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RECEllT EXPLORAT10ll lil THE CEDROS-VIZCAll10 AREA j
t

AllD A FIELD TRIP LOG !

by |
|

R. Gordon Gastil
Department of Geological Sciences

San Diego State University
San Diego, CA 92182

Early geologic work on Isla Cedros, Isla llavidad, and the Vizcaino Penin-
sula has been noted by Minch et al. (1976) and Kilmer (1977). It suffices to
say that the first surge of pErdeum exploration (1920-1924) largely ignored
this area, and the Mesozoic stratigraphy was not described until the work of
Mina (carried out in 1943, published in 1957). Mina named the San Hipolito,
Eugenia, Valle (Salitral), Bateque, Santa Clara, Tortugas, and Almejas forma-
tions. Due to a lack of paleontologic control Hina called the San Hipolito f
Jurassic (because of simil rities to the Franciscan Formation of Alta Cali- I
fornia), the Eugenia Lower Cretacccus, and the Valle Upper Cretaceous. The con-
glomerates which we now know to be middle Valle (Turonian) were called Paleocene
and given a separate formation name. Except for these time-stratigraphic con-
siderations, the stratigraphy and gross regional structure Mina described are
still valid.

{in 1973, Pemex decided to reinvestigate the Vizcaino Peninsula and Magda-
lena plain areas of Baja California. The geologic exploration was contracted
to GYMSA under the direction of Jorge de la Torre and Luis Roche and super-
vised by Sergio Salinas of Pemex. To do the field mapping, GYMSA contacted
Gordon Gastil of San Diego State University, who in turn involved John Hinch of j
Saddleback College and a number of former and current students. The work began J
In June, 1973, when for one glorious week we criss-crossed the peninsul a in a
helicopter and in a few days had the good fortune to discover the Triassic fos-
sils of the San Hipolito, the Jurassic fossils of the Eugenia, and the exten-
sive Turonian portions of the Valle. The fleid work in the VizcaIno was
completed in eight weeks.

Three San Diego State graduate students, John Robinson, Gael Troughton,
and William Finch, expanded work begun on this project for master's theses. The
work of Finch is published (Finch and Abbott, 1977). The work of Robinson and
Troughton is partially included in Minch et a_1_. (1976); their maps appear for
the first time in this volume. Due to the rush nature of the 1973 project and
the emphasis on possible petroleum reservoirs, basement rocks, including pre-
batholithic sedimentary rocks were studiously avoided.

* The chrome, magnesite, asbestos, and metallic deposit of both Isla Cedros
and the Vizcaino Peninsula have been known to mining interests for more than a
century. Although much of this exploration went unchronicled, there have been
exceptions (Veatch, 1869). In 1973, slightly in advance of the Pemex effort,
the Consejo de Recursos Minerales assigned Javiar Altamirano the task of mapping
the Vizcaino Peninsula with specific emphasis on ore deposits in the basement
rocks. Thus, using a helicopter and aerial photographs, he produced a folio of
1:50,000 maps covering the Peninsula in the span of a few months (Altamirano,
1975). My first appreciation of the basement rocks was gained from a trip down
the Puerto Iluevo and San Cristobal road in December, 1973. Claude Rangin made
his initial visit to the Peninsula in spring, 1974.

1
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In June 1974, I took graduate student Tom Moore to see the basement rocks,

,

accompanied by a large group of interested geologists including Claude Rangin,
! Davey Jones, and M. C. Blake, each of whom have subsequently pursued their own

exploration and interpretation in the area. Shortly thereafter, the faculty
and students at the University of California at Santa Barbara became interested
in the Peninsula.

Thus in an interval of less than two years (1973-1975) the peninsula, for
so long largely ignored, became the object of exploration by students and fac-
ulty at four universities and three governmental organizations working in three
different languages and representing a wide diversity of interests, expertise,
and geologic preconceptions.

In contrast, the exploration of Isla Cedros has been, until recently, the
dedicated effort of a single individual, Frank Kilmer, whc between 1963 and
1974 mapped the entire Island on foot (Kilmer,1977, this volume). More
recently Cedros has been visited and interpreted by Jones et al. (1976), and
Claude Rangin (1978).

This is an auspicious time for visitation. The reconnaissance work has
been accomplished, and the second wave of more detailed investigations are well
unde rway. Interpretations differ wicely. We will be meeting in the field with
the proponents of divergent viewpoints.

LOG FOR THE ISLA CEDROS-VIZCAINO PENINSULA FIELD TRIP

GENERAL INFORMATION

(1) Tourist permits: These should be in-hand before we cross the border. It

is essential _ that you have with you either a birth certificate or a valid
passport. Although Mexican regulations say that an out-of-date passport
is suf ficient evidence of citizenship, the immigration authorities f requent-
ly refuse to accept them. Citizens of countries other than the United
States should check about possible additional problems with the Mexican
consulate in advance. 1

(2) Personal equipment: You will need a sleeping bag, no other field equipment
is essential. You may wish a ground cloth, sun hat, canteen, dark glasses,
and sample bags.

.

(3) Clothing: Field clothing sufficient for six days, including field boots. |
The weather may be windy and foggy at tires, but no extrene heat or cold '

is anticipated.

(4) Food will be obtained from local restaurants on some occasions and provided i

iby our field crews on others. Those with special dietary needs will find
that few alternatives will be purchasable en route.

October 30th,1979

Leave parking lot at northwestern corner of Town and Country Convention Center
at 6:30 AM.

Arrive Tijuana Airport approximately 7:1:i AM. Our flight will be on Aerotaxis
Internacional.

We will proceed to the immigration desk .ind depart ASAP.
Flight to Isla Cedros will take approximately one hour. We will be flying down

the west coast of the peninsula. Southwest of Tijuana we cross Miocene
basalt overlying the Late Cretaceous Rosario Formation. After passing
Ensenada we cross the Agua Blanca fault, and the rugged hills of Albian-
Aptian AIIsitos Formation volcaniclastic rocks with reef limestone. Still

2



further down the coast, if the clouds allow, you will see the Holocene
. basalt cones of San Quintin, notable .for their inclusions of mantle peri-
dotite. Then the high mesas of Rosario Formation, notable for their dino-
saur fauna, in places capped by terraces of Pliocene sandstone and basalt.
.. Gradually we will leave the coast to cross Dahic Vizcaino for Isla Cedros.
Ve land on the extreme southeastern corner of the island.

Transportation on the island will be by taxicab. The town of Cer'ros is about
five miles north of the airport. Our first step wil'l be to drive to town.
and deposit our belongings at the Technical School, which will be our home
for the next two days. By the time we have accomplished this it will be
almost time for lunch--so we will have a bite before departing for the
field.

The rocks along the coast immediately south of town are Miocene and Pliocene
strata unconformably overlying the Upper Cretaceous Valle Formation. The
Valle is in turn in contact with a melange of serpentine, blueschist, gabbro,
greenstone and so on--and it is the nature of this contact that we wish to

investicate.
Af ter lunch we will taxi back in the direction of the airport. About one mile

south of town (: taxi did not have an odometer working), a road turns to.

the west. Down his road there are ample opportunities to investigate the
Valle Formation, the melange, and the contacts between them. We may return
to town by walking along the coast to observe the Miocene and Pliocene '

strata. ,
_

After supper we may have talks and s1 ides by Frank Kilmer, Claude Rangin, and
Dave Kimbrough describing the geology of the island and in particular what
we will be seeing the next day.

There is not much exploration to do in the town of Cedros. Stores remain open
until about 9:00 PM. Beer is available in the grocery stores, but other
alcoholic beverages are only available at the one liquor store located at
the edge of town to the northeast (no doubt to protect the good sober citi-
zens). There are no bars. There is one small cafe, La Palmita, and a beer
and taco place (with no sign) located on the south side of the central

,
avenue.

October 31st

6:30 AM B reakfas t.
7:00 AM Proceed (on foot) to the dock located behind the fish cannery. Here

we will board the Texas for a trip up the east side of the island.<
' You may wish to bring your canteen, sun hat, hammer and sample

,

bags, as we will be doing a bit of hiking. :
As we proceed up the coast f rom town you see first the alluvial fan i

deposits, resting with high relief unconformity on Cedros Formation
(melange). This consists of several elements, including very large

|
- blocks of bedded graywacke, pillow basal t, and meta-andesi te,

'

separated by melange which includes blueschist minerals in both the
blocks and the matrix. Rangin shows this area as a series of
inclined thrust fault slices.

8:00 AM Our first stop will be Canon San Carlos where we will look at the
- contact between the uppermost metamorphic unit (Pichaco de Orozco i
unit) and the overlying ophiolitic complex (Gran CaMon sequence). ;

To land through the surf (which is generally minor) vill require ;
taking a small boat from the Texas.

'

Just as we approach Gran Canon a variety of bedded pillow basalts are
exposed in the sea cliff, and a short distance inland these can be
seen overlain by the Gran Canon Formation. At the entrance to,

3
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Grcn Canon you will s;a Valla Formation in low angle fault con-
tact over the Coloradito Formation. Just north of Gran Cenon we
see the extensive Jurassic El Choyal volcanic plutonic terrane.

9:30 AM Our second stop will be Gran Canon. Here we will hike a ways up the
canyon and see the uppermost part of the unmetamorphosed ophiolite
complex (Gran Canon sequence) and its relation to cverlying
Coloradito, Eugenia, and Valle formations. We will have lunch far
up the canyon at a spring. We hope to spend five hours in the
canyon, arriving oack at the beach around 2:30.

3:30 PM Our third and most northerly stop is planned for Canon El Choyal,
where we will observe the relations between the igneous units and
the Gran Canon and Valle sequences.

5:45 PM Arrive back at the Technological School.
7:30 PM Ve will have supper and another session with slides and talks by John

Robinson, Luc Ortlieb, and the people from Stanford and U.C. Santa
Barbara who will Jescribe the portion of the Vizcaino Peninsula to
be seen the next day.

Novembe r 1st

7:00 AM B rea k fas t. Early birds may wish a quick hike down the coast north of
town (about one kilometer) for a last look at the blueschist
melange rocks exposed along the coast.

8:00 AM Pick up our bags at the school and get in taxis for the airfield. At
the airfield there will be plenty of time to take another look at
Valle strata exposed along the edge of the field.

9:00 AH more or less, the California Pacifica DC-3 should arrive to take us
to Bahia Tortugas. However, since we will be filling the entire
plane we will be a special flight which may be scheduled earlier
or later than the regular flight time.

9:45 AM (Hopefully) We should be on the ground at Bahia Tortugas and ready
to board our land vehicles. View to the east is of Hiocene Tortugas
Formation (white) basal sandstone which contains pelletal phosphate
with mollusks and forams.

Leaving the ai rstrip we come to a junction where the right road leads
into the town, the left fork toward the east. We go 2.8 miles to a
cross road and turn lef t. At 2.2 miles, we again take the left
fork, but at 1.4 miles take the right fork. In this area we see
the prominent exposures of middle Valle (Turonian) conglomerates
resting unconformably on Icwer Valle strata. At 5.0 miles we reach
the coast; the fishing camp of Campito is 1.4 miles to tbs left.

10:45 AH We will stop somewhat short of Campito and look at the fin ig-upward,
deep-sea fan conglomerates exposed along the coast.

You should pay especial attention to the cor.' position and sizes of the
clasts exposed here in the Valle, so as to compare them wi th those
to be seen later in the Eugenia. If it is a warm day this would
be a good place to get out in the water and scrub of f the accumu-
lated grime,

11:00 AM Stop near turnoff to Rancho Los Charunes, and walk to top of marine {

terrace ridge. From this vantage point, the trace of the Bahia
Tortugas, La Valisa, and Eugenia faults can be seen, along with the
unconformity of the Tortugas Formation on the Valle and older for-
mations.

12:00 PM We should depart, returning to the Bahia Tortugas junction and thence
nceth 19.4 miles to the village of Punta Eugenia, arriving there
about 12:45 PM. Just before reaching the village you will see a

0
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ball field on the left. Turn left along the north edge of the
ball field and proceed toward the coastline. Here (between the
ball field and the lighthouse) we will look at exposures of Eugenia
Formation debris-flow and traction-flow deposits, and eat lunch.

2:00 PH We depart for Punta Quebrada. 1.7 miles south of Punta Eugenia the

right turn leads to the fishing camp of La Lobera. 8.4 miles fur-
ther a right turn leads to the fishing village of Punta Quebrada.
If you see a small Brazilian pepper tree oeside an old refresco
stand- you hav'e missed the turnof f.

2:20 PH Just af ter turning toward Quebrada we will observe on our right a
shear zone of serpentine and exotic block melange, thence we cross
Valle Formation, thence Miocene Tortugas Formation. We will stop
to visit the Tortugas Formation. These are porcellaneous beds of
diatomaceous siltstone with radiolaria and foraminifera.

Beyond the village (3.4 miles from the junction) are beach exposures
showing pillow basalts interbedded in the Eugenia Formation.

Returning to the main road, about 3 miles to the right we cross the
Eugenia/Valle contact. North of Bahia Tortugas this contact is
everywhere shown as a fault. As authors disagree as to the nature
of this fault it will be visited if daylight allows.'

6:00 Pti Bahia Tortugas. Supper will be at the small restaurant El Sinalonense.
As in Cedros, beer is available in town, but hard stuff only at a
store out on the edge.

If you get an opportunity to visit Bahia Tortugas town on a less
hurried schedule you should walk down to the shoreline just below
the town church (see illustration). Here the Valle Tortugas fault
places disturbed Middle Valle against inclined Pliocene coquina,
overlain by faulted Holocene (?) gravel. Slickensides indicate
strike-slip motion.

7:30 PM We should depart Bahia Tortugas. From the junction 2.3 miles to a
right turnoff, thence 13.4 miles to the Puerto Escondido Junction.
To the lef t of the road there are excellent views of the Tortugas
Fornation (white) and the overlying Almejas Fornation (yellow),
but it will be very dark.

8:15 PM Turn right onto Puerto Escondido Road. At 4.2 miles turn left up
Canon Amargura. About 0.3 miles up the arroyo we make camp for ,

tne evening. |

Novenber 2nd

7:00 AM Breakfast.
7:30 AM Proceed up the arroyo to visit exposures of Eugenia Formation in depo-

sitional and fault contact with pillow basalts. Dave Barnes,
Claude Rangin, and Tom Moore will be the principal leaders in this
a re a.

9:30 AM We will depart toward Puerto Escondido. We will park near the sum-
mit of the grade and hike down the road inspecting the cherts and
tuffaceous rocks of the Morro Hermoso Formation.

10:15 AM We will return to the Puerto Escondido turnoff and proceed toward
Rancho San Jose. At 16.1 miles we pass Rancho Santidos. 4.1 miles
farther we come to the Puerto Nuevo turnoff (to the right), 0.5
miles farther we come to a Junction to the left.

11:00 AM Just beyond the junction we stop (principal leader Tom Moore). Here
the Valle Formation is in fault contact with the ophiolite complex.
In the fault zone are narrow slivers of pillow basalt. The first
rock we will observe is cumulate oikocryst gabbro. It is in fault
contact with serpentinized harzburgite.

8
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12:00 PH Onc mile down the arroyo we come to the contact between the harz-
burgite and the serpentine nelange. One more mile and we reach
the edge of the exotic block / serpentine melange. Here we will
hike up a canyon on our lef t to observe the varicus blocks of
greenstone, greenschist, blueschist, chert, and even metarhyo-
lite found in the serpentine matrix. This is a good place to
stop for lunch.

1:00 PM Lunch.
2:00 PM Two miles farther down the arroyo is the contact between the ser-

pentine and Valle Formation. Magnesite dikes can be seen cutting
the Valle.

2:30 PH 1.2 miles farther down the canyon is an abrupt contact between
leached and mineralized (pyrite) Valle and unaltered Valle. Road
turns left here to fishing village of Puerto Nuevo. We continue
down the arroyo to the beach (0.7 miles).

3:00 PM Exposures of Valle conglomerate in the sea clif fs. If it is warm
this is the time and place to get in the water, throw the frisbee,
or what have you.

4:00 PM Depart beach, return to Puerto Nuevo Junction, turn right. At 2.1
miles pass small ranch, at 1.9 miles pass Rancho Santa Monica. 3.4
miles farther arrive at th, casts c ' Rancho San Jose de Castro.

5:00 PH liere Minas de California S.A. mainta .s lodging for a nearby magne-
site mine; and we are privileged to have supper in their cafe-
te ri a.

Af ter supper we hope to have another slide show and talk, hearing
about both the features seen on this day and those to be seen the
next day, af ter which we will flake out nearby.

November 3rd

7:00 AM B reakfa s t.
7:30 AH Depart toward Asuncion. At 5.0 miles a junction to the left leads to

the magnesite mine and on to Guerrero Negro. To the right, tracks
down an arroyo lead to Playa de San Cristobal. We will not have
time to take this side road, but it affords another opportunity to
view the serpentine, fault contact with the Valle and thick sec-
tions of Almejas and Tortugas formations. We cross the serpentine
and gabbro of the Sierra San Andres, and in the distance head
south toward the prominent Cerro del Elephante (capped by Miocene
basalt and diatomaceous sedimentary strata). (Hap by Gael
Troughton.)

8:40 AM 21.9 miles turnoff to right toward San Pablo. We probably will not
have time to visit this locality, but if we did we would see the
following: af ter crossing an alluviated plain--cumulate gabbro; a
road junction at 5.5 miles, then unmetamorphosed Cretaceous strata
(lower Valle of Troughton) resting on amphibolite; fishing village
of San Pablo at 8.8 miles. An older road leads southwest from San
Andres. On this road you see faulted Tortugas and Almejas forma-
tions, and at the coast giant slide blocks within the Valle Forma-
tion.

At 2.2 miles beyond this junction is Rancho San Andres where Claude
Rangin would like to take a look at the contact between the Valle
Formation and the plutonic-volcanic complex.

9:40 AH 0.9 miles beyond Rancho San Andres is a junction leading northeast.
We will take this road and travel about 13 miles to the vicinity
of Cerro del Calvario where andesitic rocks and associated volcani-
clastic rocks are in association with serpentine and gabbro.
(Claude Rangin, leader).

9
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11:00 AM Depart, returning to Asuncion road thence lef t 9.6 miles to airport
turnoff, and 1.5 miles farther to Asuncion Junction.

Here a road to the west 8.9 miles leads to the village of San Roche
where Cretaceous strata (lower Valle of Troughton) depositionally
overlies, and is in near-horizontal fault contact with tonalite.
We probably will not have time for this side trip.

11:30 AM instead we will turn east. At 14.9 miles there is a Junction leading
toward Guerrero Negro (29 miles to the Junction with the road from
Bahia Tortugas. 25.8 miles further is the turnoff to the village
of Punta San Hipolito. At 3 miles we reach the south shore of the
point and the place where pillow basalt underlies the Triassic
cherts, limestones and lithic sandstones (leader here, Bill Finch).

1:00 PM Tine * for lunch.
2:00 PM We drive a short distance farther east to see the fossiliferous

strata exposed on the hill. The fossils are largely in chert
(or silicified ash) layers and in blocks of limestone (in a matrix

|of andesite). A few fossils are found in bedded limestone.
3:00 PH We drive farther east to see the overlying clastic section. We will

probably not go as far as the village of Punta Prieta, but there,
along the coast, the rock types seen in depositional position along
the south coast are seen in a strongly oriented, tectonic melange.

4:00 PM Depart for Asuncion.
5:30 PH Return to Asuncion. This town is somewhat like the others except that

alcoholic beverages can be purchased in Senor Aragon's store in the
,

center of town. '

6:30 PM Supper at the Aragon place, followed by slides and talks concerning
things seen and unseen. The truck crews will start their journey '
back toward San Diego, and we will flake out on the beach.

November 4

7:00 AM Early birds can hike along the beach seeing pillow basalts, cherts,
argillite and the sort. Weary birds can sleep in.

8:00 AM Breakfast at Aragon's. {
9:00 AM Taxi to the aeropuerto. |
9:30 AM Aerotaxi internacional will arrive to return us to Tijuana. |
11:00 AM Set down at Tijuana International Ai rport.
11: 30 AM Clear customs and be picked up for return to San Diego. j
12:30 PM Retu rn to Town and Count ry Hotel , San Diego. . .s igh. . .

For those who use this log on a trip of their own

We have included more stops than we can logically achieve, but we have done I

so because some may wish to make the trip on their own. The following log from |
the town of Guerrero Negro describes how to get to the Peninsula.

From the town of Guerrero Negro drive west and southwest along the line of !
Ipower poles to 8.0 miles at the salt-loading facility. Then 17 miles south

through the salt ponds to the " whale watch," then south a zigzag path across
dikes and flats (following signs) to a fork leading west and northwest. The
road to the south leads ultimately around the southern f ringes of the salt-flat
area, past La Cantina (and Pemex wells) back to Highway 1. 18 miles to the west
is a junction, going west to San Jose de Castro and Bahia Tortugas, or south to
Asuncion and points south. We have taken great liberties in distorting the map.
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A GEOLOGICAL SKETCH OF CEDROS ISLAND,

BAJA CALIFORNIA, HEXICO

by

Frank H. Kilmer
Department of Geology

Humboldt State University
Arcata, Cali fornia 95521

INTRODUCTION

Cedros Island is of geological importance because it reveals an extensive
record of Hesozoic and Cenozoic history, including plate tectonism, of the
Baja California borderland. It is also an important site for comparison with
the better-known California borderland with which some of its geological
features bear resemblance.

The present report, based principally on reconnaissance mapping (1963-74),
is intended to sketch the major geological features and history of Cedros
Island. Illne formational units were mapped, five of which are new, including
the Cedros, Gran Canon, Coloradito and Morro Redondo formations; formal des-
criptions will appear in a forthcoming paper.

The help of those who provided professional counsel during the course of
the project is gratefully acknowledged. A special thanks is due LouElla Saul,
Donald H. Dailey and John D. Longshore.

My work on Cedros Island would hardly have been possible without the support
and warm friendship of the people of Cedros Island and the Pesquera Isla de
Cedros; to all of them my deepest appreciation.
HISTORlCAL SKETCH

Cedros Island was, apparently, first seen by a European in 1540 when
Francisco de Ulloa, a Spanish explorer serving Fernando Cortes, reached the
island. He remained there for three months and named it "Isla de los Cedros"
af ter the pines and cedars (Junipers) growing there. For Ulloa and other Span-
Ish navigators who visited later, including Cabrillo-Ferreio in 1542-3 and
Vizcaino-La Ascension in 1602-3 and captains of the famed Manila Galleons, the
Island served as a source of water, food, wood and a safe anchorage. Cedros
Island was Inhabited by Indians at the time of discovery but in 1732 the entire
population was moved to the peninsula by the Jesult missionary Taraval. Accord-
Ing to Tafall (1948), at the time of Taraval's visit, Indians referred to the %

island as "Amalgua" (also Huamalgua or Wamalgua) meaning " Island of Fogs." The
island served as a base for sealers and sea otter hunters from the late 1700's1

until about 1850. Gold and co
various times _ between 1890 (?)pper mining, on a small scale, was carried on atand 1918. About 1920, a fishing community and
cannery (now called Pesquera Isla de Cedros) were established near the south-
eastern corner of the island and have endured to the present. In 1966, a deep-
water port for ocean going vessels was developed at the southeast corner of the
island to facilitate the-export of salt brought to the island by barges from
shallow evaporating lagoons on the peninsula.
PREVIOUS GEOLOGICAL INVESTIGATIONS

The first geological investigation of Cedros Island known to the writer was
undertaken in 1859 by Dr. John A. Veatch (1869) on behalf of San Francisco

11
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mining intarcsts. - Ha rscogniz2d mettmorphic, Ign:ous, and sedimentary rocks
forming the island and reported evidence of chromite, cop /er, gold and other
potential ore minerals.

Hanna (1925,1927) described the geology of Cedros Island based on brief
visits there in 1922 and 1925 and concluded that the island lay on or near a
fault zone. He reported Jurassic sandstone, conglomerate, Franciscan-like red
cherts and serpentine, and a sequence of Cretaceous, Miocene and PIlocene rocks.
Jordan and Hertlein (1926) and Hertlein (1934) described late Cenozoic mega-
invertebrate faunas from Cedros Island and adjacent areas of Baja California.

Tafall (1948), apparently prepared the first geological map of Cedros
Island and recognized the Mesozoic and Cenozoic sequence of Hanna. Hutchins
(1950) conducted an investigation for chromite and noted considerable evidence
of chromite associated with serpentine on the north and west slopes of Monte
Cedros.

Hina (1957) prepared a comprehensive geological map of the southern half
of Baja California, including Cedros Island, delineating and naming formations
for that region. Cretaceous, Miocene and Pliocene units on Cedros Island of

*

Hanna and Tafall were formally designa~ted Eugenia, Tortugas, and Almejas forma-
tions, respectively. Mina evidently did not recognize the presence of Valle For-
mation (or Valle Salitral) on the Island.

Van West (1958) made a geological study of the southwest coast of Cedros
Island and the San Benito Islands, 30 km to the northwest. He recognized a

-Franciscan-like assemblage in these areas includin'g glaucophane schist, serpen-
tinite, spilltic basalt, graywacke, marble and chert. Van West believed that the
southwest portion of Cedros Island and the San Benito Islands represented por-
tions of a single, wide, northwesterly-trending shear zone.

Kilmer (1977) published a short pa'per, including a geologic map of Cedros
Island, focused primarily on the Mesozoic basenent complex and ophiolite.

' Jones, Blake, and Rangin (1976) and Rangin (this volume) interpreted Cedros
Island's place in the Mesozoic stratigraphic framework of the west coast and in
the depositional history and structural developnent of the Baja California
bo rde rl and.

REGIONAL GE0 LOGIC SETTING i

i

Cedros Island is a mountainous, 39 km-long island lying 20 km northwest
of Punta Eugenia on the Daja California mainland. The island is a dominant top-
ographic feature lying along a 400 km long submerged ridge, which evidently rep-
resents a northwest extension of the peninsula coastal range--the Sierra Viz-
caino. Taken together, the submerged ridge and the Sierra Vizcaino form a 600,

km segment of the Baja California borderland. The western flank of the sub-
merged ridge, 20 km west of Cedros Island, descends nearly 4000 meters, as the
continental slope, to the deep ocean floor (Cedros Deep). On the east it is
bordered by the 50-2000 m-deep Vizcaino Bay /Blanca Basin trough which in turn
is bordered by the Peninsular Range.

