mollusca: Science, v. 132, p. 810-811. 

Valentine, J. W., and R. E Meade, 1961, Californian Pleis- 
tocene paleotemperatures: University of California Publi- 
cations in Geological Sciences, v. 40, no. 1,46 p. 

Valentine, J. W., and R. W. Rowland, 1969, Pleistocene 
invertebrates from northwestern Baja California del 
Norte, Mexico: California Academy of Sciences Proceed- 
ings, v. 36, p. 511-530. 

Viñas Gomez, E, 1982, Estudio bioestratigráfico basado en 
nanoplanctón calcareo de sedimentos calcareos en el Mar 
de Cortez (abs.): VI Convención de Geología Mexicana, 
México, D. E, Volumen de resúmenes, p. 33. 

Viñas Gomez, E, 1984, Calcareous nannoplankton in the 
well Extremeño 301 (abs.), Symposium on Neotectonics 
and sea level variations in the Gulf of California area 
(Hermosillo, 1984): Universidad Nacional Autónoma de 
México, Instituto de Geología, Abstracts volume, p. 151. 

Wehmiller, J., 1982, A review of amino acid racemization 

D. E, p. 319-340. 

p. 1310-1318. 



480 Ortlieb 

studies in Quaternary mollusks: stratigraphic and 
chronologic applications in coastal and interglacial sites, 
Pacific and Atlantic coasts of the United States, United 
Kingdom, Baffin Island, and tropical islands: Quaternary 
Sciences Reviews, v. 1, p. 83-120. 

Wehmiller, J., and W. K. Emerson, 1980, Calibration of amino 
acid racemization in late Pleistocene mollusks: results 
from Magdalena Bay, Baja California Sur, Mexico, with 
dating applications and paleoclimatic implications: The 
Nautilus, v. 94, no. 1, p. 31-36. 

Wehmiller, J., K. R. Lajoie, K. A. Kvenvolden, E. Peterson, 
D. E Belknap, G. L. Kennedy, W. O. Addicott, J. G. Ved- 
der, and R. W. Wright, 1977, Correlations and chronology 
of Pacific coast marine terrace deposits of the continental 
United States by fossil amino acid stereochemistry: tech- 
nique evaluation, relative ages, kinetic model ages, and 
geologic implications: USGS Open-File Report 77-680. 

Wehmiller, J., K. R. Lajoie, A. M. Sarna-Wojcicki, R. F. Yerkes, 
G. L. Kennedy, T. A. Stephens, and R. F. Kohl, 1978, 
Amino acid racemization dating of Quaternary mollusks, 
Pacific coast of the United States, in R. E. Zartman, ed., 
Short Papers of the 4th International Conference on 
Geochronology, Cosmochronology, Isotope Geology: 
USGS Open-File Report 78-701, p. 445-448. 

Weldon, R., and E. Humphreys, 1986, A kinematic model of 
southern California: Tectonics, v. 5, no. 1, p. 33-48. 

Williams, D. F., W. S. Moore, and R. H. Fillon, 1981, Role of 
glacial Arctic Ocean ice sheets in Pleistocene oxygen iso- 
tope and sea level records: Earth and Planetary Sciences 
Letters, v. 56, p. 157-166. 

Wilson, I. E, 1948, Buried topography, initial structures, and 
sedimentation in the Santa Rosalía area, Baja California, 

Mexico: AAPG Bulletin, v. 32, no. 9, p. 1762-1807. * '  
Wilson, I. E, and V. S. Rocha Moreno, 1955, Geology and *' 

mineral deposits of the Boleo Copper district, Baja Cali- 
fornia, Mexico: USGS Professional Paper 273,134 p. 

Wittich, E., 1909, Contribución a la geología de la región 
meridional de la Baja California: Boletín de la Sociedad 
Geológica Mexicana, v. 6, pt. 1, p. 5-14. 

Wittich, E., 1911, Beiträge zur Geologie der Kapregion von 
Nieder-Kalifornien: Deutsche geologische Gesellschaft 
Zeitschrift, Berlin, v. 63 B, no. 12, p. 578-587. 

Wittich, E., 1912, Uber Meeresschwankungen an der Küste 
von Kalifornien: Deutsche geologische Gesellschaft 
Zeitschrift, Berljn, v. 64, p. 505-512. 

Wittich, E., 1915, Uber Eisenerzlager an der Nordwestküste 
von Nieder-Kalifornien: Zentralblatt für Mineralogie, 
Geologie und Paläontologie, v. 16, p. 389-395. 

Wittich, E., 1920, La emersión moderna de la costa occiden- 
tal de la Baja California: Memoria de la Sociedad Cientifi- 
ca Antonio Alzate (Mexico), v. 35, p. 121-144. 

Woods, A. J., 1978, Marine terraces between Playa el Marron 
and Morro Santo Domingo, central Baja California, Mexi- 
co: Ph.D. dissertation, University of California at Los 
Angeles, Los Angeles, California. 

Woods, A. J., 1980, Geomorphology, deformation and 
chronology of marine terraces along the Pacific coast 
of central Baja California, Mexico: Quaternary 
Research, v. 13, p. 346-364. 

Yeats, R. S., and B. V. Haq, 1981, Deep Sea Drilling off the 
Californias: implications of Leg 63, in R. S. Yeats et al., 
eds., Initial Reports of the Deep Sea Drilling Project, Vol- 
ume 63: Washington, D.C., U.S. Government Printing 
Office, p. 949-961. 

1 ' 

_* 