Within the southern part of the submerged ridge (i.e. Ranger Bank, San
Benitos Island, and Cedros Island) and for most of the Sierra Vizcaino, there
is general geological continuity in terms of Hesozoic basement terranes (in-
ciuding ophiolites and eugeosynclinal deposits), Cenozoic deposits, igneous and
metamorphic rocks, and the nature and degree of structural complexi ty (Figure
1). Elsewhere, along the submerged ridge north of Ranger Bank, Mesozoic base-
ment terranes are apparently unknown, possibly deeply bur 26; the only geo-
logical units evidently recognized here are volcanics of Cenozoic (?) age

_
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FIGURE I. G EOLOG IC MAP
of

C E D ROS ISL AND, MEXICO
FOR M ATIO NS (Simplified and with Quaternory

deposits omitted)
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(Krause,1965) and clastic deposits of Pleistocene / Holocene age (Doyle and
Bandy,1972). Emery (1948) reported Hlocene (?) volcanic rocks on Ranger Bank.
Beneath the Vizcaino Bay /Blanca Basin trough a similar situation occurs with
only Miocene (?) to Pleistocene clastic deposits and volcanics of unknown age
being Interpreted (Normark,1974; ik> ore, 1969).

STRATIGRAPHY

CEDROS FORMATION (Late Jurassic (Oxfordian (? )-Ti thon i an))

The stratigraphic relationships are shown in Figure 2.
A melange-structured "cugeosynclinal" assemblage of Franciscan aspect, here-

in designated Cedros Formation--forms principal ridges and peaks in the southern
part of the island. Dark grey to bluish grey, massive to thinly bedded, meta-
greywacke, greywacke and subordinate dark grey silty shale, slaty shale, and
thin, graded beds form perhaps 40-60% of the formation. Sandstones examined in
thin section are arkosic greywacke having an average composition of: quartz
25%, plagioclase (oligoclase and andesine) 50%, rock fragments 15%, mica 5% and
chloritic matrix 5%. Other sedimentary rocks include, bedded radiolarian chert
(mainly maroon, black and pale green) and grey limestones. Conglomerate was not
found, but one massive greywacke yielded vesicular andesite and granodiorite
cobbles. Pillow-structured greenstone is conwnon, some intervals apparently
exceed several hundred meters in thickness. Metamorphism and/or mild alteration
has affected many of the sedimentary rocks: (1) some greywackes are foliated
and contain small amounts of glaucophane, lawsonite and (?) pumpellyite, (2)
adjacent to major faults, greywacke and shale have been altered to semi-schist
and slaty shale, (3) cherts show faint carbonaceous (?) folia and stilpnomelane
bundles in a recrystallized matrix and (4) limestones are recrystallized. Adja-
cent to fracture planes, greenstones are commonly altered to glaucophane and in
rare instances thin, blue " dikes" of glaucophane rock occupy fractures. Glauco-
phane-bearing metamorphic rocks are common with the following compositions rec-
ognized: (1) glaucophane-lawsonite; (2) chlo ri te-cl i nozoi s i te-s t i l pnomel ane-
glaucophane, (3) glaucophane-actinolite and (4) glaucophane-chlorite. Other
metamorphic rocks include chlorite pumpellyite rock, actinolite rock and amphl-
bolite.

Identifiable fossils, other than radiolaria and sponge spicules from Cedros
cherts, and the long-ranging foraminifer Bathysiphon (Silurian-Recent) f rom
Cedros-type rocks on San Benito Island, have not been recognized by the author.
Radiolaria of Late Jurassic (Kimmeridglan-Tithonian) age have been recognized by
Pessagno (1978) f rom Cedros cherts. Cretaceous and Cenozoic age diagnostic fos-
siis are not known f rom Cedros rocks. A K-Ar date of 159 t 5 m.y. (R. G.
Gastil, pers, comm., 1978) for hornblende tuff, which is interbedded with Cedros
detritus in the Coloradito Formation, suggests that some Cedros rocks may be
as old as Callovian or Oxfordian. Suppe and Armstrong (1972) have provided
K-Ar dates for glaucophane-bearing rocks on Cedros Island of 94.4 t 4 m.y.,
110 * 2 m.y., and 109 * 2 m.y. ed from Cedros-type rocks on the San Beni tos
islands of 104 t 2 m.y.,148 * 3 m.y. and 148 t 5 m.y.
CH0YAL FORMATION (Middle Jurassic ?)

The Choyal Formation forms the northern half of the island and crops out
along the north, west and south flanks of Monte Cedros. At Monte Cedros it
consists of three, belt-like complexes which in ascending order are: (1)
sheared, chromite-bearing peridoti te/serpentini te, (2) sheared diorite/pabbro/
serpentinite and (3) pillow-structured and massive greenstone, breccia, chert,
andesite dikes and plutonic rocks. The upper surface of the greenstone/ dike
complex has a local relief of several hundred meters, apparently an aggrada-
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tional surface built by submarine volcanism. Gra nstone studied in thin rec-
tions indicate abundant quartz along with fibrcus amphibole, chlorite and bio-
tite suggesting that the original composition may have been andesitic. Ande-
site dikes consist of plagioclase (oligocle,e-andesine), quartz, hornblende,
pyroxene, magnetite and augite and alterauon products of sericite, epidote,
chlori te and clay. The dikes are well developed in the northern half of the
Island where the predominant trend appears to be northwesterly.

The lowermost unit of the Choyal is Interpreted as mantle material; the
upper two units may represent oceanic crust (basaltic), or possibly the flank
of an island arc (andesitic), or both. Because the inwnediately overlying Gran
Canon Formation, which rests depositionally on Choyal greenstone/ dike complex,
contains Middle Jurassic fossils, the Choyal cannot be younger than Middle Juras-
sic age.
GRAN CAA0N FORMATION (Middle Jurassic (Bajocian-Callovian))

The Gran Canon Formation is a 2,300 m thick sequence of thinly-bedded,
green radiolarian chert, siltstone, sandstone, conglomerate, tuf f, and pillow-
structured greenstones. Chert forms the lower third, resting depositionally on
Choyal pillow-structured greenstone (oceanic crust and/or island arc rocks);
there is no evidence of erosion along the contact. Overlying the chert are clas-
tic rocks which coarsen upward. Hornblende-rich sandstones and andesitic con-
glomerate indicate major 'andesitic sourci ; rare orthoclase, in sandstones, sug-
gests Ilmited plutonic or rhyolitic sources. The Choyal and the radiolarian-

chert of the Gran Canon, together form the Cedros Island ophiolite.
A white tuf f bed near the middle of the formation yielded the ammonoids

(0ppella sp., Lytoceras sp. and Phylloceres sp.), the bivalve (B_ositra buchi
Roemer) and various plant fragments. R. Imlay (wri tten comm. , 1968) considers
B. buchi to represent a Callovian-Bajocian age (Middle Jurassic) . B. buchi
(Roemer) , under i t- synonym, Posidonia ornata Quenstedt occurs in the Bedford
Canyon Format s. i , Santa Ana Mountains, California (Imlay, 1963; Allison, 1968)8

and Jurassi, beds in Oregon (Lupher,1941) and Alaska (Imlay,1955). Plant re-
mains inci ade the coni fer, (?) Paglophyllum sp., the cycad-form, (?) Zami tes sp.
and a post *':. icen (Ash, wri tten comm. , 1974); neither precise age-dating nor
paleoecological evaluation is possible with this floral assemblage. The age of
poorly preserved radiolaria in the basal cherts is not known.

The persistent, thinly bedded character of the Gran Canon, coupled with
evidence of graded and convoluted bedding, and rare macrofossils suggests gen-
erally deep water deposition. Radiolarian cherts were deposited in the open
ocean where little, if any, terrigenous material was available; clastic rocks
and volcanics represent a depositional site much closer to the continent and/or
an island arc.
COLORADITO FORMATION (Late Jurassic (Kimmeridglan ?))

The 300-400 m thick Coloradito Formation, unconformably overlies the Gran
Canon and crops out along the west slope of Monte Cedros, Campo Wylle, Grans

Canon and Arroyo Coloradito. It consists of thinly-bedded sandstone, shale,
conglomerate, hornblende tuff, andesitic rock, and massive megabreccia. Mega-
breccia units, up to 100 meters or more in thickness, include small blocks
(15 cm-2 m) of mainly Cedros greywacke; intermediate-sized blocks (3-5 m),
mainly Cedros chert, rare greenstone and Gran Canon quartz sandstone; and
slab-like blocks (50-100 meters long x 8-10 m thick) of black chert, chert
conglomerate and Paleozoic limestone. The blocks are rather randomly scattered
through a faintly stratified, sheared shale matrix.

16

,

_ _ _ _ _ .



One limestone block contained poorly preserved crinoids, brachiopods,
nollusca, coral and possibly bryozoa (A. Armstrong, wri tten comm. , 1975),
while another revealed Permian fusulinids (D. L. Jones, pers. comm. , 1976).
Undatable belemnold fragments occur in the megabreccia. Hornblende tuff,

dated at 159 t 6 m.y. (R. G. Gastil, written comm., 1978), suggests the Col-
oradito is of Kimmeridglan age.

The thinly-bedded sandstone and shale, and rarity of macrofossils suggest
deep-water deposition. Sheared shale and Cedros detritus may have been derived
by gravity sliding from Cedros deposits locally uplif ted along a subduction zone
to the west. Paleozoic limestones may have slid westward from a source east of
Cedros Island, or alternatively may represent exotic blocks previously deposited
as part of the Cedros Formation.

EUGENI A FORMAT 10ll (Late Jurassic (Tithonian))

The tiugenia Formation overlies the Colora'dito Formation, apparently conform-
ably (?), and is exposed on the west and south slopes of Monte Cedros. As
mapped on Cedros Island, it is about 100-150 meters thick and consists of mas-
sive, poorly-sorted, dark brown conglomerate, lithic greywacke and andesitic
rock. The conglomerate includes purple, black and grey porphyries, quartz, mica-
ceous sandstone, black meta-greywacke, shale, black chert and glaucophane schist
(one boulder) . Granitic cobbles, which are conanon in the Eugenia-type locality
on the peninsula, have not been seen or. Cedros Island. Andesitic rocks occur
both in cross-cutting and concordant relationships suggestive of both dikes and
sills and/or flows.

R. G. Gastil (written comm., 1974) reported that andesitic dikes intruding
Eugenia beds at Punta Eugenia have a radiometric age of 128 m.y. indicating the

formation is n,ot younger than Early Cretaceous age. No fossils have been found
in Eugenia rocks on Cedros Island but on the peninsula, Late Jurassic (Tithonian)
fossils have been reported (Robinson, 1975).

VALLE FORMATION (Late Cretaceous (Cenomanian-Turonian))
The Valle is subdivided into (1) a lower member (900-2,200 meters thick)

composed mainly of thinly-bedded, graded sandstone / shale beds with subordinate
lenticular sandstone and conglornerate and tuf f, and (2) an upper member (2,500-
2,900 m thick) composed mainly of massive, concretionary conglomeratic sand-
stone with subordinate thinly-bedded, graded sandstone / shale beds.

Along the south, west and north slopes of Monte Cedros the lower member
rests unconformably on the Eugenia and Coloradito formations. Southwest of
Cedros town, however, a special ci rcumstance seems to be present where the lower
member overlies Cedros rocks. In one place, lower member strata, further than
10-15 cm from the contact, show little deformation but closer, where occasional
thin slivers of serpentinite occur, some deformation is apparent and the beds
appear locally blackened as if either mylonitized or possibly " altered" by ser-
pentinites. In another place, lower member strata completely surround a knoll
of Cedros rocks; the relation does not appear to be explained by major faulting,
diapiric action or landsliding. The contact is tentatively interpreted as an
unconformity along which serpentinite has been squeezed, disturbing and altering
the . rocks along it.

Lower Member (Cenomanian-Turonian) . The thinly-bedded sequence is composed
of graded beds, ranging f rom 17 mm-12 cm in thickness, which include mcdium-
grained, moderately well-sorted sandstone at the base grading upward to darl
silty shale. Contacts between individual beds are usually sharp. Other sedi-
mentary features include closely compressed convoluted bedding and slump struc-
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tures. Rod-like tests of Bathysiphon and macerated plant materials sometimes
occur as a mesh along the upper surfaces of the graded beds, interbedded with
the thin-bedded units are reddish-brown weathering, resistant and concretionary
sandstones.

Massive, lenticular bodies of interbedded sandstones and conglomerate form
conspicuous isolated ridges and knolls whose long axes are frequently aligned as
if along particular stratigraphic horizon. The conglomerate is composed of
randomly oriented boulders and cobbles of grey and black volcanic rocks, sand-
stone, and greenstone in a coarse, sandstone matrix. According to H.C.Blake, Jr.
(wri tten comm. , 1974), three Valle sandstones studied in thin section are first
cycle arkosic to volcanic wackes indistinguishable f rom those of the Great
Valley, California; the composition of a fourth is suggestive of a plutonic or
rhyolitic source.

Massive, lenticular bodies of interbedded coarse sandstone and conglomer-
ate form conspicuous ridges and knolls. The conglomerate is composed of ran-
domly oriented boulders and cobbles of grey and black volcanic rocks, sandstone,
and greenstone.

Near Playon, a poorly exposed, light grey claystone containing rock frag-
ments is interpreted as a tuf f. It may be equivalent to an ash in the lower
part of the Valle Fm. on the peninsula which has a radiometric age of 103.2
m.y. (R. G. Gastil, written comm., 1974).

Macrofossils from the lower member include: Turrili tes cf. T. costatus ,

Puzosia sp., (?) Pjylloceras , Stomohami tes sp. , Calycoceras sp. , and (?) Mantel-
liceras sp. This assemblage indicates a probable Cenomanian age. Foramini fe rs
and radiolaria are abundant locally and indicate a Cenomanian-Turonian age for
the lower member (Dalley, wri tten comm. , 1975).

Foraminiferal assemblages suggest predominantly bathyal sedimentary condi-
tions but possibly some outer shelf envi ronments. Thin, graded bed sequences
are suggestive of relatively deep-water deposition, possibly a fan, where tur-
bidity currents were active. Massive, lenticular sandstone bodies may indicate
rapid deposition of narrow, stream-like masses of sand and gravel into deep
water.

Upper . Member (Turonian) . The upper member consists of massive, cli ff-form-
Ing, poorly sorted, concretionary sandstones, poorly sorted and stratified con-
glomerate and sequences of thin, graded beds. The base is placed at the bottom
of a zone of lenticular conglomerate which rests unconformably (?) on lower mem-
ber strata in Gran Canon. Above Arroyo Choyal, the upper member rests uncon-
formably on the Gran Canon Formation.

,

Sandstone beds range from 2 m-50 m in thickness and are composed of quartz, |

orthoclase, plagicclase, biotite and rock f ragments. Conglomerates contain |
'acidic granitoids; red, black and green chert; grey limestone; grey, green and

red porphyries; siliceous shale, silty shale and sandstone. Pebbles and cobbles
predominate but rare grar.itold boulders up to 4 m are present. Thin graded beds
and concretionary beds are like those of the lower member. Flute casts occur at
the bottoms of some concretionary sandstones.

Macrofessils, including mollusks, brachiopods and solitary corals are
locally abundant. Especially important forms include: "Rhynchonella" sp.,
Idonearca, Gervillia, Anthonya cul t ri formia Gabb, Turri tella petersoni Merlam,
"Steinmanella" sp. (f ragment), Trigonarca californica Packard, Pt echomya ? sp. ,
rudistid f ragments, Pyrazus sp. A. , Anchura ? sp., Rostellinda dilleri (White),
Herinea (Ple_sioptygmatis) sp., and Confusiscala ? sp. These, mainly Tethyan
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types, suggest a Cenomanian-Turonian age and a warm-water envi ronment less than
200 meters in depth. Thin graded beds suggest occasional deepening and deposi-
tion by turbidity currents.

MORR0 REDONDO FORMATION (Late Cretaceous (Turonian))

This variegated, 100 m-thick, formation consists of greenish grey, maroon-
weathering, siltstone and sandstone, biotite sandstone, red, grey and black shale,
light grey tuf f, and massive conglomerate. It is exposed at Punta Prieta and
Arroyo Coloradito where it rests unconformably on Valle (lower member).

Mollusks from the conglomerate include: Glycymeris pacifious (Anderson),
Pterotrigonia sp., Cymbophora gabbiana (Anderson), Liopistha anaana (Anderson),
Trajanella sp., and Turritella cf. T. hearni Merriam. The fauna shows subs tan-
tial northeast Pacific affinity in contrast to dominantly Tethyan faunas of Ceno-
manian-Turonian age from the underlying Valle Formation. This difference may
be explained if Tethyan-dominant molluscan faunas occupied warm nearshore envi ron-
ments while, contemporaneously, mollusks of northeast Pacific affinities, occupied
offshore, cooler sites (Saul, written comm.). Alternatively, the Morro Redondo/
Valle faunal differences may indicate major changes in paleogeography and dis-
persal routes in the western hemisphere during middle Cretaceous time.

Fo rami n i fe rs , including planktonic and benthonic species are abundant
locally and suggest Turonian age (Dailey, pers. comm., 1974). The benthonic
species suggest possible central and outer shelf. The variegated nature of the
formation suggests varied depositional envi ronments; green and reddish weathering
siltstone and sandstones may be of terrestrial origin.
TORTUGA FORMATION (Middle Miocene (Luisian))

The Tortuga Formation consists of a 330 meter thick section of diatomaceous
claystone and siltstone, chert, quartz sandstone and conglomerate. It forms con-
spicuous white coastal slopes near Cedros town; a second exposure occurs near
Arroyo Choyal, 10 km to the north. The formation at both places rests uncen-
foreably on the Valle (lower member) and is unconformably overlain by the
Almejas Formation. A thin conglomerate bed, containing shark teeth and mammalian
bones, and an immediately overlying cetacean-bearing, well-sorted, quartz sand-
stone forms the basal part of the formation; these are followed by siltstone,
claystone, and occasional cherty lenses with sandstone at the top. The bivalve
Anadara obispoana and the gastropod Crepidula sp. occur in claystone concre-
tions in the upper part of the formation; Crepidula sp. also occurs near the mid-
die. Fish scales, diatoms and foraminifera, as yet unstudied, are locally abun-
dant. The foraminfers ? Bolivina imbricata Cushman, Bulimina uvigerinaformis
Cushman, and Florilus costi ferous Cushmen were recognized f rom presumably equi-
valent deposits at Bahia Tortugas, suggesting a Luisian-Mohnian time range
(Dailey, written comm., 1974).

Tortuga sediments may have been deposited in a moderately-deep, "silled"
basin such as envisioned by Ingle and Garrison (1976) for similar Miocene dia-
tomaceous deposits of the north Pacific region.

ALMEJAS FORMATION (Late Miocene-Late P1locene) *

A series of sands, sandstones, conglomerates and algal-rich rocks exposed
along the east side of the island near Punta Morro Redondo, Cedros town and
Arroyo Choyal, are assigned to Almejas Formation (Mina, 1957). At Cedros town,
the formation is divisible into upper (311 m thick) and lower (74 m thick) mem-
bers, although elsewhere only the upper member is recognized. The Almejas rests
unconformably upon the Tortuga, Valle and Cedros formations.
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(owsr Membter (latsst Hioczna). Tha lower membar consists mainly of soft,
massive, moderately-consolidated brown-weathering, well-sorted, quartz-rich
sands, which contain the remains of marine mammals, aquatic birds and fishes.
The avian fauna includes: flightless auk, puffin, auklet, primitive flamingo,
shearwater, gannet and murreler (Howard,1971). Marine mammals include a wal-
rus and fur seal (Repenning, pers. comm. , 1974); a baleonopterid whale (Barnes,
in litt. to Repenning, = 1971); a pygmy sperm whale (Barnes,1973) and a dolphin.

. Shark ~ teeth and bony fish remains are also present. No evidence of marine inver-
tebrate fossils was found in the lower member. According to Repenning and Ted-
ford (written comm.,1975), there is a strong faunal resemblance between seals,
walruses and cetaceans of the ' Almejas (lower member) wi th those of Drakes Bay
and Purisima formations . in Cali fornia. Radiometric dates f rom these California
formations indicate that the- lower member was deposi ted f rom 6-6 m.y. b.p. , or
Late Miocene (Repenning and Tedford, wri tten comm., 1975).

The depositional environment of the vertebrate-rich sands of the lower mem-
ber is' not clear; that the deposit apparently lacks marine invertebrate fossils, j
but contains abundant marine mammals, fish, 'and bi rd remains seems paradoxical.
Deposition along the margin of a shallow, sand-floored lagoon wherein sand was
being rapidly supplied from adjacent dune deposits is suggested.

Upper Member (Middle-Late Pl iocene) . This unit, which rests unconformably
on the lower member, consists of mainly massive, crossbedded, brown conglomeratic
sandstone, and grey, poorly-sorted conglome rate and subordinate white, algal-
rich conglomeratic. bioclastic rock ("algali te") .

Sandstones, ranging from 4-16 m in thickness, consist of medium- to coarse-
grained, moderately well-sorted sands with pebbles and cobbles randomly scat-
tered or as lenses. Conglomerate beds, range from 0.3-20 m in thickness, and
consist of well-rounded pebbles and cobbles rather tightly packed in a sandy
matrix; stratification .is poorly developed, and clasts are generally randomly
oriented. Clasts include red chert, black, red and green porphyrics, quartz
diorite, biotitic sandstone, hornblende diorite, quartz, ultra basic rocks, and i

glaucophane schist. Crossbedded algalite beds , which range f rom 1-16 meters in
thickness, consist mainly of sand- and pebble-sized organic clasts believed to ,

have been originally deposited by calcareous algae. Mollusks, especially pec- |

tinids, and brachiopods and echinoderms are abundant in the sandstone and con-
glomerate facies; only pectinids and oysters have been found in the algalite.
Casts, evidently those of boring crustaceans, are abundant in some sandstones.
Microfossils,- including Amphistogina lessonii d'Orbigny and ostracoda, have been
identified from one locality near the top of the formation (Dailey, written
comm., 1974).

Hertlein (wri tten comm. , 1968) considered the Almejas fauna of middle-late l
iPliocene age with probable' closest temporal relations with faunas from the San

Diego and Careaga formations.
The upper member reflects rapid deposition. Conglomerate beds may repre-

sent subtidal deposits while sandstones and algalite beds may indicate slightly
deeper envi ronments.. Surface water temperatures were probably somewhat higher
than in the Vizcaino Bay today.

QUATERNARY DEPOSITS

Four,-fossiliferous marine terrace deposits, (5 m, 17 m, 28 m and 68 m),
ranging in ' age from early (?) to late Pleistocene are exposed near Campo Wylie.
The 68 m-terrace deposit -(dddle Pleistocene ?) can be traced eastward to Land
Peak where it is about 90 m above sea level, indicating westward-tilting af ter
| deposition. The 5 m- te r race , is traceable almost completely around the island;!

I;
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it fluctuates. from 2-17 m abovs saa leval naar Cadros town. suggesting local
warping. 'It- is probably equivalent to the lowermost late Pleistocene terrace
deposit reported by Hertlein (1934) from the southeast part of the island.

Fanglomerate bodies form much of the lower slopes of Monte.Cedros; they
evidently developed during the early (?) to latest Pleistocene interval, pos--

- sibly alternating with . formation of terrace deposits.
PLUTONIC IGNEOUS ROCKS

Light grey to pink, medium grained quartz diorite and granodiorite occur as
small plutons at Punta Norte 'and Puerto Escondido where they intrude Choyal
greenstone. Quartz diorite also' intrudes the Coloradito Formation at Arroyo
Coloradito. Typically, plagioclase is altered to chlorite, epidote, clinozo-
isite and sericite; hornblende occurs both fresh and altered.- Myrmekitic
intergrowth of quartz and plagioclase is common. Angular greenstone xenoliths
occur in the plutons.

Associated igneous rocks, which occur as dikes at Punta Norte, include
hornblende diorite and granophyre. Cross-cutting relationships suggest that the
sequence of magnes was: hornblende gabbro first; quartz diorite/granodiorite
second; and granophyre last. Radiometric ages for the hornblende diorite are

: of 154 m.y. (Suppe,.pers. comm., 1970) and 142 t 13 m.y. and 148 t 6 m.y. for
J quartz diorite (Suppe and Armstrong,1972).

Other plutonic rocks include diabase which intrudes Choyal greenstones
near Aguaje Vargas and tectonic blocks of quartz diorite or granodiorite compo-
sition in Cedros Formation.

GOLD AND COPPER MINE AT PUNTA NORTE

Gold was reported by Veatch from Punta Norte, and mining operations were
evidently undertaken at the site between 1890 and about 1917 Mi ne ra l i za t ion ,
possibly associated with Late Jurassic plutonism, took place in a hydrothermally-
altered section of Choyal' greenstone. According to Mrs. Augusta Philbrick
:(pers. comm. 1977), who lived on the island in 1899 when her father was mine
manager, gold was mined up to about 1900 and copper thereaf ter. Hausman (1891) ~
believed the agold was disseminated irregularly but apparently within one belt
"and that' It was associated with quartz" as well as "within cracks and crevices
between rocks." Wisser (1954) stated that the ore was concentrated in three,
northwest-trending zones with two of these being worked for gold and the third

. for copper.

CHROMITE AND SERPENTINITE '

Hutchins (1950) reported 20 chromite-bearing localities in the peridotite/
serpentinite. portion of the Choyal Formation but none from serpentinites along
border faul ts. The latter serpentinites were extensively excavated for chromite
about 1958 by an unknown firm but evidently unsuccessfully.

STRUCTURE

Although a major northwest-trending shear zone (San Agustin) lies along the
southwest margin of the island, northeast-trending structures appear dominant

- e l s ewhe re.

-SAN CARLOS FAULT-

The San Carlos fault is a steeply-dipping, northeasterly trending fault
separating Cedros melange and Choyal oceanic crust / mantle rock along the western

-and northern slopes:of Monte Cedrns. Along the fault, Cedros Fm. rocks are

.
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locally foliated and altered to glaucophane schist, while the chromite-bear-
ing Choyal Fm. serpentinite/peridotite belt is pervasively sheared. The
arcuate pattern of the Choyal Fm., dipping steeply away from a Cedros Fm.
" core," suggests that the Cedros structurally underlies the Choyal . The San
Carlos is interpreted as the plane along which the Cedros Formation was sub-
ducted. Subduction began during Late Jurassic time but the time of termina-
tion is not known. During the Pleistocene, Cedros Formation was probably up-
lifted along the fault.

SAN AGUSTIN SHEAR ZONE

This 5 km wide (minimum), northwest-trending structure is exposed at Cabo
San Agustin and Punta Prieta. Within it, resistant rock types (chert, lime-
stone, greenstone and schist) are typically fractured and bounded by fault
planes. Greywacke and shale are tightly folded and sheared; greywacke and
greenstone are locally altered to glaucophane. Shear planes indicate a
H 50* W-H 70* W trend. The San Agustin shear zone may be an extension of the
northwest-trending San Benito fault exposed at San Benito Islands (28 km north-
west of Cedros Island), where Cohen et al. (1963) recognized right-lateral
movement of undetermined extent. The nature and amount of movement along the
San Agustin shear zone could not be determined in the present study. Structural
relationships at Punta Prieta suggest the San Agustin shear zone was active
during post-Cedros/ pre-Valle time i .e. Early Cretaceous (Valanginian-Aptian
interval), following subduction of the Cedros Formation; it truncates the San
Carlos fault and the Cedros, Choyal, Coloradito and Eugenia formations.
BORDER FAULTS

Except for the San Carlos fault which bounds Cedros Formation melange along
the north and west slopes of Monte Cedros, Cedros melange nearly everywhere else
is bounded by sinuous, steeply-dipping faults named " border faults." One en-
circles the southeast and south sides of the Monte Cedros/Cerro Solo block,
truncating the San Carlos fault. Another delimits Cedros Fm. melange of Land
Peak ridge. A third borders and truncates the San Agustin shear zone near Campo
Wylie. The border faults bounding Monte Cedros/Cerro Solo and Land peak " blocks"
may represent a single fault, but the border fault at Campo Wylie may be unre- j
lated. Border faults truncate Choyal, Gran Canon, Coloradito, Eugenia, Valle |
and Morro Redondo formations; Almejas beds are steepened along one border fault. '

Highly sheared belts of serpentinite (5-10 m wide), locally containing
gabbroic blocks, separate the fault walls. Sedimentary rocks lying opposi te j

Cedros melange exhibit little deformation except within a few meters of the '

faults where they are sheared and " blackened" apparently by mylonitization. The
serpentinites may have been derived f rom Choyal Fm. mantle rocks and squeezed
along the faults in post-Turonian time.

In the Cerro Solo / Land Peak area, the border fault pattern suggests en
echelon, northeast-trending anticlines having axes plunging in opposite di rec-
tions. Valla strata strike rather consistently at right angles to the " anti-
clinal axes" and show no compelling signs of having been folded about them as
might be expected if the border faults represent a folded thrust plane. The
pattern may be due to: (1) Cedros Fm. bodies, possibly anticlinal, formed dur-
ing Early Cretaceous time, forcibly uplif ted through Valle rocks along north-
east-trending zones of weakness which had persisted f rom pre-Valle Fm. time or,
(2) Cedros Fm. rocks were faulted against Valle beds along an " undulating"
thrust plane which " cut-across" Valle beds but did not require them to adopt
the thrust curvature.
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Similarly at Cabo San Agustin, Cedros melange is separated from Gran Canon,
Coloradito, Eugenia and Valle rocks northwest of Campo Wylie along a northwest-
trending border fault like those of the Land Peak and Cerro Solo areas. Here
the fault lies along the approximate northeast boundary of the San Agustin shear
zone (i.e. a major structural boundary). There appears to be no basis for con-
sidering a thrust fault hypothesis to explain this fault.

Almejas beds are significantly steepened along a border fault, 1.6 km north
of the Cannery community, suggesting that the fault was active during post-Plio-
cene time. The 90 m terrace deposit which rests depositionally on serpentinite
of the border fault at the south end of Land Peak ridge, indicates that movement
along the border faults stopped prior to Late Pleistocene time.
CEDR0S FAULT

Tortuga and Almejas formations have been down-faulted as a block against the
Valle (lower member) during Pleistocene time along the Cedros fault, which is
exposed 1.2 km southwest of Cedros town. Warping of Tortuga beds prior to
Almejas deposition and an unconformity separating lower and upper members of the
Almejas, suggest that the fault may have been active since Miocene time.
VARGAS FAULT

A northwest-trending fault crosses the island from La Palmita (east coast)
to Arroyo Vargas (west coast). Apparent horizontal offsets of the San Carlos
fault and of the Valle lower and upper member contact on the west side of the
island suggest an upward movement of from 600-700 meters along the south (Monte
Cedros) side of the fault. Time of movement is not certain; probably late
Cenozoic.

PINOS SYNCLINE AND GRABEN

The major fold recognized on Cedros Island is the northeast-trending Pinos
; Syncline, the core of which is composed of gently-folded Valle (upper member).
I Dips on the limbs range from 15*-45* and the plunge angle is about 15*-20* south-

west. The syncline lies within a graben bounded by the steeply-dipping Cantil
| (N 30* E) and Choyal (N 70* E) faults. The syncline was probably forned in post-
' Turonian time, possibly as late as Ple:stocene time, when the block was down-

dropped an estimated 600-800 neters (relative to adjacent rocks) along bounding
faults.

THRUST FAULTS

in Gran Canon, thrust faulting is suggested by shearing along and approxi-
! mately parallel to the Valle (lower member)/Coloradito and Coloradito/Gran Canon

contacts. Because these contacts are interpreted as depositional elsewhere on
the island, the shearing in Gran Canon is considered to be of local significance.
It may have been caused by the uplift and westward rotation of the Monte Cedros
block (Pleistocene?); shearing may have occurred along the upper and lower

| Coloradi to contacts if rotation was " resisted" by the Pinos graben structure.
Also, at1 the mouth of Gran Canon, a block of Valle (upper member) sandstone

and conglomerate rests on sheared shale of the Coloradito, along a moderately-
inclined, sheared contact. The block may be a slide block which moved downslope
from the west af ter the Coloradito became exposed, or it may also represent a
thrust fault locally developed within the Gran Canon area near the top of the

- Coloradi to.
|

-lNFERENCES CONCERNING REGIONAL STRUCTURE

The inferred regional structure is shown in Figure 3. Krause (1965) pro-.

Jected the San Benitos fault through Natividad Island and to the peninsula where
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Mina (1957) had mapped a major northwest-trending fault. If KraJse's Inter-

pretation is correct then the San Agustin shear zone, which lies between 5-12
km cast of the San Benitos faul t, would be expected to intersect the peninsula
in the vicinity of La Perforadora (about 8 km east of Mina's -fault) where another
northwest-trending faul t occurs. I f these correlations are correct, then fiati-
vidad Island, San Benitos islands, the southwest part of Cedros Island and the
Punta Eugenia-Morro liermoso peninsular area, all lie within a fault zone not
less than 12 km in width.

East of "La Perforadora" faul t, northeast-trending faul ts become signi fi-
cant, forming,with the intersecting northwest-trending structures on the west,
a pattern similar to that previously described for Cedros Island. Mina (1957)
has also reported an intersecting pattern of northeast- and northwest-trending
Bouguer anomalies (basement faults) in the Punta Eugenia-Vizcaino Desert area
which also resemble the surface fault patterns. Thus, that area of Cedros Island
characterized by northeast-trending structures may have its counterpart beneath
the Vizcaino Desert east of "La Perforadora" fault.

Evidence of consistent westward inclination of strata and fold structures
on Cedros Island, coupled with erosional and depositional patterns, indicate
persistent westward tilting of the island area. Uplift along the west side of
a fault, east of Cedros Island is postulated to explain the tilting and modern
elevation of the island deposits. An inferred fault, named Ranger fault, is
placed between Cedros Island and an elongate northwest-trending positive magnetic
anomaly (Krause 1965), which (Griscom, pers. comm. , 1975) considers likely to be
an ophiolite located at 2 km depth beneath Vizcaino Bay. If this anomaly is
indeed an ophiolite, it may be a down-faulted part of the Cedros Island ophio-
lite. The Ranger fault projected northwestward passes northeast of Ranger
Bank, about where flormark (1974) reported a submarine landslide, and coincides
with a fault on the west side of Blanca basin (Krause, 1965; Moore, 1969).

Between Cedros Island and Punta Eugenia, apparent discontinuities of posi-
tive and negative magnetic anomalies suggest that some sort of structural dis-
continuity exists between the island and the peninsula, possibly a northeast-
trending faul t, if such a fault exists it is apparently older ti.an the San
Agustin shear zone, which according to the magnetic contours of Krause (1965),
imply truacation by the latter.

SUMMARY

Ced ros Island is divisible into two principal geological terranes which are
essentially everywhere in fault contact. These are a Late Jurassic, melange-
structured, eugeosynclinal assemblage of Franciscan aspect (herein named Cedros
Formation) and (2) Middle Jurassic (?) ophiolite and a superjacent marine, clas-
tic / volcanic sequence spanning Middle Jurassic through Pliocene time. Quater-
nary deposits rest depositionally on these terranes. Principal structures
include the northwest-trending San Agustin shear zone, the northeast-trending
San Carlos shear zone and Pinos syncline, and northeast-trending Cedros bodies
bounded by border faults.

During Late Jurassic time, the Cedros Formation accumulated in a trench
lying adjacent to and west of a body of Middle Jurassic (?) ophiolite which had
earlier become attached to the llorth American continent. The ophiolite con-
sists of four units which in ascending order are: (1) ul trabasic rocks , (2) dio-
rite / gabbro complex, (3) massive and pillow-s tructured greenstones/ dike complex
and (4) radiolarian cherts. The first three units are mapped as the Choyal For-
mation (Middle Jurassic ?) and the fourth represents the lower portion of the
Gran Canon Formation (Middle Jurassic). The pelagic cherts of the ophiolite-
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part of th: Gran Canon grad: upward into and:sitic-rich clsstic sedimantary
rocks and minor volcanic rocks of the balance of the Gran Ca6on. This rela-
tionship suggests that, following deposition of cherts in the open sea, the
Choyal ophiolite-continent distance diminished gradually and an andesitic
source, possibly an island located on the continental margin east of Cedros
Island area, became increasingly important as a source for Gran Canon clastic
naterials.

During Cedros accumulation, portions of the formation were subducted be-
neath the ophiolite along the San Carlos fault and metamorphosed, while at the
same time (Kimmeridglan ?) unmetamorphosed Cedros detritus and exotic blocks of
Middle Jurassic quartz sandstone and Paleozoic limestone were deposited on the
Gran Canon as Coloradito megabreccia. C'ed,ros debris forming the Coloradito was
derived from the west by landsliding of Cedros masses which had been locally
uplif ted along the boundary of converging' oceanic and continental plates;
blocks of late Paleozoic limestone may have been derived by sliding f rom the
east or from the Cedros ' trench, if they had been earlier incorporated as exotic
slide blocks within the Cedros Formation. Cedros deposition (and subduction ?)
probably continued a short time thereaf ter, contemporaneous with deposition of
the Eugenia Formation (Tithonian); glaucuphane schist, presumably from the
Cedros, was now being exposed. Intrusion of granitic magmas in the Choyal

oceanic crust and Coloradi to formations, ,fo(lowed (?) by gold and copper miner-
alization (crust only), took place during Late Jurassic time, possibly related
to the subduction process.

During the early part of the Cretaceous the Cedros, Choyal, Gran Ca6cn,
Coloradito and Eugenia formations were folded and faulted along northeast
trends and eroded; some of these faults are presumed to have remained active
into Cenozoic time. This structural system, in turn, was truncated sometine
later during Early Cretaceous time by the northwest-trending San Agustin shear
zone, possibly as a result of right-lateral, strike-slip movement between plates.
The shear zone truncated all previous formations and San Carlos fault. During
Cretaceous time and later intermittent uplif t, erosion and subsidence ensued
with the following marine deposits being preserved. (1) Valle Formation (Ceno-
manian-Turonian; bathyal and outer shelf conditions), (2) Morro Redondo (Tur-
onlan; inner shel f), (3) Tortuga Formation (Miocene-shel f basin), (4) Almejas
Formation (Pilocene-near shore), and various Quaternary deposits. Valle mol-

i

luscan faunas are cosmopolitan, Tethyan-like, while Morro Redondo faunas are j
more provincial 11 orth Pacific in character. During deposition of the Valle and
Morro Redondo formations (Cenomanian-Turonian time), metamorphism of Cedros
rocks occurred, possibly ind.icating some continuing underflow of mantle.

During Pliocene time, ultra-basic rocks and glaucophane schist were re-
!

vealed by crosion as Cedros Formation was uplif ted and exposed. By mid-Pleisto- |
ceae (?) time, three major structural blocks composed of Cedros Formation were
uplifted in the southern part of the island, along border faults which trun-
cated the San Carlos fault and San Agustin shear zone. The northern part of
the island (Pico Gill block) was upli f ted a comparable amount at this time with |
the Pinos graben separating it f rom the Monte Cedros block to the south. Associ-

'

ated with this period of major island-wide uplif t (early-middle Pleistocene I

time), a sequence of marine terrace deposits and associated fanglomerate and |
alluvium were deposited; a fourth marine terrace deposit, also associated with
fanglomerate was formed in late Pleistocene time.

Canyon cutting to a new base level followed as sea level lowered in latest
Pleistocene time allowing land vertebrates from the peninsula to reach and pop-
ulate the island area. Return of sea level to approximately the present posi-
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tion, and minor vertical uplift, brought the island to its present elevation
and shoreline configuration. Locally originating earthquakes indicate the
island area remains crustally active.
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VOLCANIC-PLUT0NIC SEQUENCES, CEDROS ISLAND

by

David L. Kimbrough
Department of Geological Sciences

University of California
Santa Barbara, CA 93106

INTRODUCTION

Igneous rocks with ophiolitic stratigraphy occur in two separate elon-
gate terranes in the southern half of Cedros Island (Figure 1). These
volcanic-plutonic assemblages are depositionally overlain by middle Jurassic
volcanogenic sedimentary rocks and intercalated flows of the Gran Canon
Formation (Kilmer, 1977). The volcanic-plutonic rocks and overlying strata
are Juxtaposed against blueschist facies melange units along a broad,
steeply-dipping fault zone marked by Intensively sheared and pulverized
serpentinite.

The volcanic plutonic igneous sections cre approximately two kilometers
in thickness and consist of steeply-dipping, internally deformed, faul t-
bounded packets which are divided into: (1) serpentinite melange with
tectonic inclusions of harzburgite, wehrlite and clinopyroxenite, (2) cumu-
late and high level gabbros, diorites, quartz diorites and plagiogranite
cut by mafic dikes, and (3) volcanic units dominated by massive lava,
breccia and volcaniclastics also cut by dikes. The gabbroic and volcanic
units have been hydrothermally al tered to greenschist facies mineral assem-
blages but original rock textures are well preserved.

This paper swnmarizes the results of a preliminary study of two sec-
tions through the volcanic-plutonic terranes, one along the east coast of
the island from Arroyo San Carlos to Gran Ca6on, and the other in the south-
ern part of the Island from Arroyo La LeBa westward. The origin of these
rocks has been investigated using petrology, major and trace element geo-
chemistry, clinopyroxene mineral compositions and the litbologies of the
overlying sedimentary / volcanic section. Preliminary data suggest a vol-
canic arc origin for the volcanic units rather than generation at a mid-ocean
spreading center. Lines of evidence include: (1) the abundance of volcani-
clastics and andesitic-dacitic flow rocks in the volcanic units, (2) sedl-
mentology of the overlying Gran Ca6on Formation, and (3) preliminary
microprobe mineral analyses of clinopyroxenes.

VOLCANIC-PLUTONIC STRATIGRAPHY

The volcanic plutonic terranes exposed in the southeastern part of
Cedros Island along the San Carlos fault are separated from each other by
approximately five kilometers. Although there are significant differences
between these terranes, their histories are closely related. Both occupy
the same structural position, bounded by the San Carlos fault on the south-
east and depositionally overlain by the Gran Cahon Formation to the north-
west. Figure 2 summarizes stratigraphic relationships through each of these
areas. Locations of these columnar sections are shown on Figure 1.

GRAN CAEON SECTION
'

An igneous sequence that resembles the upper part of an ophiolite is
well exposed along the east coast of the Island between Arroyo San Carlos
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GENERALIZED STRATIGRAPHIC

COLUMNS, CEDROS ISLAND
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and Gran Canon. These rocks are divided into a volcanic and plutonic unit
from which the stratigraphic column in Figure 2 was constructed. An ultra-
mafic unit composed of sheared serpentine and harzburgite tectonite is
exposed inland up Arroyo San Carlos but is not included in the stratigraphic
column.

The plutonic unit is exposed along the coast for 1.6 km northward from
Arroyo San Carlos. These rocks range in composition from gabbro to quartz
diorite with volumetrically minor plagiogranite. Irregularly shaped bodies
of diabase and microgabbro form intrusive masses and screens and pods between
mafic dikes which cut the unit. The plutonic unit is separated from the
volcanic unit by a sharp fault, exposed approximately 300 m south of the
small headland halfway between Arroyo San Carlos and Gran Canon.

Volcaniclastic rocks are abundant in the volcanic unit where they are
interstratified with pillow basalt and massive lavas. The volcaniclastics
appear to be mostly andesitic-dacitic in composition but basaltic pillow

'
breccia occurs locally. Both monolithologic and heterolithologic units
occur in the volcaniclastic rocks., with clast sizes ranging to at least
20 cm in diameter. Bedding or otner evidence of reworking of these de-
posits by water is not recognized. Massive flows of plagioclase phyric
andesitic to rhyodacitic lavas comprise the upper few hundred meters of the
volcanic unit that innediately underlies the Gran Canon Formation.
ARROYO LA LENA SECTION

This groups of volcanic and plutonic rocks crop out to the southwest of
the Gran Canon area on the western slopes of Monte Cedros. Kilmer (1977)
has divided these rocks into three map units, which are steeply dipping and
strike approximately north-south. From east to west these units include
(1) a sheared zone of serpentinite several hundred meters wide, (2) a belt
of hornblende gabbro and diorite, and (3) a belt of pillow basalt and mas-
sive lava intruded by trachyandesitic dikes.

The zone of sheared serpentinite is the lowest structural unit and is
bounded by the San Carlos fault on the east. Blocks of harzburgite and
cumulate wehrlite and olivine clinopyroxenite are engulfed in the intensely
sheared serpentine matrix.

The gabbro-diorite unit is in contact with the serpentinite unit across
a sharp fault. Gabbro contains both uralitic amphibole and primary green
and brown hornblende. Hornblende diorites and more silicic differentiates
occur as irregular masses and dismembered dikes. Good cumulate textures
and ratio layering occur in gabbros of this unit.

The volcanic unit is in fault contact with the gabbro-diorite unit.
The voicenic rocks sampled in this section are mainly massive andesitic to
dacitic flow rocks with lesser amounts of intercalated pillow basalt and
breccia.

GRAN CAAON FORMATION

The lower few hundred meters of the Gran Canon Formation consist of
siliceous shales, volcanogenic sandstones and conglomerates with Inter-
calated tuffs, breccias and flow rocks. Bositra buchi, a small marine
bivalve collected from near the middle of the formation indicates a Middle
Jurassic (Bajocian-Callovian) age (Kilmer, 1977). The sequence rests in
depositional contact on the volcanic units of the ophiolitic rocks. Thin
beds of tuf faceous chert, chert pebble conglomerate and volcanic breccia
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are distributed irregularly along the contact. Thick pelagic sedimentary'

rocks are ~ absent. Preilminary provenance study indicates Gran Canon sedi-
ments were derived :from a quartz and K-spar poor, mafic to silicic volcanic
. source. Abundant heulandite-clinoptitolite in tuffaceous beds and the

'presence of fresh plagioclase grains in sandstones indicates that.this
section has undergone-only very low grade thermal diagenesis. The volcanic-
plutonic sequences were apparently hydrothermally altered and disrupted

; ' prior to the deposition of the overlying Gran CaRen Formation.
CLIN 0PYROXENE CHEMISTRY.

.
Recent work has demonstrated the appilcability of trace element studies

! and microprobe mineral analyses of fresh clinopyroxenes in discriminating
; hydrothermally altered mafic lavas from different tectonic settings (Nisbet

and Pearce, 1977; Hekinian and Thompson, 1976). Preliminary microprobe data
,

from clinopyroxenes of volcanic and diabasic intrusions within the plutonic
units Indicate a volcanic arc origin for these rocks. Figure 3 !s a plot-'

of,Na20 vs MnD vs T102 for clinopyroxenes from four samples out of the Gran
Canon section. Two of the samples are from the volcanic unit and the other

1- two are from diabasic intrusions in the plutonic unit. All but two of the
points fall within the field of pyroxenes from volcanic arc basalts.

i- _ SUMMARY

| Initial investigation of igneous terrane with ophiolitic stratigraphy

(- exposed on Cedros Island suggests the volcanic sections of these assemblages
were. generated in an oceanic island arc setting. Several lines of evidence

[
support this view:

[ (1) The abundance of silicic flow and volcaniclastic rocks in the volcanic
sections are not typical of mid-ocean, ridge-generated volcanic4

! sequences. A better modern analog for these rocks is the Lesser
Antilles island arc where submarine deposition of pyroclastic flows

,

is well-documented (Carey, S. and Sigurdsson, H., 1978; Sparks, R.S.J.,i'

et al ., in press) .
| (2) P7eITminary provenance study suggestsa quartz and K-spar poor, mafic

to silicic volcanic source terrane, removed from continental sources,,-

L for sedimentary rocks of the Gran CaRon Formation. Intercalated
| tuffs, flows, and breccias suggest close proximity to this volcanic

source terrane.
(3) Microprobe mineral analyses of clinopyroxenes suggest a volcanic arc

origin for flows and intrusive diabases within the igneous suite.
| Future work will focus on the relationship between the volcanic and-
! plutonic units. . Mapping, geochemical data, and U-Pb isotopic ages of

zircons from sliiceous differentiates of the plutonic unit will help
discriminate between two possibilities. Strong chemical affinities between
the volcanic and plutonic units.and a Middle Jurassic age for the plutonics-

. ould suggest the entire igneous suite was generated in a volcar.ic arcwv
i setting.; A pre-Middle' Jurassic age for the plutonic unit would suggest-

| these rocks ~ are part of an older oceanic basement terrane upon which the
| younger volcanic arc sequence was built.
i
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| Triangular diagram of TiO -Mn0-Na02 for discriminating between clinopyroxenes2
i from different magma types. Circles represent pyroxenes from the volcanic units

and triangles represent pyroxenes from diabase in the Gran Canon plutonic unit.i

Key to magma types:

| A- volcanic arc basalt
'

B- ocean floor -basalt
C- intraplate alkalic basalt
D- all
E- volcanic arc basalt, within plate alkalic and within

plate tholeiite
.

| F- volcanic arc basalt and within plate alkalic
| G- within plate alkalic
!

! Diagram after Nisbet, E.G. and Pearce, J.A. (1977).
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EVIDEllCE FOR SUPERIMPOSED SUBDUCT 10!1 AtlD COLLISl0fl PROCESSES DURING

JURASSIC-CRETACE0US TittE ALONG BAJA CAllFOR!ll A CONTINE!1TAL BORDERLAND

by

Claude Rangin
Ddpartment de Geologie Structurale
Universit6 Pierre et Marie Curie

Paris, France

PART 1: CEDR0S ISLAND

GE0DYliAMIC SETTillG

The Lower Mesozoic, volcanic plutonic terranes, ophiolitic complexes,
" blue schists," and meleage terranes present on Cedros Islaad, Vizcaino Pen-
insula, El Arco area, Isla San Bent :o and the southernmost islands of Marga-
rita and itagdalena show very complex tectonic relationships.

These terranes and their tectonic setting were interpreted as the result
of progressive subduction of the floor of a marginal basin (Rangin, 1978),
further complicated by a collision process between the continental margin to
the east and an island arc to the west. This western island arc terrane was
built upon a microcontinent, partially comprised of Paleozoic limestones with
fusulinids and quartzites. Rif ting of this microcontinent to the west could
have begun in Triassic time. Progressive subduction of the internal side of
this nurginal basin proceeded through Jurassic and Early Cretaceous time.
Collision of the continental borderland with the western island arc terrane
occurred in Cenomanian-Turonian time. Superimposed tectonic events , tied to
the subduction process of the floor of the marginal basin on the one hand,
and collision on the other han 1, must be dif ferentiated.

Cedros Island offers an cpportunity to observe these different tectonic
p roces ses.

ItAIN TECT0tilC UillTS OF ISLA CEDROS

Four major types of terranes are observable on Cedros Island (Figure 1).
1) tietamorphic terranes of Franciscan affinity are represented by coherent
units tectonically intercalated with melanges. 2) Unmetamorphosed remnants
of ophiolitic complexes are tectonically overlying the metamorphosed terranes.
3) Volcanic plutonic terranes of intermediate composition cropping out in the
northern part of the island. 4) Terrigenous deposits (Valle Formation) are
partially involved in the compressive tectonic event of middle Cretaceous time,
but mainly postdate the tectonic emplacement of the various units mentioned
above.

ItETAM0flPHIC TERRANES OF FRAllCISCAN AFFINITY

Various metamorphic units are observable mainly along the east coast of
the island. Below the contact with the overlying ophiolitic complex we can
recognize from top to bottom in this structural pile:

Piedra de Orozco Unit, it is composed of thin-bedded metacherts and meta-
graywackes recrystallized to quartz glaucophane, glaucophane-lawsonite, and
glaucophane-stilpnomelane assemblages. Thrust slabs and blocks of glaucophane-
lawsonite-stilpnomelant metabasal ts form steep cli ffs.
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Figure 1. Geologic map of southern part of Cedros Island. (A) Post nappes 1

formations: 1) Quaternary deposits, 2) marine Pliocene, 3) marine Miocene,
4) Late Cretaceous molasse. (B) Alblan-Cenomanian flysch nappe: 5) Albian ;

Cenomanian flysch, 6) tectonic basal complex. (C) 7) Upper Jurassic vol- |

canic plutonic complex (San Andres-Cedros). (D) Ophiolitic complex with
unmetamorphosed cover: 8) detrital cover, 9) Gran Canon sequence,10) ophl-
olitic complex; p pillow basalt; d - dike complex; gb - gabbros; O - ultra-
mafic rocks. (E) Units with Franciscan affinity: 11) Piedra de Orozco unit,
12) Alimatur coherent unit, 13) Alimatur melange,14) Monte Cedros unit, 15)
Palmita unit, 16) Cerro' Solo-Punta Prieta unit; p pillow basalt; r - chert;
g gabbres; O - ultramafic rocks,17) San Agustin uni t, 18) El Waile-La
Colorada chaotic unit, 19) coherent slabs: El Waile-La Colorada unit.
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Allmatur Unit.- It Lis composed of coherent thrust slices, up 'to 100 m
thick, of lawsonite, pumpellylte, Jadeite, quartz glaucophane graywackes,
cherts and pillow-basalts. - Locally, these units present only a greenschist
facies. These thrust slices are engulfed in one or various melanges formed
with metagraywacke matrix containing metacherts, metabasalts, and recrystal-'

lized limestone blocks.
' ~

. It crops out mainly at the top of Cedros Peak and isMonte Cedros Uni t.
' represented by several hundred meters of metatuffs, metapillows and thin-,

' layered metagraywackes.- _Glaucophane,.lawsonite and less abundant jadelte are'

present in this coherent unit.

Palmita Unit. It -is a sedimentary melange with a metagraywacke (glauco-
phane) matrix engulfing blocks and slices of glaucophane, lawsonite, metagray-'

1 wacke, metabasalt, recrystallized limestone, and unmetamorphosed radiolarian
chert.

f Cerro Solo-Punta Prieta Unit. In the southern part of the island, on the
western slope of Punta Prieta hill, ultramafic and mafic rocks covered by pil-.

low basalt are topped by 300 m of red ribbon chert. The chert contains thes

i following radiolarians indicative of an Upper Kimmeridglan-Tithonian age
(Emile Pessagno, written comm. ,1977):

Hsuum maxwelli Pessagno
! Hsuum cuestaensis Pessagno,
! Parvincingula sp., and

Archeodictrometra sp.

On the eastern slope of Punta Prieta hill', chert is interbedded with fine-
|- grained, schistose siltstone and recrystallized cherty limestone. At Cerro
i Solo, an ophiolite sequence is strongly sheared and from bottom to top shows

serpentinized peridotite, cumulate gabbro, pillow basalt, and a slightly meta-
morphosed, thick graywacke sequence. Intercalated at the base of the gray-

; wacke are lenses of radiolarian chert containing the following Upper Kimmer-
Idglan to Early Tithonian assemblage (Emile Pessa'gno, written comm.,1977):,

I Parvincingula sp.,
{: Parvincingula turrita (Rust),

Podobursa berggreni Pessagno,
Hagastrum sp. ,
Crucella sp.,
Pracconocaromma sp., and
Spummelaria sp. common in zone 2A of Pessagno at
Point Sal, Calif..

i No- high pressure metamorphic minerals are found in this graywacke; neverthe-
; less, Interbedded argillite is schistose. '

-San Agustin and El Walle-La Colorada Unit. In the western part of Cedros
Island, at San Agustin Cape, metabasalt and metachert (San Agustin Unit) are,

|
|- in fault contact with a large sedimentary matrix melange (El Walle-La Colorada
| Uni t) . The'El Walle-La Colorado Unit contains only a few coherent ' masses of the )

i
L following~ rock types: pillow basalt, recrystallized limestone, orthoquartzite,-'

. green and red radiolarian chert with an Upper Jurassic fauna (Jones 91 m)..,
1976), and 11awsonite-Jadeite:metagraywacke. The graywacke has a fracture-
type schistosity. The coherent slabs are ' engulfed along with well-roundea '
glaucophane blueschist; blocks- in a lawsonite-Jadeite metagraywacke matrix.
This seemingly chaotic. sequence shows, nevertheless, a ~certain tectonic order.
The contacts at the base of each coherent slab strike NW to Wi4W. Associated
schist has a'similar strike.
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in conclusion, metamorphic terranes on Isla Cedros are dismembered and i
'

. cow crop out as: 1) coherent ' uni ts, represented by the sedimentary cover of
an ophioli tic complex, metacherts and metabasalts, and gabbroic and. ul tra-
mafic rocks; 2) sheared units (Walle-La Colorada Unit), where portions of the
ophiolitic complex are recognizable; 3) chaotic units of " melange" type, some

~

with sedimentary matrix, considered here as large deformed olistostromes, or
others with serpentine matrix and of tectonic origin.

Ages of these units seem to be limited to Late Jurassic. The metamorphic
cooling ages (Suppe and Armstrong,1972) seem to be restricted to the early
m{ddle C retaceous (110 * 2 m.y. ; 109 * 2 m.y.; 94 * 4 m.y.: K/Ar) .

OPHIOLITIC COMPLEXES WITH UNMETAMORPH0 SED SEDIMENTARY COVER

These units overlie the metamorphic units described previously (Figure 2).
Canon San Carlos. On the east coast of the island, highly serpentinized

peridotites, gabbros, a sheeted dike complex, and pillow basalts form a quite
well-developed ophiolitic complex. In the northern Gran Canon, pillow-basalts
are covered by depositional contact with a thick (1000 m minimal), detrital
sequence of graywacke and lesser shale of Callovian age (Jones et al., 1976;
KiImer,1977).

Tuffaceous sandstones are present at the contact with pillow basalts;
andesitic breccias, welded tuffs, and pillow-lavas are intercalated in the
sequence, particularly in its middle part. The sequence is tectonically
topped by an unmetamorphosed chaotic terrane (Coloradito Formation of Kilmer,
1977). This large tectonic breccia (Rangin,1978), contains graywacke blocks
wi th Upper Callovian ammonites (Rangin and Geyssant, in preparation). These
data suggest that the ophiolitic complex lying at the base of the Gran Canon
sequerce cannot be younger than Callovian.

Western Side of Cerro Solo. Very deformed serpentinized peridotites and
. gabbros wi th a few chloritized pillow-lavas are topped by a sequence of thin-
layered tuffaceous sandstones, welded tuff intercalations, graywacke, and
thick belemnite-bearing microconglomerates. Partially reworked andesitic
breccias are also present in the sequence, which are similar to the Eugenia
Formation of Tithonian age that crops out in the Vizcaino Peninsula (Mina,
1957; Rangin, 1976).

Vizcaino Peninsula. The Eugenia Formation seems to grade laterally to a
more fine grained sequence in the Morro Hermoso area (Rangin, 1978). Jurassic
ammonites of Tithonian age found here between pillow basalts at the top of the
volcanic sequence (Rangin, 1976), suggest that this paleo-oceanic crust is
younger (Tithonian) than the ophiolitic basement of the Gran Canon sequence
on Cedros.

Evidence of intermediate composition volcanic rock interbedded in the
cover of these ophiolitic complexes indicates clearly that this old oceanic
domain was bordered by an active volcanic arc from Callovian to Tithonian
time.
SAN AllDRES-CEDR0S VOLCAlllC-PLUT0NIC COMPLEX

The San Andres-Cedros volcanic plutonic complex crops out principally
on the Vizcaino Peninsula (Sierra de San Andres) and in the northern part of
Isla Cedros.

~ On Isla Cedros, a thick dioritic-andesitic dike and sill complex is
well developed in Canon Choyal. Here screens of pillow basalts are present
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Figure 2. (A) Jke, Eugenia Formation; Jmb, Morro Hermoso Formation; VI,
Albian-Cenomanian flysch; V2, Upper Cretaceous molasse; Tith, Tithonian;
Berr, Derriasian; Val, Valanginian; f, tectonic contact; A, disconformity.
(B) Interpretative diagram of the relations between the paleo-oceanic
terrane and the San Andres-Cedros complex in Upper Jurassic time. 1) Tith-
ortlan-Neocomian detrital sequence (Horro Hermoso). 2) Horro Hermoso Fm. ,
radiolarian tuf faceous sandstones. 3) Eugenia Formation. 4) Gran Canon

| sequence on Isla Cedros; volcanic flows are represented in black.
F) Volcanic San Andres-Cedros complex. 6) Undifferentiated ophiolitic

| basement. 7) Volcaniclastic sequences associated with volcanic flows,

on the lef t bank of El Choyal River; whereas on the right bank, the pillow
basalts are topped by tuffaceous sandstones typical of the base of the Gran
Canon sequence. These data suggest that the andesitic volcanic complex was
built upon the old oceanic crust not younger than Callovian.
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Southward, between Canon El Choyal and Campo Calipatria, the dike and
sill complex of this volcanic arc grades upward into porphyritic andesite
flows intercalated with volcanic breccias and pyroclastic tuffs. At Punta
dorte, this volcanic complex is intruded by a tonalite pluton of Late Jur-
assic age (Suppe and Armstrong, 1972) considered to be the root of this vol-
canic complex (Rangin, 1978). I

This volcanic arc is responsible for important vo aniclastic sedimenta-i

tion upon Callovian and Tithonian oceanic crust (Fig. 2). Metamorphosed Fran-
ciscan affinity terranes, mainly composed of graywackes, could have the same
origin.

Jones, et al., 1976, interpreted this volcanic arc as a southern exten-
sion of the Ster 7an Foothills belt of California.
CRETACEOUS TERRIGEN0US SEQUENCES (VALLE SALITRAL FORMATION)

Two main Cretaceous terrigenous sequences are present on Isla Cedros. ;The older one or lower member (Albian to Cenomanian 7, Rangin, 1978), crops
out mainly in the southern part of the island and in the Gran Canon. At this
locality, the Gran Canon sequence is overlain at a flat fault contact by
coarse grained sandstones and siltstones. The contact is marked by the
chaotic Coloradito Formation which is composed of angular pieces of graywacke,
tuffaceous sandstone, pillow basalt and andesite engulfed in a black, schis-
tose argillite matrix (Fig. 3). Locally coherent shale beds suggest the
breccia is primarily an olistostrone that may have developed at the leading
edge of an advancing nappe. Presence of microfauna as old as Cenomanian in
this allochthonous lower member (A. Guzman, oral comm.), suggests the base of
the Valle Formation was involved in an important compressive event. A similar
contact, complicated by nornal faul t ing, is present at the northern end of
Punta Prieta hill. This Albian-Cenomanian terrigenous sequence is considered
to be allochthonous upon the previously deformed Franciscan-affinity terranes
and unmetamorphosed ophioli tic complexes.

In the southern part of the island, this flysch-type sequence (La Cap-
illa Unit), was previcusly considered by the author to be tectonically over-
lain by Franciscan-af fini ty terranes (Rangin, 1978). More careful mapping
in this area reveals the contact is commonly a normal fault.

The upper member (Turonian-Maestrichtian) of the Valle Salitral Forma-
tion is less deformed than the underlying sequence. It lies disconformably
upon the lower member, 1.5 km west of Cedros ai rport, and upon the Gran Canon
sequence and El Choyal volcanic complex in Canon El Choyal. A Turonian faLna
is present at the base of the member (Rangin, 1978). This upper member post-
dates the large tectonic compressive event interpreted as the collision
process between the North American plate to the east, and an Island arc to
the west.

PART 11: ViZCAIN0 PENINSULA

As Isla Cedros, the Vizcaino Peninsula is characterized structurally by
a long interval '(Jurassic-middle Cretaceous) of volcanism, plutonism, meta-
morphism and deformation that corresponds to the complex evolution of the
Baja California continental borderland.

From Turonian to recent time, the tectonic evolution of this area has
been considerably simpler than the evolution from Triassic to Cenomanian
time. Different and separate lithologic and structural belts containing
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l molasse. 2) Albian-Cenomanian (?) allochthonous Valle Formation. 3) Cna-

otic unit developed at base of thrust sheet. 4) Gran Canon sequence.

Upper Triassic, Jurassic and Lower Cretaceous rocks can be recognized in the
Peninsula. These different belts correspond to various paleogeographic
domains (Fig. 4).
PALE 0-0CEANIC DOMAIN

|
It includes various ophlolitic complexes and blue-schist terranes. The

metamorphic terrane, with Franciscan af fini ty, crops out in a tectonic window
in the Sierra de San Andres in Canon Puerto Nuevo (Jones et al . ,1976) .,

'

Here, glaucophane, epidote, and aragonite metabasalt blocks are tectonically
engulfed in antigorite serpentinite of the overlying Late Jurassic, unmeta-
morphosed, ophiolitic complex. This structural disposition is similar to
the Coast Range thrust of California. These metabasalt blocks are the only
ones known in the - peninsula whereas they are ve ll-developed on Isla Cedros.
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(E) Blueschists.

Late Jurassic Ophiolitic Complex. In the northern part of Sierra de San

Andres, and north of Tortugas, large outcrops of highly serpentinized ultra-
mafic rocks, gabbros and pillow lavas are depositionally topped by a Tithonian-
Neocomian sedimentary sequence called the Morro Hermoso Formation by Rangin
(1976), and the Eugenia Formation by Mina (1957) (Fig. 5) . This ophiolitic
complex is generally in fault contact with the late Cretaceous member of the
Valle Formation of Mina (1957).

In the northern part of Sierra de San Andres, Moore (1976) noted that the
ophiolitic complex is partially represented and dismembered. Cumulate and
non-cumulate gabbros are present; they tectonically overlie the ultramafic
rocks of the complex. Hevertheless, ultramafic rocks of cumulate origin are
absent and the sheeted-dike complex is doubtfully or poorly represented.
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In the Morro Hermoso area, the ultramafk-mafic rocks are overlain by
pillow basalt and a clastic and volcaniclastic sequence (Rangin,1976). This
entire sequence is repeated in thrust sheets. Two main thrust sheets were
identi fied (Fig. 6). 1) A lower thrust sheet composed of chloritized pillow
basalts overlain by a 300 m thick radiolarian-tuffaceous sandstone containing
the Tithonian genus Virgatotaxioceras (Morro Hermoso Fm., Rangin,1976). The
tuffaceous sandstone grades upward to an argillaceous sequence containing
belemni te-bearing microconglomerate. 2) The basal part of the upper thrust
sheet consists of a few serpentinites tectonically topped by chloritized
pillow basalt with limestone lenses containing the Tithonian fossil Wichman-
niceras mi rum Leanza. Overlying this is a thin sequence of tuffaceous sand-
stone and sheared argi11ite with sandstone lenses along with thin tectonic
slabs and flows of pillow basalt. A rich Tithonian-Neocomian fauna was col-
lected from the sandstone (Rangin, 1976).

To the north, in the Punta Quebrada area, are outcrops of a similar
succession of rocks. Pillow basalt and tuffaceous sandstone equivalent to

the Morro Hermoso Formation contain a Middic-Late Jurassic radiolarian
assemblage:

Archaeodictomitra sp.
Praeconocaryoma sp.
Podobusa sp., and
Parvincingula sp.

The Morro Hermoso Formation is conformably overlain by a shaly sequence inter-
bedded with some pillow-basalt flows and sandstone lenses containing uuchia
piochii, Kosmatia cf. K. interrupta Burckhardt and Kosmatia cf. K. victoris

45



Upper Thrust Sheet e Fm

_ U_2 Eugenia Flysch - -[ gVal.>p
__ ___- - -

< _-
___

~

_ _ _ . __ __ $Ber.
-tith @ j/ / /

Morro Hermoso Fm. f g
_m

'

C--

@ tith- -

f
// :f g

I
/s\

*

/\
Limestones,- -i

,

Pillow-lavas,

'

s ss-^^
3 3 _ Ultramafic-mafic rocks ^;A

o

LOWER THRUST SHEET UPPER THRUST SHEET

Fin 6

Figure 6. Simplified stratigraphic columns of Late Jurassic ophiolitic
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l

Burckhardt of Tithonian age. This sequence grades upward to sandstone and
conglomerate, the Eugenia Formation of Mina (1957). The conglomerate is
rich in andesitic clasts with lesser proportions of altered granodiorite,
flow-banded. rhyolite, tonalite and large blocks of pillow basalt. This clas- 1

tic unit is also exposed in the Punta Eugenia area (Mina, 1957; Robinson,
1974), where it is interbedded with shales rich in fossiliferous concretions
containing anunonites and Buchia plochil of Tithonian age.

The Morro Hermoso Formation is also observable near Rancho San Miguel
where tuffaceous radiolarian sandstones and recrystallized limestones in con-
tact with pillow-lavas are faulted against cumulate gabbros to the south, and
the Valle Formation to the north. Poorly preserved Jurassic radiolarians
were found 'in the tuf faceous sandstenes.

Ophiolitic Basement of the San Andres Volcanic Plutonic Complex. In the ;

-southern part of the Sierra San Andres, a highly dismembered ophiolitic com- !

-plex is intruded and topped by porphyritic andesitic flows and breccias
interbedded with welded tuffs, graywackes and pillow lavas belonging to arc-
type terranes similar to those of the northern part of Isla Cedros (Rangin, |
1978) (Fig. 7). |

!
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Figure 7 Tectonic relationships between San Andres volcanic-arc terranes
and Late Jurassic ophiolite complex in Vizcaino Peninsula (San Josd Pass
and Punta San Pablo). See Figure 1 for location. Sierra San Andres and
Punta San Pablo: a) Upper Valle Formation; b) Lower Valle Formation;
c) Late Jurassic tonalite and tonalitic dikes; d) ophiolite basement of
San Andres volcanic arc (1, gabbros; 2, serpentinites); cj) andesitic
sequence of San Andres arc; c2) meta-andesites (amphibolites); F) Late
Jurassic ophiolite complex (ultramafic and mafic rocks).

In the Sierra de San Andres, epidote quartz altered gabbros, chlori-
tized pillow basalts, and highly schistose serpentinite are preent below
less deformed, porphyritic andesitic flows. The contact is generally a low-
dipping fault but locally it is depositional. Tonali tic dikes are present
in this ophiolitic complex and the overlying andesites are similar to the
tonalitic body that intruded the volcanic pile at the southernmost tip of
the Sierra de San Andres und dated at 154 * 5 m.y. (Troughton, 1974).
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Serpentinites and gabbros belonging to the same ophiolitic complex are
also present southwestward around Asunci6n, Punta San Roque and Punta San
Pablo, where tonalites intruded andesites, meta-andesites and the ultra-
mafic and mafic rocks.

These remnants of an ophiolitic complex, undated in the Vizcalno Penin-
sula, are considered as equivalent in age to the ophiolitic basement of the
Gran Canon sequence of Callovian age on Isla Cedros. Also, they ceald cor-
respond to the ultramafic and mafic part of a Triassic complex (Fink,1976),
the upper part of which crops out on Punta San Ilipolito. These ultramafic
rocks, gabbros and pillow basalts crossed by andesitic and tonalitic dikes
are considered as the ophlolitic basement of the volcanic arc-type terranes
of the Sierra de San Andres. Contrasting deformation styles between poorly
deformed andesitic complex and highly deformed underlying remnants of ophio-
lites suggest this volcanic arc was built upon yet earlier deformed paleo-
oceanic crust. S

To the east, in the El Arco area, metavolcanic and metasedimentary
rocks of the Early Cretaceous Allsitos Formation are lying unconformably
upon ultramafic to mafic rocks (pyroxenites, serpentinized pcridotites and
gabbros) that could belong to the same early deformed ophiolitic complex
(Echavarri and Rangin, 1978).
ARC-TYPE, VOLCANIC-PLUT0NIC DOMAIN

During part of Jurassic and Early Cretaceous time, this paleo-oceanic
domair. was bordered to the east by two distinct volcanic plutonic belts.
1) The San Andres volcanic plutonic terrane extends to the Asunci6n area
and is particularly well-developed in the southern part of the Sierra de San
Andres. In the Cerro cel Calvario, andesitic flows are interbedded with pyro-
clastic rocks, siliceous tuf faceous sandstones, graywackes, and pillow-lava
flows. These rocks have been metamorphosed to greenschist facies (epidote,
calcite, chlorite, quartz) and partially transformed to amphibolites at con-

| tacts with intrusive tonalites. 2) The Early Cretaceous volcanic plutonic
event, mainly developed to the east, is represented in the El Arco area by'

! the Alisitos Formation. At Punta Eugenia, hornblende andesitic dikes, dated
at 124-128 m.y. (Minch et,a_1_., 1976), intrude the Eugenia Fermation and could
correspond to the same magmatic episode. Granodlorites of the same age were
drilled by PEMEX Just northeast of the Sierra de San Andres (Lozano,1976).
TECTONIC RELATIONSHIPS BETWEEN THE LATE JURASSIC OPHIOLITIC COMPLEX AND THE
SAN ANDRES VOLCANIC-PLUT0NIC TERRANE

The tectoalc relationships between these two belts were described by
Rangin in 1978 (Fig. 7). In the Sierra de San Pablo, serpentine and gabbros
intruded by tonalites represent the root of the San Andres volcanic-plutonic

| complex. They are thrust upon gabbros and serpentines (depleted of such dio-
; ritic and tonalitic dikes) that belong to the Late Jurassic ophiolitic com-

plex. Along the low-dipping contact, tonalites of the upper plate are inten-
sively mylonitized and show in thin section a strong cataclastic texture. In
this area, the San Andres volcanic plutonic complex is considered to be thrust
to the southwest upon the Late Jurassic ophlolitic complex. At the San Jose
pass, the contact between the two belts is a right-lateral fault system
trending N 35 E.

CRETACEOUS TERRIGEN0US SEQUENCES (VALLE FORMATION)

A thick marine, middle Upper Cretaceous terrigenous sequence crops out
in the Vizcalno Peninsula (Valle Salitral Formation of Mina, 1957). Struc-
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turally, these rocks are only gently folded but their relationships with the
underlying ophiolitic and volcanic plutonic terranes are complex. Two sequen-
ces can be differentiated (Rangin, 1978). 1) A lower sequence, up to 1,000 m
thick crops out in the central part of the Valle Salitral (Mina, 1957) and
consists of poorly-indurated, yellowish sandstone beds alternating with
yellowish shale. A few microconglomerate layers composed largely of volcanic
pebbles are present. Fossils are rare in this sequence, but an upper Albian
age is attested by the presence of Diploceras sp. at the top of the sequence.
A similar age was reported by Allison (1955) for this sequence. The basal
contact with underlying terranes is commonly a normal fault. Nevertheless,
near La Perfodara (Fig. 8), north of Tortugas, the sequence is lying with a
low-dipping contact upon the Tithonian Eugenia Formation. The contact is
marked by a discontinuous tectonic breccia. A basal mylonite zone also occurs
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Figure 8. Geological cross sections in Vizcaino Peninsula. (A) Franciscan-
type metamorphic rocks, blueschist blocks of Sierra de San Andres. (B)
Late Jurassic unmetamorphosed ophiolitic complex: 1) Eugenia Formation;
2) Morro Hermoso Formation; 3) pillow basal t and dike complex; 4) ultra-
ma fi c-ma f i c rocks . (C) San Andres volcanic plutonic complex: 1) volcanic-
volcaniclastic rocks; 2) mete-andesite; 3) gabbro with tonalitic dikes;
4) serpentine with tonalitic dikes; 5) tonalites. (D) Albian-Cenomanian
flysch sequence. (E) Late Cretaceous molasse.

at San Pablo Cape and near San Roque, where Albian strata are thrust upon
Late Jurassic tonalites and serpentinite. As in Isla Cedros, these deposits
are considered as " fore arc terrane" for the Alisitos Arc. They were largely
thrust upon the paleo-oceanic domain during the collision period. 2) On the
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contrary,- the uppermost sequence is 5,000"m thick and dated as Turonian at
its. base (Trigonarca californica Packard) and Maestrichtlan at the top of-,

the sequence .by :Mina (1957) and Minch et al .- (1976). Large conglomerate.
fans which pinch out laterally are present. . The sequence increases in quartz

Lcontent toward the top. . These molasse-type deposits, post-date the major
compressive tectonic event: in this area. This idea is supported by the
general disconformity at the base of the sequence which lies upon the Alblan
sequence northeast of Tortugas and the tonalites and gabbros near Punta San
Pablo'and Rancho San Andres. -The same sequence was found by drilling
- (Guzmait , pers. comm.) to lie upon andesites and orbitolina-bearing limestones'

. .

. of the Alisitos Formation to the north of the Sierra de San Andres.
Marine Miocene strata (Tortugas Fm.) lie disconformably upon the Valle

Formation- and were folded before the deposition of the marine Pliocene
-(Almejas Formation).

'

CONCLUSION

'The Vizcaino Peninsula,. as Isla Cedros, is characterized by a history of
superposed tectonic events corresponding to the complex history of the Baja
California ' borderland _ from Triassic time to the present. A geodynamic model
was developed previously (Rangin,1978) and can be summarized as follows.

1) .From Late Triassic time to Late Jurassic time, a marginal basin was
opening between the North American continent to the east and a microcontinent
to the west. The .various ophiolitic complexes correspond to the floor of
this marginal basin.

2) From Middle Jurassic to Early' Cretaceous time, this marginal basin
was in a _ progressive closing process. The Late Jurassic ophiolitic complex

.

Is tectonically repeated in various thrust sheets and blueschists were formed. j
Subduction of this marginal basin is marked by building of various volcanic-
plutonic belts (San Andres, Alisitos). Collision between the North American
plate and the western microcontinent concluded this marginal basin closing
process. The San Andres volcanic arc and the forearc basin of the Alisitos
Formation (Albian Flysch) were thrust to the west.

;3) The molasse deposits in Toronian tine postdate this event. These
deposits and their basement are both involved in large-scale folding before
deposition of Hiocene strata, it is important to differentiate between the
subduction of an oceanic plate below a continent, only generating volcanic-
plutonic complexes, from the deformation of a marginal basin colliding at
the edge of the continent.
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"Now note closely the pelagic sequence. These undisturbed
sedimentaries were slowly deposited in a quiet Jurassic
seaway..."
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JURA-CRETACEOUS PALE 0 GEOGRAPHY:
THE EUGENIA GROUP,' WESTERN VIZCAINO PENINSUIA,

BAJA' CALIFORNIA'SUR, MEXICO

: by

David A. Barnes
.

Keith D. Berry
Department of Geological Sciences Chevron U.S. A. Inc.

University of California- P. 0. Box 3862
' Santa Barbara,-.CA 93106 San Francisco, CA 94119

INTRODUCTION"

; -Lower Cretaceous and Jurassic sedimentary rocks on the western
; Vizcaino Peninsula have been designated the Morro Hermoso,.Eugenia, and
| Valle formations by previous workers (Minch g gl., 1976; Jones g L .,1
; 1976). The purpose of this paper is to propose a reorganization of - -

stratigraphic nomenclature based on study of biostratigraphy and litho- '

facies relationships in the Bahia Asuncidn, Morro Hermoso, and Punta
.Quebrada areas (Figure 1). The Eugenia Formation (sensu lato) (Mina,
1957) is elevated to group status and is defined as containing three .

'formations: .the Gran Canon, Eugenia, and a new unit, theLSan Andres

t
. This reorganization is significant to regional paleogeo-Formation.,

graphic reconstructions, since.all three formations of the Eugenia Group
r are interpreted-to have been derived from, and emplaced onto, the San
' Andres-Cedros complex of Rangin (1978), and associated older ophiolitic

~

rocks. This complex was an important subaerial source terrane on the;

Vizcaino Peninsula.throughout Eugenia Group time.
i The Eugenia Group is approximately correlative to rocks overlying

the Coast: Range ophiolite at the base of the Great Valley sequence in

i California (Figure 2), but represents a distinctly different geologic
j setting on the western Vizcaino Peninsula during this time. A signifi-
! cant change in paleogeography and sedimentary regime occurred at about
t the beginning of Late Cretaceous resulting in the Jeposition of the

overlying Valle Formation (Patterson, this volume).,

| GRAN CANON FORMATION

#

STRATIGRAPHY
5

Gran.CaRon Formation is' applied-to pre-Tithonian to lowest Cretaceous
strata exposed in the Morro Hermoso and Punta Quebrada areas of the >

' -western Vizcaino Peninsula (Figure 1). .This' formation name is extended
from Cedros Island to these strata on the Peninsula, rather than using.,

the'Morro Hermoso Formation of Rangin (1976). This is based on the !
-similarities of the rocks.in these'two.Vizcaino areas when compared to

~

the Gran Canon Formation'on Cedros Island as described by Kilmer (1977),
! Rangin (1978), and David Kimbrough (pers. coset.', 1979). Gran Ca6on also ;

has priority as'a formation name. 'Although the base of the Gran CaBon
,

Formation on Cedros Island may be slightly older than on the Vizcaino*

I ^ Peninsula} (Jones. e_t a_1. ,' 1976), biostratigraphy based on radiolaria in
=

pre-Tithonian rocks is currently.being reevaluated (Emile Pessagno, Jr.,
b pers. const. , 1979). These sequences may prove to be identical in age

~

with further investigation.
.

-The Gran-Canon. Formation at both Morro Hermoso and Punta Quebrada 11

.is characterized by abundant intercalated primary volcanic rocks and very it

i

,
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immature volcanogenic sedimentary rocks (Figure 3). In both areas, high-

angle faults and folding have dismembered the sections. Therefore, the
stratigraphic columns presented in Figure 3 are reconstructed and com-
posite. Marker horizons and distinct stratigraphic sequences can be mapped
in isolated structural blocks, however, making these reconstructions
tenable.

The oldest fossils found in the Morro Hermoso area are of Tithonian
These fossils occur several hundred meters above the inferred baseage.

of the Gran Cahon Formation near Puerto Escondito (Rangin,1976) . The
authors have found excellent assemblages of both foraminifera and radio-
laria of late Tithonian to early Neocomian age in rocks well up in the
sequence (Figure 3). Emile Pessagno, Jr., (pers. comm., 1979), in an
independent study, has found radiolaria with this same age range in a
similarly high position in the section. Thus, the basal beds here may
be pre-Tithonian. At Punta Quebrada, Rangin (1976) reported mid-Late /

Jurassic radiolaria from the Morro Hermoso Formation (Gran Canon Forma-
tion of this paper) and also Tithonian megafossils from the overlying
Eugenia Formation. The authors have recognized radiolaria with age
ranges of at least late Kimmeridgian-early Tithonian to early Valangin-
ian; this sequence may also be, in part, pre-Tithonian.
LITHOLOGY

The most distinctive aspect of the Gran CaEon Formation on the
Peninsula is the abundant intercalations of primary volcanic rocks:
tuffs, flows, and pillow lavas, with very immature volcanogenic sedi-
mentary rocks. The most abundant volcanic rocks are massive sequences
of pillow lavas with minor flows and monolithic and hyaloclastic |
breccias. Limited sampling of these volcanic rocks shows a range from
clinopyroxene-plagioclase basalt and dolerite to clinopyroxene-biotite
dacite. Both Rangin (1976) and Moore (1976) report olivine phyric
basalts from Morro Hermoso. Dikes, sills, and small stock-like intru-
sive bodies of clinopyroxene-biotite microdiorite also occur in pillow
sediment sequences. The lowest sequence of pillow lavas near Puerto
Escondito is in fault contact with the underlying gabbroic rocks of the
dismembered Sierra San Andres ophiolite (Moore, 1976). Basement rocks
are not exposed at Punta Quebrada. Glassy hyaloclastic rocks apparently I

'

were formed by the emplacement of lava onto wet sediments, and commonly
occur below pillow sequences that over31e sedimentary rocks. Chaotic
olistostrome deposits bearing pillow fragments, limestone blocks, belem- ,

nites, and other debris are found locally above, below, and in places |
lateral to pillow accumulations. :

At Puerto Escondito, a beautifully exposed sequence of varicolored,
mottled, ze~olitic, vitric and crystal tuffs and tuffaceous sandstone
of intermediate composition overlies the basal pillow lavas. These
rocks contain clinopyroxene and biotite phenocrysts along with plagio- '

clase (An20-40) and resorbed quartz. Most of these tuffs are strongly )
altered to laumontite + albite + quartz. Tuffaceous rocks exposed else-

Iwhere are either cream or drab green colored and fine grained.
Massive, usually very poorly exposed, immature volcanogenic sand-

stone, siltstone, and chaotic conglomerate-breccia are important compo-
nents of the Gran Cahon Formation. Sandstones contain volcanic detritus
very similar to igneous rocks found interbedded within the section as )
well as a mafic suite dominated by clinopyroxene, biotite, and minor |
amphibole. Carbonate fossil debris is also common. Extremely coarse-
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'
grained rocks are not volumetrically significant but many beds contain

j blocks and boulders from 1 to 8 meters ih diameter. A unique olisto-
strome deposit containing a variety of mafic and ultramafic clasts,
probably of ophiolitic derivation, that range from sand-sized matrix
to huge 100 to 150 meter blocks crops out up section from basal pillow4

j. lavas at Punta Quebrada.
'

DISCUSSION

The Gran CatTon Formation represents a pre-latest Jurassic to early
,

Cretaceous period of basic to intermediate volcanism and contemporaneous'

volcaniclastic sedimentation of the Vizcaino Peninsula. Marine fossils
interbedded with the pillow lavas attest to the marine emplacement of
these rocks. Volcanic and hypabyssal rocks match closely the majority
of detritus in sedimentary rocks with which they are intercalated and,

intrude. This suggests emplacement and rapid erosion of cogenetic igneous:

rocks on a regional scale. Chaotic deposits bearing ophiolitic debris'

i

require that such source terranes were also exposed in pre-latest Jurassic'

time.
,

EUGENIA FORMATION

; STRATIGRAPHY

{ The Eugenia Formation (sensu lato) was first described by Mina (1957)
from the Punta Eugenia area and was elaborated on by Robinson (1975) in
the same area. The Eugenia Formation (sensu stricto) described here is
distinguished by a general absence of primary volcanic rocks in contrast

! to the underlying Gran Canon Formation although at its base, near Punta
Rompienta, and on Punta Eugenia near Campo Punta Eugenia, Tithonian age
Eugenia Formation rocks contain minor dacitic tuffs and tuff breccias.

,
'

The most characteristic rock type within the Eugenia is very coarse-
grained, volcanic-clast conglomerate-breccia found in association with

;

a distinct assemblage of finer grained rocks. This lithofacies is best
exposed in the Punta Eugenia area and is described by Boles and Hickey
(this volume).

The Eugenia Formation at Morro Hermoso in Arroyos La Amargura and
Largo has an age of Berriasian through late Valanginian (Rangin,1978),
or possibly younger sequence that conformably overlies volcanigenic
rocks of the Gran Ca~on Formation and is unconformably overlain byn
probable Aptian-Albian rocks of the Valle Formation. North of Punta*

Quebrada, near Punta Rompienta, uppermost Jurassic through upper Valan-
ginian (?) rocks also conformably overlie Gran Canon rocks. An isolated
block of Eugenia Formation bearing Aptian-Albian fossils is exposed east-
southeast of Bahia Tortugas where it is conformably overlain by Valle rocks
of Albian-Cenomanian age. These relationships suggest that the Eugenia
Formation interfingers with upper Gran Canon rocks at its base, and inter-
fingers with the Valle near its top (Figure 2) .

LITHOLOGY,
'

Rock types in the Eugenia Formation include coarse-grained, usually
matrix supported, conglomerate-breccia associated with greenish to light,

' colored, massive to planar or cross-bedded pebbly sandstone and planar
to micro-cross laminated, fine-grained sandstone and siltstone. True<

mudstone or shale is rare in the unit, and normally graded beds and
Bouma sequences are not common except in younger parts of the sections

,

'
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studied (Boles and Hickey, this volume). Shallow water fossil fragments
such as mussels, corals, and other large calcareous fragments are very-

common in coarse-grained deposits. .Paleo-transport during Eugenia time
was towards the west in an essentially unidirectional pattern (Figure 3).,

A regional trend of fining and thinning upwards is recognized in"

the Eugenia Formation. Higher in the section, Bouma sequences are conunon,
i especially in rocks of Valanginian to Aptian-Albian age. This relation- |

ship is obaerved in sections in Morro Hermoso, Punta Eugenia (Boles and.

Hickey, this volume), and in a small block east of Bahia Tortugas in
the Valle Salitral. In conjunction with this fining and thinning trend

!is a less apparent decrease in volcanic detritus with accompanying
increase in plutonic detritus, including common quartz, K-feldspar,
plagioclase, and biotite. This trend is most obvious in sections exposed;

in Arroyo La Armagura near Morro Hermoso. Boles (1978) and holes and
I Hickey (this volume) have described interbedded coarse- and fine-grained

rocks of K-feldspar poor volcanic and quartzo-feldspathic' composition,
respectively, from older sections on Punta Eugenia, suggesting a bimodal
source terrane. In both the Morro Hermoso and Punta Rompienta areas,

f boulders of biotite granodiorite composition occur within individual
conglomerate beds, in association with clasts of intermediate to basaltic

; composition, all interbedded with very biotite-rich quartzo-feldspathic
sandstones lacking Bouma sequences. These rocks are earliest Cretaceous'

age or older.
; Sandstones collected from the base of the Valle Formation in sections
! overlying the Eugenia Formation in the Valle Salitral and also from several
[ sections in the Morro Hermoso area are petrographically very volcanogenic
| with little plutonic detritus. Upsection, a gradual but distinct trend

occurs in which sandstones are increasingly quartzo-feldspathic. This,

| trend occurs in a consistent pattern in Valle sections sampled to date.
DISCUSSION

! The Eugenia Formation conformably overlies volcanogenic rocks of the
! Gran Cahon Formation. However, the Eugenia contains few primary volcanic
! rocks, and these are found only near the base. During Eugenia time
| volcanism was waning and finally ceased on the Vizcaino Peninsula. Sedi-
( ments are interpreted to have been deposited in a steep, essentially

shelf-less marine environment, primarily by high concentration sediment
gravity flow processes, without the development of normal submarine fan

i complexes. Coarse-grained, primarily volcanogenic detritus was shed
! towards the open ocean to the west, into neritic to bathyal depth waters.
; Plutonic detritus with K-feldspar is abundant in clastic rocks at

least'as old as earliest Cretaceous, although there are no known potential
source terranes older than 120 to 130 m.y.b.p. anywhere in the Peninsular
Ranges of Baja California (Gastil et al., 1975). The source of plutonic

' detritus, including clasts of biotite granodiorite composition, in the
p Eugenia Formation probably was locally derived from the San Andres-
( _Cedros are complex. This plutonic detritus increased in proportion
i upsection at the expense of volcanic detritus which was also of local
I_ derivation. During deposition of the overlying Valle Formation a second

distinct epoch of = volcano-plutonic are unroofing took place derived from
'the Aptian-Albian Alisitos arc which now lay to the east. The San Andres-
' Cedros complex was 'only a minor factor as a source terrane in the western
'Vizcaino Peninsula by the time deposition of the Valle Formation began.

|
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ASUNCIdN AREA - SAN ANDRES FORMATION

STRATICRAPHY

Basal sedimentary rocks exposed in the Bahia Asuncidn area (Figure 1)
rest in depositional contact on a heterogeneous crystalline basement
terrane and have been referred to as Valle Formation by previous workers
(Troughton,1974; Rangin,1978) . However, this lower portion of the
section can be lithologically differentiated from the Valle. San Andres
Formation is the proposed new name for this unit. The age ranges from
Aptian-Albian to Cenomanian, based on three different microfossil disci-
plines: foraminifera, radiolaria, and calcareous nannoplankton.

The bottom several hundred meters of the San Andres Formation, above
the nonconformable basement contacts, contains extremely coarse-grained
conglomerate and breccia. In this respect, it is superficially similar
to rocks of the Eugenia Formation on Punta Eugenia. In contrast, however,
clasts of serpentinite, layered gabbro, chert, and other rock types possi-
bly of ophiolitic derivation are found, as well as a suite of intermediate
volcanic and plutonic clasts. Other distinctive rock types from the
lower part of the section are sandstones rich in carbonate fossil frag-
ments and cream colored tuffaceous to calcareous siltstone. This suite
of rocks is easily distinguished from the Valle Formation. The type
section of the San Andres Formation is exposed just south of Cerro
Elephante near Rancho San Andres, where it is 790 meters thick. The
stratigraphic column presented in Figure 3 is a composite and shows
significant relationships from several sections of the San Andres Forma-
tion in the Asuncion area. The Valle Formation of probable Cenomanian-
Turonian age conformably overlies the San Andres Formation in this area.
LITHOLOGY

Basement Rocks. Basement rocks in the Asuncidn area have been
described and age dates presented by Troughton (1974) and were alsor

described by Rangin (1978). Rangin related these rocks to intrusive
and extrusive rocks on Cedros Island and named them the San Andres-
Cedros complex. The majority of basement rocks in the Asuncidn area
are of intermediate composition, including hornblende diorite, hornblende
tonalite, and trondjemite, all of which intrude hornblende-bearing rocks
ranging from basaltic-andesite to dacite. Biotite is a common phase in
these intrusive rocks. In addition, to the west in the San Pablo high-
lands, tonalitic rocks intrude and metamorphose various mafic to ultra-
mafic rocks. K/Ar dates on leucocratic rocks in the Asuncidn area range
from 123 to 154 m.y. (Troughton, 1974). One concordant U/Pb date of
154 m.y. on zircon (James Wright, pers. comm.,1978) has been determined
from tonalite at the base of the San Andres section at Rancho San Andres.

San Andres Formation. The basal San Andres Formation overlies a
very irregular erosional surface with relief of several meters to as much
as 100 meters at Rancho San Andres. High angle buttress contacts are
common. Basal beds are calcareous. Massive, poorly bedded, bouldery
breccia, with clasts derived from the immediately underlying basement
is found in most locations.

The sequence upsection for several hundred meters exhibits dramatic
lateral and vertical lithofacies variations. Rock types include massive,
very coarse-grained breccia, some of which contain the largest clasts
found in any deposits on the Vizcaino Peninsula; calcareous pebbly

4
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sandstone; and interbedded distinctive cream colored, fine-grained, vitric
tuff, calcareous-tuffaceous siltstone, and calcareous sandstone. Near
the coast at Arroyo San Andres, extremely coarce-grained breccia-slide
deposits, containing clasts at least 25 to 150 meters in diamete'r, are
found laterally adjacent to tuffaceous and calcareous siltstones. The
largest clasts are most commonly ophiolitic.

Carbonate fossil debris is a major constituent of most clastic rocks
of the San Andres Formation. Large coral heads and wood fragments (up
to 50 cm) are common in conglomerate-breccias. Virtually all clastic
constituents in rocks of the San Andres Formation can be recognized within
the basenent terrane. Although serpentinite and other mafic and ultra-
mafic detritus are common, the most abundant detrital constituent in point-
counted sandstones is intermediate volcanic material. Paleotransport
during San Andres time was dominantly to the west (Figure 3) .

The Valle Formation is in conformable contact above the San Andres
here. The Valle contains generally finer-grained and thinner-bedded,
dominantly siliciclastic rocks in which Bouma sequences are common.
The presence of this lithofacies coincides with a decrease in carbonate
detritus, absence of coarse matrix-supported conglomerate-breccia and
calcareous-tuffaceous siltstone, and the appearance of clast-supported,
rounded cobble conglomerate. The age control here is not precise, but
these lithologic changes occurred sometime within the " middle" Cretaceous
and marked the beginning of Valle sedimentation in the area.

DISCUSSION

Sedimentary rocks of the San Andres Formation were derived from and
deposited on locally exposed igneous and metamorphic rocks of the San
Andres-Cedros complex. This complex contains the oldest arc-like volcanic
and plu;onic rocks in peninsular California; they intruded mafic-ultramafic
rocks which may be related to older gabbroic rocks dated elsewhere on the
Vizcaino Peninsula at 187 m.y. (Robinson, 1975). Extremely coarse clastics
of the San Andres Formation were shed primarily to the west from local
source terranes that must have had great topographic relief. Abundant
intermediate to silicic, fine-grained tuffs within the San Andres Forma-

,

tion may have been derived from the Alisitos arc which was present to the
east and was active at that time.

The Valle Formation conformably overlies the San Andres Formation
and bears no characteristics of local derivation. The San Andres-Cedros
complex apparently no longer influenced sedimentation on the Vizcaino
Peninsula by Valle time, even though the San Andres Formation may be in
part contemporaneous with the lowest parts of the Valle Formation in the
northern part of the Peninsula.

SUMMARY

Pre-late Jurassic through early Cretaceous strata of the newly
defined Eugenia Group on the western Vizcaino Peninsula were deposited
during the emplacement and denudation of the locally exposed San Andres-
Cedros are complex. Volcanogenic rocks of the basal Gran Canon Formation
were deposited concurrently with volcanism in the area and are complex 1y
associated with pre-existing ophiolitic country rocks. During deposition

! of the_Eugenia Formation, igneous activity ceased on the Vizcaino Penin-
sula and rapid unroofing of the San Andres-Cedros complex continued.:

f Du' ring deposition of the San Andres Formation this local source terrane
was more deeply eroded and shed very coarse detritus to the west; this ,
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included debris derived from the flanks of the complex where ophiolitic (?)
-country. rock was exposed. Also during San Andres time, active volcanism
in the Alisitos are to the east provided tephra to the depositional basin
on the Vizcaino Peninsula. The initiation of a distinctly different-
regime of sedimentation during Valle time is thought to represent the
inception of large deep-sea fan complexes in the forearc region of the'

continental Alisitos arc (Patterson, this volume). By Valle time, the
San Andres-Cedros complex was not significantly influencing sedimenta-
tion on the western Vizcaino Peninsula.
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. EUGENI A FORMATION (JURA-CRETACEOUS), PUNTA EUGENIA AREA
|r
I

by !

James R. Boles and James J. Hickey F
1

L Department of Geological Sciences
,

' University.of California

|. Santa Barbara, CA 93106~

INTRODUCTION '

The Eugenia Formation (Mina, 1957) is time-correlative with the lower
: - part of .the Great Valley sequence of northern California (Jones et al.,
'

1976), yet differs markedly in lithology and sedimentation style. What are
these differences and their significance? In this paper we will describe

f 'the Eugenia Formation as mapped in the Punta Eugenia area (Figure 1) by
j_ Robinson (1975) and briefly contrast observations with the lower Great Val-
| ley sequence. In~the Punta Eugenia area, the Eugenia Formation.Is in fault

contact with adjacent units and attains an estimated total thickness of i
4

2300'm (Robinson, 1975). Although the units described below have been<

} mapped as Eugenia Formation, we are presently undecided as to the status ;
of. the younger- (mid-Cretaceous) units which have affinities with both the;

J. Valle and Eugenia formations -(see Barnes and Berry, this volume).
: STRUCTURE
i

The Eugenia Formation .is separated into blocks of homoclinal strata by,

: high-angle normal faults (Robinson, 1975; Figure 1). We have interpreted
|- several related faults mapped by Robinson to be a significant structural

feature :In the area, here called the Playa Negra faul t zone. Rocks east of1

; the fault zone have been downdropped and tilted to the north and east rela-
i tive to those in the western block. This fault zone has juxtaposed Upper

Jurassic-Lower Cretaceous strata on the west with mid-Cretaceous strata on
the. east. ' A small wedge of the older strata is pre. arved as a fault slice

| within-the eastern block near the La Bamba fault. "he structural style at
! Punta.Eugenia consists predominantly of relatively simple tensional block

faulting, with no evidence for a compressive stress regime anytime during c,

the' structural evolution of the Eugenia basin. i
c

,

; AGE
r

! . Western block sediments range in age from Tithonian (latest Jurassic) '

to..Valanginian (Earb; erataceous), based on bathyal to abyssal (?) Radio-
larla'from several localib es (Figure 1). Rocks to the east of the Playa

i Negra fault zone have yielded Aptian-Alblan (mid-Cretaceous), outer neritic
j to bathyal' benthonic foraminifera very similar to those in correlative Great
' - Valley deposits in northern California (Robinson, 1975; K. Berry, F.
; -Michael, pers. comm., 1979).
I

! PETROLOGY-
F

i Rocks of Tithonian to Valar.ginian age represent a lithofacies distinct
.

ifrom. those of Aptian-Albian age. ' The older sequence is a 1500 m section of
predominantly' sandy.siltstone with thin wavy laterbeds of medium to coarse
sandstone. Packets .of- medium grained sandstone or coarser detritus comprise

i . about one-third of the-older sequence. The medium grained sandstones are

'
.
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. well sorted, and planer 'to. ripple-laminated with parting lineations (Fig-
ure 2A).; The coarser packets concist of poorly sorted, unstratified to

' - poorly stratified. locally derived sandy conglomerate or breccia, with
pebbly sandstone lenses. Volcanic and sedimentary clasts are commonly 1 m
across, and reach at least 13 m (Figure 2B). The coarse nature, angularity
of clasts, and extremely poor sorting are distinctive aspects of these de-
posits and stand in marked contrast to the resedimented conglomerates of
the Valle Formation.(Figure 2C,D).

The older' sequence is well exposed along the coast near Punta Eugenia.
.A stratigraphic section measured along the beach near Campo Chester Illus-
trates the complex relations of' the three major sedimentary types: coarse
mass flow, planar-laminated medium sandstone, and irregular to lenticular-

. bedded sandy siltstone-coarse sandstone (Figure 3). Beds in the very coarse
-Intervals, usually 0.5-1 m thick, exhibit occasional inverse grading at
their base, clasts projecting above their top, and a range in clast concen-,_
tration and fabric. High-angle tabular to trough foresets, with set heights!

up to.40 cm, occur commonly in interbedded medium to pebbly sandstones
(Figure 2E,F). Closely associated but not usually Interbedded is well-
bedded (5 cm), well-sorted, planar- to ripple-laminated medium sandstone.
The Irregularly bedded (1-3 cm) finer units contain wavy to flaser-Ilke
cross-laminated beds and lenses of coarse sandstone intimately Interbedded
with sandy siltstone; thicker (10 cm) coarse sandstone beds occur in regu-
larly varying amounts.In coarsening-upward cycles.

Average paleocurrent directions in Figure 3 are based primarily on
high-angle _foresets and micro cross-laminations. Paleocurrent directions
in the lower sequence are consistently about 270 + 45 , suggesting a uniform

_

paleoslope in the area rather than a structurally complex depositional ba-
sin.

An earlier interpretation (Boles,1978) related these units to deep-sea
fan turbidite deposits, but we now have reaervations about such an inter-

- pretation for the older _ sequence due to the overall absence of distinct
graded beds and Bouma sequences. Furthermore, the presence at a number of
localities of trough-like and tabular cross-bedding suggest that traction
transport was common. As a preliminary model, we favor a setting such as
a subaqueous fan adjacent to a structural high, perhaps analogous to sub-

. aerial alluvial fans along a _ mountain front.
The younger' sequence, though less well known, appears to be character-

Ized by graded . bedding, both in coarse- and fine grained units, and Bouma-
Ilke intervals. The younger sequence is at least i km thick, and consists
of separate subequal. sections of (1) graded, pebbly coarse sandstone; com-

'
mon, poorly sorted conglomerates with occasional megaciases; and rare,
thin-bedded, graded fine sandstone-siltstone; and (2) well-sorted, extremely4

; blotite-rich, fine- to medium grained sandstones with well-developed planar
and. ripple laminations, commonly in Tbc or Thed Bouma-like sequences. Paleo-<

current transport' directions are again predominantly westerly. Most features
of the younger sequence can be adequately explained in terms of a normal

! submarine fan model .

PETROGRAPHY

Clasts from the lower (Tithonian-Valanginian) sequence are dominantly
of volcanic origin wi th. subordinate plutonic components (Boles,1978) .
The coarse units have been . derived from quartz and K-feldspar poor, mafic
to felsic volcanic-rocks. Additional components include abundant shale and

|

>
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sandstone intraciasts, shallow-water megafossils (corals,- bryozoa, pelecy-
pots, abundant belemnites), and some petrified wood. In contrast to the

,

coarse units, the well-sorted, medium grained sandstones are derived pri-,

; marily from a K-feldspar and quartz-rich igneous terrane. .Petrographically,
the younger (Aptian-Alblan) sequence is similar to the older. The K-
feldspar-bearing plutonic detritus may represent the early forerunners of<

the largely Alblan and younger (?) Allsitos are exposed in much of northern
Baja California.,

} The Eugenia Formation has undergone only very mild thermal diagenesis. i
.This interpretation Is based on (1) presence of the zeo11tes heulandite and-

: analcime; (2) presence of fresh calcic plagioclase; and (3) preliminary ,

i vitrinite . reflectance measurements. We estimate a maximum temperature of
<100*C, suggesting that the Eugenia was not deeply buried by younger sedi-

| ments (i.e. Valle Formation) in this area.
j SUMMARY
!

The Eugenia Formation is comparable in age and basic volcanic proven-
ance to the lower Great Valley sequence in California (Dickinson and Rich,

l- 1972). However, there are a number of important dissimilarities:
4 '(1) Conglomerates in the lower Great Valley are largely of the resedi-
' mented type, whereas in the Eugenia they are poorly sorted and locally

derived, including some shallow marine sources.
(2) Overall sandstone /siltstone ratio In the Eugenia is much higher (1:3):

!- than in the lower Great Valley.
| (3) The older (Tithonian-Valanginian) sequence of the Eugenia contains
i abundant. traction current features of varying scales, and generally
} lacks the Bouma sequences and graded bedding characteristic of the

, Great Valley sequence (0Jakangas,1968; Nelson,1979) . The Eugenia
j was deposited by non-turbulent flow in a deep water environment,

adjacent to a steep, shelf-less margin; possibly the submarine4

i analogue of an alluvial fan, but certainly not a typical deep-sea,
submarine canyon-fan system.

| (4) The lower Great Valley sequence contains albitized plagioclase and
laumontite (Dickinson et al.,1969); Boles has also observed rare |

prehnite. Despite simTTa7 detrital mineralogy, the Eugenia lacks '
;

these diagenetic phases, suggesting (with vitrinite reflectance data)
j temperatures of <100*C and shallower burial depths than rocks of
: the Great Valley sequence.
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THE VALLE FORMATION - PHYSICAL STRATIGRAPHY AND DEPOSITIONAL
MODEL, SOUTHERN VIZCAINO PENINSULA, BAJA CALIFORNIA SUR

by

Deborah L. Patterson
Department of Geological Sciences

University of California
Santa Barbara, CA 93106

INTRODUCTION

The Valle Formation is an Upper Cretaceous marine sedimentary unit that
is exposed on the Vizcaino Peninsula of Baja California Sur. A Cenomanian
to Turonian age section of the Valle in the southern Vizcaino is herein des-
cribed in terms of a turbidite facies classification. The stratigraphic
sequence is interpreted to represent the continentward retrogradation of a
deep-sea fan complex in a forearc basin associated with the eastward migra-
tion of the Cretaceous Allstos f ec.

PHYSICAL STRATlGRAPHY

GENERAL

A'homoclinal sequence of the Valle Formation attains stratigraphic
thicknesses in excess of 2 kilometers, approximately 15 kilometers north of
La Bocana. Lowermost strata are exposed near the coast in Arroyo La Pita-
haya. Uppermost strata are exposed in the interior along Arroyo San Lorenzo
to the northeast. Strata within the middle of the section are poorly ex-
posed beneath modern alluvial fan cover.

The Valle Fonnation includes sedimentary rocks whose geometry, sole
mark assemblages, and internal sedimentary structures are best described in
terms of a turbidite facies classification (Walker and Mutti, 1973; Figure
I).
ARROYO LA PITAHAYA

Facles A2. The basal Arroyo La Pitahaya section consists of a dark
brown, organized, clast-supported cobble conglomerate. Fabric elements in-
clude clast Imbrication, horizontal strat.ification, and reverse to normal
grading extending from the base to the top of Individual beds. The domin-
ent clast type is intermediate vc1canic rocks, with subordinate siliceous
volcanics and rare micritic Ilmestone.

Facles E. The upper Arroyo La Pitahaya section consists of Ilght
brown slitstone with thin, interbedded fine grained sandstone. Average
sandstone thickness is approximately 40 cm. The sand to shale ratio is
about 2:3 Sandstones are characterized by base-cut-out Bouma sequer.ces
of the be, bcd, and bcde types. Distinctive sedimentary structures include
parting lineations and climbing ripples.
ARROYO SAN LOREhZO

Facies 82. The basal Arroyo San Lorenzo section consists of buff,
medium-grained, amalgamated massive to cyclically graded sandstone with
gray mudstone partings. The sandstones average 1.2 m in thickness. The
sand to shale ratio is approximately 9: 1. The sandstones cannot be
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COLUMNAR SECTIONS OF THE VALLE FORMATION
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described by the Bouma sequence because they lack the characteristic upper
traction-related bcde intervals of turbidite beds. Common sedimentary
structures include channels, groove casts, flute casts, convoluted beds,
rip-ups, and large ironstone concretions.

Facles C-D. The middle Arroyo San Lorenzo section consists of inter-
bedded buff, medium- to fine grained sandstone and blue mudstone. Average
sandstone thicknesses range from 90 cm near the base of the facies to 35 cm
near the top. The sand to shale ratio is approximately 4:1. Sandstones
are characterized by ae, abc, and abcde Bouma sequences. Common sedimen-
tary structures include groove casts, flute casts, oriented wood fragments,
and ironstone concretions.

Facies D. The upper Arroyo San Lorenzo section consists of blue to
brown mudstone with interbedded thin, buff, fine- to very fine grained
sandstone. The sandstones average 40 cm in thickness. The sand to shale
ratio is approximately 1:1. Common sedimentary structures include parting
lineations and climbing ripples.

PALE 0 TRANSPORT DATA

Sole marks, oriented wood fragments, parting lineations, asymmetric
micro cross-laminations, and climbing ripples provide paleocurrent direc-
tions. A sequential rotation in paleotransport direction from toward-the-
west to toward-the-southeast is associated with the stratigraphic transi-
tion in turbidite facies from the base of the Arroyo La Pitahaya section
to the top of the Arroyo San Lorenzo section (Figure 1).

GEOLOGIC AGE AND PALE 0 ENVIRONMENT

The Valle Formation is assigned a Cenomanian to Turonian age (fora-
miniferal zones I and H of Derry and Goudkoff, see Berry, 1974) on the
basis of diverse foraminiferal and calcareous nannoplanktonic faunules
(K. D. Be r ry and P. L . Mi l l e r , pe rs . comm. , 1979). The presence of both
a rich planktonic and arenaceous foraminiferal element throughout the
stratigraphic section Indicates that the site of.Valle deposition was both
bathyal and oceanic (i.e. unrestricted).

DEPOSITIONAL MODEL AND PALE 0GE0 GRAPHY

Valle strata in the Arroyo La Pitahaya-Arroyo San Lorenzo section are
characterized by assemblages of turbidite sedimentary structures. Sedi-
mentologic and paleontologic evidence indicate that the Valle was deposited
within a deep-sea fan complex along tbg margin of an oceanic basin at slope
depths. The occurrence of a 2-km thick Cenomanian to Turonian age strati-
graphic section indicates that accelerated sedimentation rates in excess of
20 cm/1000 years were sustained throughout Valle time. The pissence of
abundant volcanic rock fragments in basal A2 facies conglomerates and 82
facies sandstones suggests that the Allsitos Arc provided a major source of,

molassic sediments shed westward into this adjacent forearc basin.
The stratigraphic succession from turbidite facies A2 through facies E,

B2, C-D, and D represents a general thinning- and fining-upward sequence
typical of the transition f rom channeled middle fan to more distal lower

fan environments. This succession is interpreted to represent the gradual
continentward retrogradation of the Valle deep-sea fan complex through
time. A similar eastward shif t in the iocus of deposition of Albian to
Turonian age Valle sediments is documented in the northern Vizcaino

.
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Peninsula (Robinson, 1975). U-Pb and K-Ar isotopic dating of the volcanic
Allsitos Formation and associated plutons of the Peninsular Ranges Batho-
lith reflect a comparable eastward shift in the locus of igneous activity,, -

uplift, and erosion .through time (Gastil et al .,1975). It thus appears

that Valle deep-sea fans trailed the migration of the Alisitos Arc complex
eastward through time.

The rotation of paleocurrent direction upsection-from a westward to a.

southeastward trend, Indicates that deposition of Valle sediments was
j. gradually deflected from a transverse to a longitudinal direction of trans-

port parallel to the axis of the Valle basin. The evolution of a western
', subduction complex as an offshore submarine topographic high. concomitant

with the Allsitos Arc and the Valle forearc basin is one possible mechanism'

; _ by which sediment transport might have been deflected. A similar trend in
deflection of paleotransport direction is seen in correlative rocks of the' -

F "F," Venado, Yolo and Sites formations of the Great Valley Sequence of
California (0Jakangas,1968) ~ Thus, ponding of forearc basins may have.,

occurred simultaneously along the western margin of North America during
,

Cenomanian to Turonian time.4
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STRUCTURE AND STRATIGRAPHY OF THE NORTHERN V!ZCAlHO PENIUSULA

. WITH A NOTE ON A M10CENE RECONSTRUCTION OF THE PENINSULA

by

John W. Robinson
Forest Oil Corporation

Denver, Colorado

lHTRODUCTION.

Reconnaissance geologic mapping has generated new information concerning
the stratigraphy, structure, and geologic history of the northern Vizcaino
Peninsula (see map, this volume). Exposed Mesozoic and Cenozoic rocks have
maximum thicknesses of approximately 10,000 m and 600 m, respectively. All
sedimentary rock units discussed have their type localities in the northern part
of the peninsula.

STRATI GRAPHY

The mapped basement complex contains mafic to ultramafic rocks, including
serpentinite, gabbro and amphibolite that are chaotically intermixed with large
blocks of chert, limestone and veins of magnesite. A K/Ar " age" determination
frcm a hornblende mineral concentrate was 187 * 1.4 m.y. B.P. The complex is a
melange, in many respects similar to the Franciscan assemblage of northern
California. Ophiolite sequences have been recognized in equivalent age rocks at
Morro Hermoso (Rangin,1976) and in the Sierra de San Andres (Moore, this vol-
ume). Further studies are necessary to accurately correlate these exposures to
simi,lar rocks on Isla Cedros, Punta San Pablo and Punta San Hipolito.

The Late Jurassic-Early Cretaceous Eugenia Formation (2,300+m) outcrops in
a large' fault-bounded block on the northern end of the peninsula, at Punta
Rompiente, and in an erosional window on the axis of the Valle Salitral anti-
cline. Other exposures- farther south on the peninsula have been studied by
Barnes (1979). The formation consists of a basal pillow basalt and pebblestone
overlain by interbedded mixed-volcanic conglomerate, pebblestone, coarse volcanic
arenite and shale. The formation is typically in fault contact with the base-
ment complex. The age of the formation is based upon identification of the mol-
lusc Buchia piochii within interbedded pebblestones and conglomerates. The
Eugenia Formation was derived from a volcano plutonic terrane and deposited in a
deep-water marine envi ronment in proximity to a trench-slope break where large
volumes of coarse sediment collected. 'The formation was subsequently intruded
by hornblende andesite dikes approximately 126 i 3.2 m.y. ago.

The Valle Formation is widely distributed throughout the Vizcaino Peninsula,
with large exposures near Bahia Tortugas, Asunci6n and Abreojos. A thick section
of Valle Fornation is recognized on Isla Cedros and equivalent strata appear in
limited exposures farther south on Santa Margarita Island. The Valle Formation
rasts- unconformably upon the Eugenia Formation and consists of a late Albian to
Ccnomanian .(?) lower member (3500 m) and a Turonian middle member (4200 m).
The Campanian to Haestrichtlan upper member (1600 m) is not exposed in the study

~

area. The lower member is comprised of rhythmically alternating beds of
folds'pathic volcanic arenite and poorly laminated shale. The middle member con-
sists.of similar feldspathic volcanic arenite and shale strata with lenses of

( p:bble and boulder conglomerate. Both members are locally concretionary.
-The Valle Formation was deposited in a deep-sea fan er.vironment within a.-

' fore-arc basin west of the Peninsular Ranges magmatic arc. The lower member was
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derived from primarily pre-batholithic terranc and deposited in an outer-fan,
basin plain environment. .The middle member conglomerates contain evidence of
unroofing of the batholithic core and suggest a progressive shif t to the
middle-fan and inner-fan facies association.

The Tortugas Formation is exposed immediately north and south of Bahia
Tortugas in four discrete southwesterly-dipping blocks (Figure 1). The forma-
tion is up to 380 m thick and consists of a basal yellow fossilifarous sandstone
overlain by diatomite, bentonite, and siliceous shale. Elsewhere, Troughton
(1974) measured 516 m of west-dipping Tortugas Formation in Bahia San Cristebal
(Figure 2) and over 300 m of correlative strata occur on Isla Cedros. The basal
portion of the Tortugas Formation lies unconformably on the Valle Formation
and is usually inclined at one-half the angle of the Valle. This depositional
edge is exposed along the eastern margin of all four southwesterly-dipping
blocks shown on Figure 1.

The paleontology of the Tor-
,

tugas Formation has been under s.ip *
investigation for many years, but
to date no systematic compilation
has been undertaken to correlate
these strata with similar strata ' g
in Alta California and other
parts of Baja California. Based
on work by Hertlein (1933), Jordan 4 e,, r

and Hertlein (1927) and other as -n j ' 2, ,-
yet unpublished data, the Tortugas !. ( % } ';f' N,*

Formation has been assigned an i
N43

y. ,
upper Miocene age and tentatively / j.\,Mcorrelated to the Monterey Forma- ;(@r4/4 qItion of California. g - i ~ ~ 7,

A tropical to subtropical,
.f,'

%
shallow to restricted marine depo- i 3.?.',

si tional envi ronment is indicated C*"""*"'"*"" [ fi',G wmas menop 4by fossils found in the base of
''

the formation. 11earby volcanism ;
"

supplied considerable debris to
'

the formation. A subsequent
increase in water depth is sug-

Figure 1. Present distribution of the Tor- >-;
gested by overlying diatomaccous tugas Formation. LBF - La Bamba Fault, BTF -and foram,ini feral shale.

Bahia Tortugas Fault, LVF - La Valisa Fault,
The middle to late Plio- QF - Quebrada Fault,ilF - 11atividad Fault,

cene Almejas turmation is EF - Eugenia Fault. tiumbered blocks referred
exposed slightly north and to in the text.
south of Bahia Tortugas. A
typical section of the Almejas
is''approximately 200 m thick and contains a thin basal conglomerate with clasts
derived f rom Lthe Tortugas and Valle formations overlain by yellow-brown, fine-
grained, fossiliferous arkose. The Almejas Formation was deposited upon a rela-
tively flat, but partially deformed, crosional surface upon the Tortugas Forma-
tion. With a few exceptions, basins of deposition for the Tortugas Formation were
also basins for the Almejas Formation. The megafossils found in the lowest parts
of the formation are stunted, suggesting a restricted envi ronment and possible
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brrckish water conoi tions. A diverse and abundant marine fauna flourished dur-
ing deposition of the upper part of the formation and suggests typical marine
conditions.

The late Pliocene to Pleistocene marine terraces conformably overlie the
Almejas Formation in the type section north of Bahia Tortugas where they form a
resistant cap that has been. gently folded into a southeast plunging syncline.
Tha terraces are quite variable in thickness and contain lithologies that vary
f rom coarse conglomerate to biosparrudite. Exposures on the north coast of the
p2ninsula contain similar lithologies that unconformably overlie the Valle and
Eugenia formations. Chace (1956) identified an abundant fauna that ranges in
ags f rom Fleistocene to present. Ortleib (this volume) has done considerable
work on the structural history of the terraces.

-STRUCTURE

The dominant structural pattern of the northern Vizcaino Peninsula consists
of a series of large, northwest-trending, s trike-slip faults, with suoor.dinate'

northeast-trending, normal-slip faults, which separate the area into blocks of
older and younger rock (see map in Gastil's trip log). The west side of the
paninsula is thought to be the southeast extension of the San Benito shear zone'

(Cohen et al,1963; Krause, 1965) and the San Augustin shear zone on Isla Cedros
(Figure ~2)!"~ The shear zone bifurcates southeast of Isla Cedros to becone the
Bahia Tortugas and La Bamba faults and may have a third arm through Isla Nativi-
dad that skirts the southeast coast of the peninsula. The faults appear to rejoin
southeast of Bahia Tortugas and may be traced into the Sierra de San Andres or
along the coast south of Morro Hermoso.

The La Valisa, Bahia Tortugas, and La Bamba faults are major northwest-
trending, strike-slip faults that have 12.5,11 and 27 km, respectively, of
post-Miocene movement. All of these faults exhibit right-lateral drag-folding
in Cretaceous or Miocene strata and the Bahia Tortugas fault has horizontal
slickensides where it is exposed near the Bahlo Tortugas town church. The Nati-
vidad fault is the name proposed for a distinct geomorphic lineament seen on air
photographs of Isla Natividad that corresponds on trend to a disturbed belt on
Punta Rompiente and Punta Quebrada. Amount of movement is indeterminant but the
sense is presumed to be right-lateral in conjunction with nearby faults of similar
trend. The Quebrada and Eugeni,a faults are nornal faults generated by extensional
movements related to strike-slip on the Natividad, La Valisa, Bahia Tortugas and
La Bamba faul ts.

The Valle Salitral anticline is a major northwest-southeast trending asym-
metrical feature named by Robinson (1975) (see map in Gastil's trip log). It

is post-Cretaceous in age but has continued to develop since middle Miocene time.
~

A number of smaller folds can be recognized in the area and are largely due to
post-Hlocene right-lateral, strike-slip fault movement.

M10CENE RECONSTRUCTION

Large magnitude fault displacements are recognized in western North America
and are related to tectonic adjustments during late Tertiary time- (Atwater and
Mol na r, 1973) . Baja ' California is proposed in many models to have separated by
Impingment of the East Pacific Rise upon the North American Plate and is the
latest of on going events related to interaction between the Pacific, Farallon
and North American plates. Blake el al,. (1978) have proposed a model of progres-
sive Neogene basin growth along coastal California and Baja California that
relates to the above plate interactions. In the model, Neogene basins in the
Vizcaino are shown to'have developed approximately 15 m.y. ago and have been in
a right-lateral' tectonic f ramework since that time.
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On the northern end of the Vizcaino Peninsula, the Tortugas Formation is
well exposed in four distinct structural blocks that are bounded by the La
Valisa, Bahia Tortugas and La Bamba faults, all with right-lateral displacement.
Each block dips west-southwest at 25 to 35 degrees and has an exposed deposi-
tional edge on its eastern margin. Each block has a similar yellow, fossill-

ferous, basal sandstone overlain by various combinations of sandstone, diato-
mite, bentonite and siliceous shale. It is believed that these blocks were at
one time a continuous southwest-dipping belt that extended from north of Bahia
Tortugas to south of Asuncidn (Figure 2) ar.d can be palinspastically recon-
structed in the following manner.
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By moving block 1 southeast approximately 12.5 km along the La Valisa fault,
the respective depositional edges and internal structure features of blocks 1 and
2 are juxtaposed cret Ing a continuous and internally consistent belt of Tortugas
Formation. Similarly, i f the combined blocks 1 and 2 are moved southeast 11 km
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elong the Bahia Tortugas fault, then blocks I, 2 and 3 are all properly aligned
to extend the belt of Tortugas Formation. The north side of block 3 diverges
from the pattern by having a northeast-southwest strike and a northwest dip.
Dips in the underlying Valle Formation on block 3 suggest that right-lateral drag
is the reason for the anomalous configuration and in the reconstruction, the
north side of block 3 must be rotated 90 degrees counterclockwise back to its
presumed original northwest-southeast strike. Finally, the combined blocks 1,
2 and 3 are moved 27 km southeast along the La Bamba fault to the southern end
of the stationary block 4. The combination and repositioning of blocks 1, 2
cnd 3 produces the missing piece between the northernmost Miocene exposure ina

Dahia San Cristobal and the southernmost Miocene exposure south of Bahia Tortu-
gas (Figure 2) . It should be understood that the described movements were not
individually unique, but took place penecontemporaneously over the last 10-15
m.y. Cumulative right-lateral fault displacement is approximately 50 km.

It is known that the Sierra de San Andres was a tectonic belt long before
Miocene basins formed along the western Vizcalno Peninsula. It is probable>

that the Neogene structural activity reactivated older zones of weakness within
the Sierra de San Andres and aided the late fragmentation of the Neogene strata.
These fragments were pushed somewhat westward by uplift of the Sierra and caught
up in subsequent right-lateral motion to be transported to their present geo-
graphic positions.
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STRATIGRAPHY, FORAMINIFERA,'AND DEPOSITIONAL ENVIRONMENTS OF THE M10CENE
TORTUGAS FORMATION, BAJA CALIFORNIA, MEXICO:

A PRELIMINARY REPORT AND GUIDE

by

Javier Helenes and James C. Ingle, Jr.
Department of Geology
Stanford University
Stanford, CA 94305

INTRODUCTION

The Miocene marine Tortugas Formation crops out in a broad sync 1Inal
trough north of Bahia Tortugas, Baja California, Mexico (Fig. 1). This dis-
tinctive unit represents an onshore exposure of bathyal diatomaceous sediments

-deposited along the southern margin of the Southern California Continental
Borderland province. Middle and upper Miocene laminated diatomites, porcell-
anites, and diatomaceous mudstones of the Tortugas Formation are similar in
many respects to the well known Miocene Monterey Shale of Alta California.
Significantly, similar bathyal diatomaceous units form a characteristic
Miocene facies around the entire North Pacific rim and appear to represent a.

widespread response to unusual Miocene tectonic, paleoceanographic, and paleo-
climatic events in this region (Ingle, 1973).

Two sequences have been measured and sampled in the Tortugas Formation
as shown on Fig. 1. Location 9 (Fig. 1) is 1.4 km north of the town of Bahia
Tortugas and 300 m east of the airf feld; this location encompasses the basal
portion of the unit and is termed the airfield section. Locations 1, 2, 3,
4, 7 and 8 (Fig. 1) comprise the Punta quebrada section. Sections were
measured using tape and compass at locations 1, 2, 3, 4, 7, and 9 and by pace
and compass at location 8. Samples were collected at irregular intervals
with regard for changes in microfossil content and preservation as well as
lithologic change.

Two stops will be made (as time permits) on the Isla Cedros-Vizcaino
Peninsula field trip to examine the Tortugas Formation at locations 4 and 9

STRATIGRAPHY

Sedimentary rocks of Jurassic, Cretaceous, Miocene, Pliocene, and Pleisto-
cene age crop out in the Bahia Tortugas area along with a basement complex of
Triassic-Jurassic ophiolitic rocks. The Tortugas Formation unconformably
overlies Cretaceous marine rocks of the Valle Formation at both the Punta
Quebrada and the airfield sections (Fig. 1). The upper Tortugas Formation
is in fault contact with the Jurassic-Cretaceous Eugenia Formation and Creta-
ceous Valle Formation in the Punta Quebrada area whereas it is unconformably,

overlain by the Pliocene Almejas Formation or Pleistocene alluvium elsewhere
(Fig. 1).

A composite stratigraphic section through the Tortugas Formation is pre-
sented on Figure 2 and includes both the airfield and Punta quebrada sequences.
Major lithologic changes in this section allow the Tortugas Formation to be
conveniently divided into five members (from bottom to top) as follows:

Member A - Approximately 44 m of alternating hard and soft, massive to
medium bedded, silty, fine grained sandstone containing variable amounts

,

of pelletal phosphorite (1-20%) and silicified pelecypods, gastropods,
.

.

83

. .. - . . - . - - - . - , --- -



' k
.3, ,-(,^ 4 :

*
g

, Q *, % - - w , . * * ' \*
m 7 **

8f,,h 'g*} \ b K-Je,
4/ :m e

s* n }| i' ) \.
o
'

o
, * * -., , .3 7 w s

C ". ' M t ,,, ,~3 k~*

Mt e* -
o 2 )m -,*AREA OF

MAP B
~

PUNTA /"
ag

( ''s,g* - ouEBRADA
g

O Kw

iSLA
" io 2o 3onMo ' ' ' *

-

CEDRoS >o
Pio ;

.l '

BAH /A DE o g,co
SEB A S T/A N P |" '**

na, , Ro,

V/7C A /N O / V / N YiSLA Ro,

g N AvJoAD |
'PuNTA EUGENiA J

fro LEGEN D l:./ ,
AREA OF /" 5^"''* 7! )K -Je Cretaceous-Jurossic Eugenio Fm. .

M AP C ' "/<, -9Kv Cretoceous Volle Fm. cot To SAN

f' /fA d8 A JOSE oE
/ Mt Miocene Tortugas Fm. KvToRTUGA .- CASTRO

' /j ''Pio Pliocene Almejos Fm. ,'

0 01 Quaternary olluvium
#GUERRERo ~f~ foy|t e

DE

formational contact
, dLiEBRE NEGRO

, - - - , ,g ~ g
,

f y,, . . - Unpoved roodN', SN >-

,,
#

/ CASTRO [ pK meo$ured offitude -

[' ,, ! attstude from photo (<30*)g
8"A,! '. ',. I g attitude from photo ( >30*)

' " ' " *

! v3 location of measured section TORTUGAS,/j
-- --- sj ,

SALT,',o' PoNoS |.

ASUNCidN ' --... *'' I. KM
'

'

,,[. sa= % oo-
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and echinoids. The sandstones are composed predominately of quartz and
metaquartz, subangular to subrounded grains, and calcareous cement. The
unit is yellow gray on fresh surfaces, weathering to brown. This member
is restricted to the area udjacent to the airfield section (Location 9,
Fig. 1).
Member B - Approximately 60 m of medium hard, greenish gray, light gray
weathering, medium bedded, siliceous silty mudstone. Some layers are
massive and contain chert concretions, whereas others are laminated.
Fish scales, foraminifera, diatoms, and sponge spicules are common;
sponge. spicules increase in abundance toward the top of the unit. Phos-
phorite pellets are also present.

Member C - Approximately 40 m of hard, greenish gray to tan weathering,
massive, well stratified, slIty, fine sandstone composed of sponge spi-
cules, quartz, feldspar, and minor pelletal phosphorite. Grains are
mainly subangular with content of sponge spicules as high as 40%.
Fossils include sponge spicules, statocysts of mysids, foraminifera,
fish scales, sharks' teeth and vertebrae, and molds of diatoms, ostra-
cods (?), and pelecypods. This unit contains a prominent white gray
volcanic ash about 35 cm in thickness.
Member D - Approximately 77 m of alternating hard, tan-to gray, porcel-
lanite, and medium sof t, brown gray, massive mudstone. The mudstone
varies to silty mudstone and laminated diatomaceous muds, tone with the
abundance of diatoms increasing toward the top of the unit. Fossils
include diatoms, sponge spicules, foramir,ifera, statocysts of mysids,
and radiolarians. Porcellanite layers contain rare molds of pelecypods.

Member E - Approximately 252 m of mainly soft, massive, brown weathering,
diatomaceous, silty mudstone containing cyclic sequences of white, soft,
laminated diatomite and hari, thin- to medium-bedded porce11anite. This
unit also contains one 60 cm thick, white gray, volcanic ash along with
thinner ash beds. One 35 cm thich yellowish, friable, lithic sand is
present. Yellowish-weathering chert nodules are scattered throughout
the unit. Fossil content includes diatoms, radiolarians, statocysts of
mysids, fish scales, sponge spicules, and badly weathered foraminifera. |

l
AGE !

'

The middle Miocene (Temblor) age of the sediments assigned to the Tortu-
gas Formation was first established by Hertleinand Jordan (1927) on the basis
of mollusks. Later workers have generally confirmed this age with Durham and
Allison (1960) and Allison (1964), noting that some of the Tortugas beds can
be assigned to the middle Miocene Luisian stage of Kleinpell (1938).

Preliminary studies of foraminiferal faunas in samples 4, 18, 30, 40,
41, 44, and 53 from the Tortugas Formation (Fig. 2) Indicate a significant
portion of this unit can be assigned to the Relizian, Luisicn, and Mohnian
stages of Kleinpell (1938). Age assignment of the lowermost and uppermost
portions of the formation are not yet firm. The Relizian, Luistan, and
Hohnian stages of Kleinpell (1938) are currently correlated with the late
early, middle, and early late Miocene on the basis of planktonic microfossil
evidence (Berggren and van Couvering,1974).

Although sample 4 in Member B (Fig. 2) contains a generally Relizian age
fauna, two specimens of Siphogenerina mayl, a Zemorrlan-Saucesian age species,

!

| m

'
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are also present. These latter occurrences are assumed to represent rework-
Ing in light of the dominant associated species and the presence of a Temblor
age megafossil assemblagei collected from the underlying basal Member A, which
includes the following species:

Turitella ocoyana Conrad

Leptopecton andersoni (Arnold)

Nuculana sp. - fragments
Eucidaris sp. - spines

Common Relizian age species including Florilus incisus and Uvigerina
obesa occur In members B and C with one zone and two local subzones tenta-
tively recognized (Fig. 2). The spicular sandstone of Member C has not yet
yielded age-diagnostic fossils.

Luisian through Mohnian age foraminifera are present in samples 40, 41,
and 53 including Valvulineria californica and Bulimina uvigerinaformis.
Three tentative local zones are currently recognized in Member E. " Delmont-
lan" age strata have not yet been positively identified from the uppermost
Tortugas Formation.'

DEPOSITIONAL ENVIRONMENTS

Pelletal ,hosphorite and common neritic mollusks in the basal sandstones

of Member A (F1 2) indicate these beds were deposited in a middle- to3

outer-shelf envirt , ment at water depths between 20 and 150 m as initial sub-
sidence of the shelf occurred in late early Miocene time. Rapid subsidence
to bathyal depths occurred in middle Miocene time as Indicated by the pre-
sence of upper and middle bathyal foraminifera in overlying members B through
E. Common middle bathyal forms include Uvigerinella obesa and Bulimina car-
nerosensis indicating water depth likely reached 1,000 m by late middle
Miocene time.

The presence of laminated diatomites and altered procellanites within
the Tortugas Formation suggests that most of these sediments were deposited
below sill depth in a low oxygen environment analogous to the modern silled
basins off southern California and the Gulf of California (Calvert, 1964).
Foraminifera characteristic of low oxygen conditions such as Suggrunda
kleinpelli and Bolivina seminuda are common in laminated sequences of the
Tortugas Formation along with varying percentages of neritic and upper
bathyal species of Buliminella, Hanzawala, Florilus, and Valvulineria dis-
placed into the deeper basin environment.
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-QUATERNARY' MARINE TERRACES IN SOUTHWESTERh VIZCAINO PENINSULA, BAJA CALIFORNIA,
; MEX1C0

by
- Luc Ortlieb-

Office de la-Recherche Scientifique et Technique Outre-Mer
& Instituto de Geologia

Universidad Nacional Autonoma de Mexico, A.P. 1159
2 'Hermosillo, Sonora, Mexico

; INTRODUCTION

-The Peninsula de Vizcaino is, of all the coastal regions of Baja California,
one of-the richest in Quaternary marine remnants. The first mention of late
Cenozoic uplift of the area, deduced from the occurrence of high Quaternary ter-'

races,'was made nearly a century ago'by Lindgren (1889). A few early studies
dealt with the paleontology of the Pleistocene marine-deposits (Jordan & Hert-,

' lein, 1926; Hertlein, 1931; Chace, 1956). The marine terraces of the Vizcaino
j Peninsula were mentioned in various reccanaissance geologic maps (Mina,1956,
! 1957; Troughton, 1974; Robinson, 1975; Rangin, 1978). Quaternary tectonic act- ,

Ivity has been recently reported in the neighboring offshore areas (Normark,1974,
1977; Minch, et al., 1976; Blake et al., 1978).

!~ -Preliminary results of the oFgoTng studies of the Quaternary marine terraces,
; in relation-to the neotectonic behavior of this part of Baja California, have Just

been published (Ortlieb, 1979a, 1979b).
!

; THE SANGAMON TERRACE

Around several rocky headlands of the southwestera Vizcaino Peninsula isi

found.a low wave-cut terrace. Its elevation is about 5 m above present mean sea
j level-(MSL).. Generally, this abrasion platform supports a few decimeters of

fossiliferous gravel which is itself covered by a sheet of colluvium or deflated
i sands. The main occurrence of this-terrace are Indicated in Figure 1.
| The paleo-sea level corresponding to the maximum of this transgression, in
' cach outcrop, has been determined to be presently registered at 5 to 7 m above
. present MSL. As this terrace is the lowest one in the region, and as it presents
! the best preserved fossil fauna, it is considered to be Sangamonian (last inter-
'

glacial, between 120,000 and 80,000 y B.P.). From correlative studies along the
coasts of Baja California and Sonora (Malpica et al.,1978; Ortileb and Malpica,

! 1978; Ortileb, 1978), it can-be inferred that IIie maximum Sangamon sea level has
been, in the whole region, at 5 m-above the present MSL datum.

I

THE "TIVELA STULTORUM C0 QUINA" Ay ITS LATERAL EQUIVALENTS

I The second lowest conspicuous marine terrace of the region is informally
named "Tivela stuitorum coquina" (Ortlieb, 1979a, 19796).in reference to the

. particular abundance of- fossil shells of this species in the extensive paleo-
. littoral. deposits cropping out in Bahia de San Hipolito and Bahia de Asuncion.i

i- The' sediments of the "coquina" are generally sandy, poorly consolidated, and a
: few meters thick; they accumulated in wave-built terraces presently at maximum-

~

{. elevations of 15 to'20 m. . Along the' coast, northwest from Bahia de Asuncion,
several remnants of littoral . deposits showing comparable weathering, elevation;

;. /and thickness, are interpreted to be lateral equivalents of the "coquina"
| (Figure:1). Distinct fossil assemblages and sedimentologic characteristics of
[ the deposits,are re'presentative~of different paleo-environments such as high-
!. energy open beaches, protected embayments and rocky shores.
i
V
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...[Thetransgressioncorrespond'Ingtothesedepositsisclearlyanterior_to
'the Sangamonian terrace but, according to the good preservation of the fossils

~

, :and the weak cementation of.the sediment, it must not be much-older. . Age '

| determinations by both U-series and amino-acids methods on Tivela'stuitorum
she11sJ rom this and other Pleistocene marine deposits of the area are pre-f';.
sently underway.: For. now, a late Middle Pleistocene' age (200,000 ? y B.P.),

i possibly corresponding to.the stage 7 of the deep ocean isotopic curve of
.Shackleton and Opdyke (1973), is assign'ed to this transgression.

; -The paleo-sea level, at the maximum of.this transgression, is registered
i. ~at about_+ 15 m above-present MSL. On a regional' scale, it is most probable -

-that this paleo-shoreline had been.upilfted (by a few meters), and mainly
before the Sangamon. ' i

'

| OLDER PLEISTOCENE TERRACES

) Remnants of various Pleistocene transgressions prior to the "Tivela, .

- stuitorum coaufna" are relatively numerous along the coast of the Vizcaino |

Peninsula. Tectonic' deformations,.asLwell as intense ueathering and erosion,
seriously complicate their correlation. Old Pleistocene marine deposits have4

,

'

been surveyed up to 130 m elevation, but Robinson (1975) and Rangin (personal
communication) mention higher terraces up to 250 m above MSL. The lithologies

! of the terrace material include bloclastic calcirudites and calcarenites, con- -

glomerates and sandstones. The fossils are most commonly leached or recrystal-
lized. From all the old terraces observed in the region, only the most mean- i

ingful will be mentioned here. )
j Along Bahia de Asuncion and Bahia de San Hipo11to, inland from the rem- '

nants of the "Tivela stuitorum coquina", appear several ridge-like terraces with
increasing elevations up to + 50 m (Figure 1). In Bahia de Asuncion, natural
cross-sections reveal distinct marine layers which were also deposited prior to'

the "coquina". All these paleo-littoral remnants are probably related to the
; _ Middle Pleistocene high stands of sea level.

{ in the area.of Bahia de San Roque,'several calichtfied deposits of a
j

! 30-meter terrace may be observed. Farther inland, higher Pleistocene terraces |

j crop out between 45 and 130 m above MSL. In the bay, south of Cabo Tortolo, |
E five Pleistocene discontinuous terraces h.ve been numbered, at +55 m, + 20 m,

+ 12.m, + 5 m, and at MSL. North of Bahia Tortugas, and at Punta Eugenia,
f .various mesas are capped by relatively thick terrace deposits (+80 to +130 m) . |

' Warping and tilting of some of the oldest terraces are evident, parti- !

! cularly in Bahia de San Cristobal and north Bahia Tortugas. These deformations
L seemed to be controlled essentially _by local readjustrrents, and probably also

~

L byisome regional NW-SE main structures (Robinson, 1975; Minch et al., 1976;
~ Normark,.1977; Blake et al., 1978).
!' If the two sets oT Te'rraces, in staircase disposition to the southwest of
' Cabo Tortolo and in Bahia.de Asuncion, correspond to Middle Pleistocene
! :(700,000 to 120,g00 y B.P.) transgressions, a roughly estimated regional uplif t ,

i: rate,of~70 mm/10 year.could be calculated. Extrapolating this uplift rate, ;

i' ~ . th'e Eariv' Pleistodene (1,800,000 ? to 700,000 y B.P.) terraces would be at
; elevations between +50 and'+130 m. This entirely hypothetical age estimation,
i' .primarily based:on the assumption of a continuous vertical motion of the whole
i area,:is 'not.-In disagreement with the field data, and is thus proposed until
! a more precise chronostratigraphy is established.

~

.

'

!$
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CRUSTAL DEFORMATIONS INFERRED FROM THE 0.UATERNARY SHORELINES

The Quaternary marine terraces provide probab'ly the best indicators of
vertical deformationa of the coastal, region. Two of the main problems to be
solved!are: 1) determination of the contemporaneity of isolated remnants of

-the same transgression and, 2) cetermination of the. age of the terraces. In
the:Vizcaino. Peninsula, these conditions are only partially fulfilled by the
remnants of-the two lowest terraces.

The Sangamon shoreline proved to be almost horizontal along the Penin-
sula'at an elevation close to what its original altitude probably was; the
data indicates that little, if any, regional or differential vertical motions
did occur during the Late quaternary between Punta Eugenia and Laguna San
Ignacio. The shoreline contemporaneous to the deposit of the "Tivela
stultorum coquina" is somewhat more deformed along the whole coastal region,
and at such an elevation (+ 15m) that a genaral uplift of the area be inferred.

For the period between the end of the Pliocene and the late Middle Pleis-
tocene, a possibly continuous vertical motion affected the area (rate of the
order of 70 mm/10) y). It must be added that important uplifts, of the order
of one kilometer since the end of the Pliocene, have been reported by Normark
(1974, 1977) In the central and western parts of Bahia de Vizcaino. Onshore,
along the southwestern Vizcaino Peninsula, evidence of such neotectonic motions
have not been found; these uplifts are more probably related to the nearby
southern Continental Borderland province.
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GEOLOGIC SUMMARY OF THE SIERRA DE SAN ANDRES OPH10 LITE

-by

Thomas E. Moore
Department of Geology

- Stanford University
Stanford, CA 94305

INTRODUCTION
,

- The Sierra de San Andres,-located in the central VizcaIno Peninsula, forms
-

.
a northwest-trending arch which exposes the Igneous and metamorphic basement

; rock of the Vizcaino Peninsula. In the northwestern part of the range, Minch
2 et al. (1976) and Jones e_t_ al. (1976) reported the occurrence of an ophiolitic

assemblage of rocks which they correlated to the Coast Ranges ophiolite in the
; California Coast Ranges. In order to document the nature of this ophiollte

and the relationship to the adjacent Mesozoic sedimentary rocks, mapping of
; the northwestern part of the range began in 1976. .This paper summarizes the

geologic and petrologic features of the Sierra de San Andres ophiolite. Nine
-

lithologic' units are delineated in the northwest Sierra de San Andres (Figure<

1). Although each unit is Internally' disrupted by faulting and is separated
from adjacent units by faults, the rock units are structurally arranged in an'

ophio1Itic sequence. From bottom to top, the ophiolite consists of: 1) a.

harzburgite member, 2) a plutonic complex consisting of cumulate and noncumu-
late members,~and 3) a mafic volcanic member. Other units include a serpenti-

|. nite melange unit which structurally underlies the ophio1Ite, and the Upper .

Jurassic Eugenia and Cretaceous Valle formations, which overlie the ophlo11te."

I The serpentinite melange ~ consists of serpentinite brecciaand an intercalated
exotic block horizon. These units are shown diagramatically in Figure 2.,

SERPENTINITE MATRIX MELANGE,

The structurally lowest unit'in the northwest Sierra de San Andres is !,

serpentinite matrix melange which consists successively upward of three mem-'

bers: 1) the lower serpentinite breccia member, at least 200 m in thickness;
2) the exotic block; horizon, less than 100 m in thickness; and 3)-the upper

,

( serpentinite breccia member, less than 100 m in thickness. The upper and lower
! serpentinite breccia members are composed of pebble- to boulder-size blocks of
i- massive serpentinite in a friable, foliated matrix of sheared serpentinite.
L Breccia fragments are restricted to serpentinized harzburgite and minor rho- |

dingitized diabase, both of which are Indistinguishable from those in the ser- |
,

pentinizeu harzburgite member of the overlying ophiolite. Lithologies and
~ textures from the two serpentinite breccia members are similar, suggesting
that'serpentinizedharzburgitema|yunderliethemelangeaswellasoverlieit.

_

,.

! - The exotic block horizon occurs near the structural top of the serpen-
tinite melange. . It forms a nearly cont ouous sheet'which is characterized

~ -

- by containing abundant, blocks of greenstone, greenschist, blueschist'and
gneiss. These blocks range'in size from 10 cm to 0.5 km in diameter. Matrix

' ~of the exotic-block horizon-is a dark, foliated, indurated, scaly serpentinite
and scaly. serpentinite breccia with subordinate tremolite(?) schist. Common1

: Ilthologies of the exotic blocks are metamorphosed mafic to intermediate vol- s
canic rock, petite, ferrugenous chert, tonalite and peridotite. Comon green-,

schist-facies minerals' include actinolite, chlorite, epidote, alb!te, quartz
! and white mica. Blueschist contains blue amphibole, albite and minor aragonite

|
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and garnet-in some samples, but lawsonite has not been found. Metamorphosed
peridotite contains antigorite and a magnesian carbonate (Table 1).

TABLE 1. MINERAL ASSDtBLACES OF SOME METAHORPHOSED BIDCIS FROM THE EXOTIC BLOCK HORIZON

Sample Lithology - Ab Q: Ch Ep Act B1 Amph Gt Et Stilp Vm Sph CACO Antig Ap Pe Op
3

ET-40 gneiss P P X X - - - - - X X X - X X

PN-14 blueschist I - X P - X - - - - - X - - X

PN-43 greenschist X X - - - - - X - X - X - - X
,

PN-46 metachert - X - X - X X - X X - - - - X

PN-47 greenstone P P P - - - - - X - X - X --

FN-48 blueschist P - X X X X - X - - - X - - I

PN-49 greenstone - - X P - - - - - P - P - - -

FN-50 metaperidotite - - - - - - - - - - - P I - X

V40-40 blueschist P X X X X X - - - X X P - X X

Abbreviations

I = mineral present

P = mineral and is porphyrblast

- = mineral absent ;

i

IBlocks of greenschist and greenstone are ubiquitous within the exotic
block horizon. However, blueschist blocks are restricted to the western area |

I
of the melange, whereas gneiss is located only in the eastern and southern
parts of the melange. This distribution is interpreted to result from incom-
ple'te mixing of allochthonous pieces derived from a lithologically diverse
terrane, rather than progressive metamorphism of the blocks at, or near,

,

their present positions. !

OPHIOLITE COMPLEX

HARZBURGITE HEMBER

The harzburgite member is composed primarily of serpentinized, coarse-
grained harzburgite with subordinate zones and dikes of orthopyroxenite and
dunite. The member is intruded by many diabase dikes which are now exten-
sively rhodingitized. The harzburgite is uniformly composed of about 80
persent olivine, 20 percent orthopyroxene, and 1 percent chromian spinel, and
is 80 to 100 percent serpentinIIed (Tabie 2). 1

1

f

|
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TARLE 2. MCf AL ANALYSES CP PLUTONIC ROCKS OF THE NORTHWESTERN 51ERRA DE SAN ANDRES

een krpentinied Gay Mtnathn **"''""
LSample : Texture Piag 01 : Cpx' Opx Hb Q: Fe-Op Other

Amph 01 Opx of plan of plas

Harrburgte_ Member
78 16 - -ET-7 XC. - 1- 4 - - 1 .-

2 - 2 - - tr - 85 11 .- -ET-31 XC .-

CA-6 AG - - - - - - 1 - 64 35 - -

Cu-ulate Cabbro Megeber

- ET-3 HL tr 15 2 - - - 3 - 64 - 24 -

18 3p - - 1 1 - - tr -ET-11 MC 77 -

ET-14 . HC 34 12 3 11 - - 1 - 33 - 16 - 91
ET-24 PEG 42 - 5 15 - - 2 38 - - er - 67-52
ET-27A MC - 54 - 36 tr - - tr 10 - - tr

'

ET-36 AC' '43 - 48 1p - - tr 3 - - 4 -

PN-1 AC 46 - 46 6p - - tr tr - - 1 - 91
-- - - - - - - 3 3 99PN-45 AC ' 92 ' - 2,

SC-3 AC 53 - 33 11p - - tr - -- - 3 -

$0-5 AC 54 - 43 2p - - 2 1 - - tr - 81-67

SC-11 AC 53 - 35 6p - - 1 6 - - tr -'

CA-3 AC 63' 38 1 11 - - tr - tr - tr - 94

CA-4 MC 59 4 29 51 - - tr - 2 - tr -

OA-5- NC 65 5 25 41 - - tr - 1 - tr - 92
15 -CA-15 MC tr 3 40 - - - 4 - 39 -

553 MC 53 9- 32 31 - - tr - 4 - tr - 91
SM-5 OC 15 45 7 - - - 3 - 23 - 2 2 84-71

Kon-cumulate Cabbro Member
PN-18 HYP 47 - '8 - - - 1 43 - - tr -

PN-288 KYP ' 43 - 24 - - - 2 27 - - tr 4
tr 4 71-56SC-8 HYP 47 - 7 - - - 2 39 - -

SC-10 HYP 57 - - - 16 16 3 - - - tr 8 15'

SC-14 HTP 56 - - - 13 20 1 - - - 2 8

Abbreviations:
1 = interstial orthopyroxene AC = adcumulate texture PEC = pegsstite
p = pcikilitic orthopyroxene MC = nesocumulate texture tr = trace.

XG = xenomorphic granular texture OC = orthecumulate texture
HC = heteradcurailate texture HYP = hypidiomorphic texture

.

4

Despite the extensive serpentinization, primary textures are well-
preserved. They are allotriomorphic with some relict olivine exhibiting kink
bands. Podiform chromite is locally present and exhibits cumulate textures

| In some localities. Cumulate textures, however, are mostly absent in the
harzburgite member as are clinopyroxene-bearing ultramafic rocks such as wehr-.

:. lite and clinopyroxenite. The above features indicate that the ultramafic
| complex has affinities with tectonized, alpine-type peridotite.

PLUTONIC COMPLEX

The plutonic complex is composed primarily of gabbroic rock which is
;. divided into petrologically distinct cumulate and noncumulate members. The

cumulate gabbro'is dominated by c1Inopyroxent. and plagioclase cumulate phases.'

which exhibit ad umulate and mesocumulate textures. Orthopyroxene is common
as an;intercumulate phase, both as Interstitial grains and as oikacrysts.

i Planar lamination Is common .In these rocks; ratio layering, graded layering
i and cross-stratification-are locally present. in some places, fault-bounded

blocks of massive olivine melagabbro and troctolite are included within the
| plagioclase-clinopyroxene cumulates. The melagabbro has orthocumulate and

heteradcumulate textures with olivine and Fe-opaques as cumulate phases, and'
:

plagioclase and c1Inopyroxene as intercumulate phases, the latter occurring
as olkacrysts. These mafic gabbros, less aundant.in the plutonic complex,

1
!

i

;
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1

' are interpreted as . representatives of deeper levels of the plutonic complex
which have been~1argely faulted out by later thrust faults.

Noncumulate gabbro, exposed in several large fault blocks adjacent to
.

the cumulate gabbro, is less abundant than the cumulate rock. Noncumulate| ,

9abbro displays hypidiomorphic to diabasic textures with plagioclase as the
liquidus phase and clinopyroxene as a later phase. In most places, the clino-

i- pyroxene is partly replaced by fine grained,- pale green, actinolitic amphibole,
| probably indicative of oceanic-ridge hydrothermal metamorphism.

In one location, the noncumulate gabbre is_ intruded by abundant plaglo-
- granite dikes and dikelets which consist of fine grained, hornblende tonalite'

and minor' albite granite. Quartz is a late phase in these rocks and appears
as poikilitic grains and myrmekitic intergrowths with sodic plagioclase. A

L suunnery of petrographic data from the plutonic complex is shown in Table 2.

f' VOLCANIC MEMBER

| Volcanic rock consists predominately of mafic pillow lava which is depo- ,

'sitionally overlain by fossiliferous tuf f, carbonate, shale and volcaniclastic;

! sandstone and pebblestone of the Upper Jurassic Eugenia Formation. Near this
|- contact, pillow lava is interbedded with the overlying sedimentary rock and

exhibits.large and well-developed pillow structures which locally containi

Interpillow limestone. Lower in the complex, alteration is more Intense and
: has partly obscured pillow structures.

Most pillow lavas are sparsely microporphyritic with plagioclase and
clinopyroxene, plagioclase and a Fe-opaque with intersertal and Intergranular '

textures; variolitic textures are also common. The lack of olivine, the
,

; occurrence of secondary chalcedony in the groundmass, and one chemical analy-
i sis of 'a lava (Table 3, number 2), suggest that the lavas are tholelltes or

mafic andesites. Thin-section examination of representative rocks of the,

volcanic member Indicates _that there is little variation in the primary min-,

i eralogic.composit!on of the lavas throughout the complex.
As mentioned above, alteration appears to increase downward in the vol-

canic complex.- Upper level lavas retain calcic plagioclase although ground-
,

i mass glass is altered to chalcedony and smectitic clay. Lavas from deeper
! . levels are extensively altered to spilltic assemblages which include albite,
; chlorite and sphene but still' retain clinopyroxene as comon phases. Although

not studied in detail,' this alteration may have resulted from oceanic-ridge
metamorphism. However, this does not necessarily imply that the ophiolite

;
. formed at an oceanic ridge. 1

MES0Z0lc SEDIMENTARY ROCKS

The Upper Jurassic Eugenia Formation and the Cretaceous Valle Formation
overlie the ophiolite. The Eugenia Formation lies depositionally on, and

; is interbedded with, the volcanic-member of the ophiolite and consists of
| Buchia plochi,l_-bearing volcaniclastic sandstone, pebblestone, shale, tuff and
j_ minor. carbona te. - Sandstone from the base of the Eugenia Format;on contains

significant amounts of quartz and abundant lithic fragments of mafic, inter-
mediate and silicic composition and is overlain by a thick 'section of tuff,
- tuf faceous shale and limestone (see Barnes, this volume).

The Valle Formation consists of interbedded massive conglomerate, sand-
stone and shale which was probably deposited in deep-sea fans. Detrital con-

~

stltuents of the Valle Formation appear to be derived principally from the

-98
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TAsts 3. Chenleal Analyseo of Decks of the porthwestern
sterra de San Andrie

1 2 3 4 5 6 7 8 9 10.

$10 64.2 $5.8 49.0 37.9 40.7 41.9 52.0 40.0 49.0 53.02

Al o 17.1 12.8 16.9 11.1 5.5 14.0 14.1 16.4 , 16.0 34.2la

d.3 e.1 3.9 28.3 17.7 8.6 11.7 6.3 7.7Mgo 2.5 *

Fe 0 4.8 11.5 4.4 12.1 10.5 7.9 7.5 3.8 9.4 10.233

C40 4.9 6.0 18'.2 27.9 4.7 9.9 13.1 1s.0 14.4 11.9

,
Na 0 5.2 4.1 1.2 1.8 .4 .9 2.4 .8 1.6 2.32

x0 . 8P .40 .07 .05 .04 .12 .72 .04 .05 .172

Mno .06 .13 .08 .17 .14 .11 .14 .Os .11 .14

Total 100.0 97.1 90.0 94.9 90.3 92.5 98.6 94.8 96.9 99.4

ta!/unanalysed
elements *0.8 2.9 2.0 5.1 9.7 7.5 1.4 1.2 3.1 0.4

1. Hornblende plagtegrenite (sc-10), intrusive inte uralite gabbre 6. Treetalite (ET-14), on a ridge,1.'5 km from eeean, 4.5 km east
near San Cristdbal shear sene, Arroyo San Cristobal. of Punta Morre Mersese.

2. Sparsely microporphyritte plagioclase pillow basalt (m-3), la 7. Sasaltle dike (PN-30),1struelve inte gabbro, 2 km from the
seac11sts, 2.5 km northwest of Puerte Recondito. Tertugas road and 0.5 km east of the Puerte muevo road.

3. Clinopyresene gabbro (Pu-1), 2 km from the Tortugas road along 8. Olivine clinopyrosene leucogabbre (CA-5), la en arroye, 2 km
the Puerto Nuevo roa(, South of Cerro Asul.

4. podingittaed clinopyromene plawleclase diabase la serpentinite 9. Uralitised gabbronerite (87-34), pegmatite in gabbro, in an
(PX-17), 4 km from the Tortugas road along the Puerto Nuevo arroyo 1 km from ocesa and 4.5 km southeast of Punta Morre
road. Nerposo.

5. C1&nopyroxene 11 vine melagabbre (sm-5), top of ridge. 2.5 km 10. Uralite gabbro (SC-8), 0.5 km north of the sas cristnbal sheer
southeast et the junctlen of the Tortugas and Puerte huevo sone, Arroye San Criet4bal.
road..

Peninsular Ranges batholithic complex (Minch et al., 1976). The Valle Forma-
tion ~ overlies the Eugenia Formation on a low-angle unconformity (Robinson,
1975) and may have been deposited directly on an erosional surface developed
on the ophiolite in the northwest Sierra de San Andres.

STRUCTURAL RELATIONS

The rocks of the Sierra de San Andres are structurally compilcated by
abundant faults which reflect a number of deformational events. Despite this
complexity, the ophiolite composes a narrow, northwest plunging antiform with
the serpentinite melange forming the core of the complex. Overlying the,

melange are the harzburgite member and a succession of fault blocks exposing
In turn, cumulate gabbro, noncumulate gabbro, volcanic rock, and the volcani-
clastic sedimentary strata of the Eugenia Formation. The Cretaceous Valle
Formation structurally overlies all of the above rocks (Figure 1).

A number of geologic structures disrupt the above sequence. These include
Internal structures which are restricted to the basement complex and external
structures which involve both the ophiollte and the surrounding Mesozoic sedi-
mentary units. These are summarized below.

l
!

!

l
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FIGURE 1. GEOLOGIC M TP OF THE NORTHWESTERN SIERRA DE SAN ANDRES f
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INTERNAL STRUCTURES
:

Serpentinite Melange.-Several structural and lithologic lines of evidence
argue strongly that the serpentinite melange is tectonic in origin. These
include: 1) the presence of allochthonous metamorphic blocks whose nearest
present exposure is on Cedros Island; 2) ubiquitous shear foliation in the..
serpentinite matrix; 3) a progressively disrupted zone of massive serpentinite

| which occurs along the contact with the overlying harzburgite member of the
ophlollte (Figure 2); and 4) the lack of any sedimentary rocks or structures'

3 _in the melange. The basal position of the melange to the ophiolite, and com-
parison with structural relations in California and Cedros Island, led Jones

sTmiTar(to the Coast Ranges thrust and that rocks underlying the melange are
et al. 1976) to propose that the melange represents a window through a thrust

o.f Franciscan affinity. Although the foliation in the serpentinite matrix is
commonly steeply-dipping and the exotic block horizon is folded into a north-
easterly elongate antiform, the shallow-dipping outcrop pattern of the exotic.

block horizon suggests that the serpentinite melange may have originated as
a thrust fault. However, serpentinite breccia at the base of the melange*

(lower member) suggests that massive serpentinite may also occur at depth.
,

At present, no rocks of the melange have been dated. However, the blocks
of metamorphosed tonalite and intermediate volcanic rock in the melange have4

unmetamorphosed equivalents in the southeastern part of the Sierra de San
Andres and Iri the Punta San Pablo-Asuncl6n region. These rocks have been
dated at 154 m.y.b.p. by K/Ar and U/Pb methods (Troughton,1974; Kimbrough,

j pers. comm.). If the blocks of tonalite and intermediate volcanic rock are
; assumed to have been derived from these rocks, the metamorphism of some blocks'

In the melange and the for.na' he melange must have occurred after 154
m.y.b.p.

Gabbro-Harzburgite Contact. The contact between the serpentinized harz-
burgite and the cumulate gabbro is a subhorizontal fault. In most outcrops
this fault places clinopyroxene plagioclase cumulate rock on top of serpen-
tinized harzburgite, suggesting that the ultramafic lower part of the plutonic,

complex may have been faulted out. The contact is disrupted and Is marked by!

a 2 m zone of dark, scaly serpentinite. Adjacent gabbro locally exhibits-

cataclastic texture and alteration to greenschist facies mineralogy. In one,

I locality west of the road to Puerto Nuevo, disrupted cumulate gabbro rests on
| top of serpentinite breccia of the melange unit possibly indicating that

faulting took place af ter the formation of the melange.
Shear Zone. A major east-west trending shear zone cuts through the

| ophiolite and places serpentinized harzburgite against gabbro and volcanic
rock. The shear zone consiscs of steeply-dipping, foliated and indurated<

serpentinite which envelopes olocks of gabbro and diorite derived from the,

j ophlollte.. The shear zone truncates the fault between the harzburgite and
cumulate gabbro members showing that the shear zone has had the more recent
displacement.

Block Faults. All' parts of the Sierra de San Andres basement complex
are strongly disrupted by block faults on meter to kilometer scale. In the
seacliffs south of Puerto Escondido, faults of this type are cut by an undated

:diabase dike which is extensively altered to green blotite and albite. The
youngest volcanic rocks in the central Vizcaino Peninsula are Miocene in age
(R. G. GastII, pers. comm.) suggesting that the block faulting of the base-
ment complex occurred before Miocene volcanism, perhaps concurrent with the
deformational events which produced the previously described structure.

1
l
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F1 CURE 2. SOMMATIC STiPXT'JRAI. 58CT105 0F THE BASSWff ROCE OF THE NDR11RfEST $1ERRA DE SAR ANDRES
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STRUCTURES INVOLVING ADJACENT MES0 ZOIC SEDIMENTARY ROCK

Boundary Faults. Although the volcanic member is conformably overlain anc
interbedded in several places with the Upper Jurassic Eugenia Formation, in
most places the contact of the ophiolite with the adjacent Hesozoic sedimentary
strata is faulted. These faults include both high-angle and low-angle faults.
The steeply-dipping faults are normal faults that- bound the basement complex
and are the faults along which the Sierra de San Andres has been uplifted.
Uplift may have resulted from upward movement of underlying low-density serpen-
tinite through the overlying sedimentary strata in piston-like fashion. Where
Mesozoic sedimentary rock lies atop the basement complex, the contact is a low-
angle fault. The origin of the low-angle faults is an enigma, but may have
resulted from small amounts of displacement along a Cretaceous nonconformity
which was developed across the ophiolite.

Strike-Slip Faults. Several northwest-trending faults cross the Sierra
de San Andreas. These faults appear to exhibit right-lateral separation. The
most prominent fault crosses Morro. Hermoso and may be the southern extension of
faults which are reported by Robinson (1975) to offset Pleistocene strata.

CONCLUSION

The rocks of the Sierra de San Andres are interpreted to form a partial,
disrupted ophiollte as defined at the Penrose Conference on ophiolites in 1972.
Lithologies which occur in the Sierra de San Andres include a tectonized and
sepentinized ultramafic complex which is composed predominately of harzburgite,
a cumulate and noncumulate gabbroic complex, plagiogranite, and pillowed mafic
volcanic rock, all of which are important elements of ophiolite complexes. In
addition, the Sierra de San Andres basement complex exhibits a disrupted but
still sequential arrangement of the component lithologies similar to the pseudo-
stratigraphic sequences of classic ophiolites described by Coleman (1977). This
analogy is. strengthened by similarity In chemical compositions of a few repre-
sentative rocks (Table 3) to other ophiolites as shown in the AFM diagram of
Figure 3 It should also be noted that metamorphism of the Sierra de San Andres
volcanic and upper level plutonic rocks to spilltic assemblages is similar to
metamorphic features found in other ophiolite complexes. c

The Sierra de San Andres complex differs from other ophiolites mainly by
lacking a thick section of ultramafic cumulate rocks such as wehrlite and
clinopyroxenite at the base of the plutonic section and a sheeted dike complex.
These features may result from tectonic thinning during emplacement. Therefore
the Sierra de San Andres complex should be classed as a partial ophioilte.

The site of formation of the Sierra de San Andres ophiolite is not clear.
Because it lacks siliceous volcanic rocks such as those of the Del Puerto

* complex in the California Coast Ranges (Evarts, 1977) and because it is litho-
logically similar to classic ophiolltes which are thought to be oceanic in
origin, it can be argued that it originated in a mid-ocean ridge environment.
However, pillow lavas of the ophiolite are interbedded with, and are overlain
by mafic, intermediate and silicic volcaniclastic strata of the Eugenia Forma-
tion. This relationship suggests that the ophiolite was located adjacent to
an active volcanic arc and was formed simultaneously with deposition of the
island arc-derived volcaniclastic strata of the Eugenia Formation. Formation
of.the ophiolite in a marginal basin or in an Island-arc environment is there-
fo re l i kel y. Facles relations, sedimentary petrography and paleocurrent
analysis suggest that the provenance of the Eugenia Formation is, in part,
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the andesitic and tonalitic lsland-arc rocks exposed on Cedros Island and the
Vizcalno Peninsula (Boles, 1978; Barnes, this volume). In the Vizcaino
Peninsula, these possible sou:ce rocks crop out in the southeastern Sierra de
San Andres and in the Punta San Pablo-Asunci6n areas which are located outside
of the above-described area. Examination of ti.e age, structural, compositional,
and metamorphic relationships between the Sierra de San Andres ophlo1Ite and
these Island-arc lithologies in the VizcaIno Peninsula is the subject of my
current research.
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MINERAL DEPOSITS OF VIZCAINO, BAJA CALIFORNIA SUR, MEXICO

by

Francisco J. Altamirano R.
Consejo de Recursos Minerales
Chilpancingo, Guerrero, Mexico

GEOLOGICAL NOTES

ANDESITE

The rocks of the central zone of the Vizcalno area are hornblende pyroxene
andesites with a general cast-west trend and an estimated thickness of 400
meters. This lithologic unit consists of pyroclastic tuffs and volcanic flows,
some of,them formed in a sub-aqueous envi ronment. Thin Ilmestone horizons
(beds) showing incipient metamorphism are found in a few places. In some places,
pillow lavas were observed. This volcanic sequenca is in contact with serpen-
tine and it is partially overlain by Pleistocene deposits. Its lithology is
SWty similar to the Franciscan Formation and it is considered to be of Jurassic
age.

SERPENTINE

It occurs in the middle-west area (Figure 1) with an east-west bearing in
its central portion that reaches the Pacific coast and N40 E in its western
zone. This rock is commonly found in fault contact, mainly with andesite and
diorite, particularly along edges subjected to great stress. In the serpen-
tine mass, large rounded xenoliths of andesite were observed with concentric
hydrothermal alteration.

CALIFORNIA BATHOLITH
---..

In the southern part of the above mentioned zone there is a plutonic rock
mass varying from granite to diorite with a prominent apophysis near the oasis
of San Jose de Castro. Its composition varies from basic to acid fo11owing an
eastward bearing.

ULTRABASIC ROCKS

Semicircular outcrops of these rocks were found in the south-central area,
their composition varies from pyroxene gabbro to augite and amphibole gabbro.
Apophyses of this rock are found in the andesite and near the serpentine zone.

** BASALTIC FLOW ROCKS

in the southeastern part of the area there exist several plateaus capped
by flow rocks from 3 to 5 m in thickness that overlies the Tertiary-quaternary
sedimentary rocks. North of Saa Roque the fractures from which the lava erupted
were observed.

SEDIMENTARY ROCKS

The aren to the north and west consists of Valle Formation, A,lmejas Forma-
tion, and Pleistom;ne sedimentary strata. The Valle consists of alternating
beds of shale and sandstone < ith a coarse conglomerate of voicanic rocks.

Airejas Formation consists of bentonitic-shale, in some places containing
gypsum, Fossiliferous rocks occur at the top of the formation. Pleistocene
depcsits consist of calcium carbonate-cemented gravels and sands with a thick-
ness of 20 meters. The Pleistocene strata are in turn overlain by basaltic
gravels. -
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STRUCTURAL GECLOGY

The structural trend of the Baja California Peninsula is in general N40 W.
Parallel to it are la Giganta anticline and the transcurrent faults which dis-
placed the Baja California Peninsula toward the northwest.

In the Vizcaino region, the structural trend is from N40 W to N60 W.
Another fracture system is oriented perpendicular to the tangential stress.
In the west-central region the structure changes its bearing to east-west.
The fracture systems affected not only the metamorphic and igneous rocks, but
also the basalts.

The bearing of the above structures corresponds to the zones affected by
the main geodynamic stress and the serpentine bodies lodged within them. Con-
cordantly the mineral deposition was localized mainly in these zones of weak-
ness (Figure 2).

MINERAL DEPOSITS

MACNESITE

The ore is found in the andesite-like veins, stock-works and ' bonanzas",
which suggests a hydrethermal origin. As the deposition required great
amounts of water, it may have been formed in a marine environment as suggested
by the flint found in andesite rocks south of Bghia Asuncion town.

The outcrop areas are largely oriented N50 W to due east; mineralized
outcrops extend over a distance of two kilometers; the main outcrop of this

,

fracture zone is as much as 200 meters in length and as much as 50 meters in
width. Magnesite occurs as colloidal precipitates, is crypto-crystalline,
white, hard, and compact.
ASBESTOS

The geology of ore deposits is very complex as inside the body of ser -
pentine there are rounded-andesite boulders with concentric hydrothermal ser-
pentinization. The hydrothermal activity was actually present as can be seen
south of the town of San Jose de Castro. It suggests that a basic 'hother
- rock" was subjected to dynamometamorphic stresses yielding serpentine and,
later, hydrothermal serpentinization processes continued, forr.ilng asbestos
and magnesite.

The veins are composed of several stringers which form a single structure
of 0.3 meters in width widening to 11.5 meters in one place. The veins are
grcuped in two or three outcroppings as much as 15 meters long. The ore is
chrysotile whose fiber is from 1/16" to 1" in lengtS; occasionally being as
long as 3/4". -

CHROMITE

The ore is massive, compact, black to dark grey and hosted in serpentine.
The outcrops are very short, the higgest of which averaged 23 meters in length
and 3.7 meters in width, and could be followed with interruptions for 200 meters
at the surface. Its origin can be a magmatic segregation from the ultrabasic
" mother rock" from which the serpentine originated.
COPPER

in the Vizcalno area there is a wide cupriferous zor.e hested mainly in
andesitic and dioritic rocks. Its mineralogy is very simple; malachite,
acurite, and rarely covellite cnd cb61copyrite (El Dati f on prospect). Its

origin is hycrothermal .
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GOLD

Native gold is present in quartz veinlets north and south of Vizcaino,
and in La Pintada countains vhere it is found in andesite in the vicinity of
granitic intrusives which possibly were the source of mineralization. Placer
exploitation on a minor scale has been carried out to both the north and south
of the Vizcaino " Sierra" in Pleistocene deposits near the andesites.
DIATOMITES

The shallow waters of coastal seas and lakes permitted the deposition of
diatomi tic sediments which formed the Tortugas Forrnation. They consist of
thin, strati fied horizons of a cream white color.
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PRELIMINARY OBSERVATIONS ON THE GEOLOGY AND PALEONTOLOGY OF THE

ARROYO TIBURON AREA, BAHIA DE ASUNCl0N, BAJA CALIFORNIA SUR, HEXICO,

Shelton P. Applegate, Ismael Ferrusquia-Villafranca, Luis Espinosa-Arrubarena
instituto de Geologia

Universidad Nacional Autonoma de M6xico
Ciudad Universitaria

Mexico 20, D.F., Mexcio

ABSTRACT

Rocks in a large area at Arroyo Tiburon contain fossil shark's teeth,
marine mammal remains, crocedyle f ragments, bi rd remains, and bony fish
vertebrate and olates. The fossiliferous strata are unnamed and consist
of tan, fine sandstone that was deposited in a quiet bay whose depth was
probably no greater than 14 m. The age of the strata is open to question,
but they are either Middle or Late Miocene. The second alternative is
suggested by the presence of fossils from living species of Carcharhinus.
The most abundant fossils are shark's teeth. The shark fauria consists of:
Eugomphodus acutissima, Isurus hastalis, l. plana, l. oxyrinchus, l. sp.,
Carcharodon megalodon, Galeocerdo aduncus, Hemipristis serra, Negaprion
sp. , Sphyrna sp. , Carcharhinus obscurus, C. Limbatus and C. brachyurus.
The remainder of the fauna includes remains of at least two pinnipeds (an
odobenid and an otorlid) cetacean vertebrae and bullae, crocodyle scutes,
and fish vertebrae. The paleoecologic setting for this fauna was that of
a quiet, shallow, temperate bay.

INTRODUCTION

The Arroyo Tiburon area is well-known as a paleontological site in
Baja California Sur, yet no formal description of its geology and paleon-
tology has been published. The area was visited twice by staff members
of the Departcmento de Paleontologfa, Instituto de Geologia, Universidad
Nacional Autonoma de M6xico, and the present paper is a prelin.inary summary
of their observations.
LOCATION

Arroyo Tiburon lies 10 km northwest of the town of Bahfa de Asuncidn.
The fossiliferous beds crop out 2 km east of the coastal road. The known
productive area is about 2 so. km. The whole region is under consideration
to become a National Monument, hence collectors are requested to obtain
written permission from the Director of the Instituto de Geologfa to collect
in the area.

The local physiography includes a series of small rolling hills, sepa-
rated by creeks, set in a large plain associated with a dissected mesa. The
beds are gently dipping toward the coast.

LOCAL STRATlGRAPHY

The stratigraphic column f rom bottem to top includes tan fine sandstone
with vertebrate fossils, diatomite, gray calcareous sandstone with inverte-
brate fossils, and a conglomerate.
TAN FINE SANDSTONE

The total thickness is unknown but at least 20 m are exposed. The sand-
stone is unconsolidatad, shows no apparent stratificatien, and has concretions

113



.

h

end irregular burrows up to a meter or nore long. This unit contains verte-
brate fossils. The aoe is Late Piocene as discussed below.
DIATOMITE

The diatomite unconferrably overlies the tan sandstone. it is 10 m
thick, white to light gray, very gently folded, and its age is unknown.
DARK GRAY CALCAREOUS SANDSTONE.

It is I to 3 m thick, well-indurated, and unconfornably covers the
diatomite. The following invertebrates were collected: the giant Pliocene
barnacle Balanus gregarius, Ost rea sp. , Patinopecten sp. , C rassatelli tes
sp., Turritella sp., and Rapane sp. This assemblage is suggestive of a
Late Pliocene age.
CONGLOMERATE

lt is unconsolidated and contains angular, igneous and metarcrphic
pebbles and cobbles f rom 5-20 cm in diameter. Its thickness varies from
15-30 cm. It forms the upper part of sone rolling hills, resting directly
over the tan sandstone. However, this conglomerate unconformably overlies
the darx gray cSlcareous sandstone, therefore it must be the youngest stratum
in the area. Its age is either very Late Pliocene or Quaternary. No fossils
were found, so it is not possible to make a more precise age assignment.

PALEONTOLOGY

The vertebrate fossils recovered from the tan fine sandstone include
shark, bony fish, a reptile, birds, and mammals.

ELASMOBRANCHS

They form the bulk of the fauna. The following species have been
Identified:

Eugomphodus acut',sima. An extinct species represented here by only
a single tooth. The scarcity is surprising because this species is quite
common in the overlying Almejas Formation at Bahia Tortugas.

Isurus hastalls. This extinct species is very abundant and may be more
numerous than Carcharodon megalodon.

Isurus plana. An extinct species commonly found in Arroyo Tiburon.
isurus cf. I. oxyrhynchus. It is represented by 10 teeth and may be

the undescribed shark's tooth of the Santa Rosalla area, or it may be assign-
able to a living species. More material is needed to decide.

Carcharodon regaloden. This species has been found here in the past in
enough abundance to give Arroyo its fame. Collecting these teeth has been a
popular past time for both foreigners and local inhabitants of Bahl'a de
Asuncl6n. The teeth in our collection show what Leriche (1926) referred to
as a pseudodenticle. This is a rounded protuberance at the base of the crovn.
Other teeth show wrinkles in the same area, a feature also illustrated by
Le ri che (og.ci t . ) . This characteristic seems to be absent f rom C. megalodon
in the Pliocene localities of Baja California. The absence of C_7 suicidens
and C. carcharias, common in Pliocene strata, speaks favorably for a Middle
Miocene age assignment.

Galeocerdo aduncus. The teeth of this species are characteristic for
the Middle to Late Miocene (Applegate, 1978). To date, we have oc clear
record of G,. aduncus f rom the Pliocene.

114

t



Hemipristis serra. This shark is well known from the Middle Miocene to
the Late Pliocene. In the Early Pliocene it was replaced by smaller species
(Negaprion sp.). This form is similar to an undescribed species from
Locality BCN-12, La Mision, Baja California Norte.

Sphyrna sp. This species is known by only a few teeth, all of which
lack serrations. This feature places these teeth close to those of the
Ilving Sphyrna-zygaena.

OTHER VERTEBRATES

Teleosts. Represented by unidentifiec vertebrae and the parasphenoid
of a large tuna fish.

Reptiles. A few crocodyle scute f ragnents up to 3 cm in diameter
(seemingly representing quarters of whole scutes) were found.

Birds. They are represented by fcur small, broken leg bones of chicken
or smaller size birds.

Mammals. They are the second most abundant remains but far less so than
the sharks. The mammal fossils include vertebrae of large cetaceans. Some
show shark's teeth marks and even healed f ractures. Isolated tympanic bullae,
probably belonging to these whales, are also present as well as smaller ceta-
ceen vertebrae of dolphin or porpoise size and shape. At least two different
pinnipeds are present, an odobenid (walrus) and an otarild (sea lion), whose
humerus is strikingly similar to that of the living zalophus.

AGE CONSIDERATIONS

This study is by no means complete, yet the stratigraphic range of the
identified taxa. chiefly the sharks, are certainly indicative of a Middle to
Latc fliccene age. The presence as fossils of living species of carcharodonine
strongly suggests a late Miocene age as the most probable one and here it is
so tentatively regarded.

ENVIRONMENTAL INTERPRETATION

The sedimentologic and field characteristics of the fossil vertebrate-
bearing sandstones indicate culet, shallow marine deposit,lon in a restricted
envirormeat. The observed characteristics could be fulfilled in a shallow
bay. The vertebrate fauna, particularly some of the sharks, restrict the
depth to 10 to 14 m. The shark's teeth marks on the cetacean bones indicate
a predator prey relationship and also speaks for the presence of a direct
oceanic connection for the bay. It is almost certain that the large sharks

-such as Isurus hastalls, l. plana and Carcharodon megalodon fed and scavenged
on the marine mammals. The mammalian fauna must have included wal ruses and
sea lions. The crocodyle suggests Icr d proximity, although it may be that
this crocodyle could have been a salt-water species. In short, we envision
the piau. as a shallow bay that constituted a calfing and rating ground for
whales and associated vertebrates, much as occurs today at Laguna Ojo de
Liebre in Baja California.

REFEPEliCES

Applegate, S. P., 1978, Phyletic studies, Part 1: Tiger sharks: Univ. Nal.
-Auto. Mexico, Inst. Geclogis. Revista, v. 2, p. 55-64.
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SAN HIPOLITO FORMATION: TRIASSIC MARINE ROCKS OF THE VlZCAINO PENINSULA

by

J. William Finch Emile A. Pessagno, Jr. Patrick L. Abbott
Coquina Oil Corp. Program for Geosciences Dept. of Geological Sciences
Denver, CO 80202 Univ. of Texas at Dallas San Diego State University

Richardson, TX 75080 Sin Diego, CA 92182

INTRODUCTION

A 2,400 m thick sequence of Triassic marine sedimentary rocks crops out
2on the 20 km area of Punta San HipolIto located 40 km southeast of Asuncion

on the Vizcaino Peninsula. There are no other confirmed exposures of San
Hipolito Formation. More complete discussions of the formation can be found
in Fink (1975), Finch and Abbott (1977) and Pessagno, Finch and Abbott (1979).

,

STRUCTURE

The San Hipolito Formation is separated at its contact with the Valle
Formation by a northwest-striking fault. The fault is poorly exposed but it
is believed to dip to the southwest beneath the San Hipolito Formation. In
general, the beds of the formation comprise a southwest-dipping homocline with
most dips ranging between 30* and 60*.

STRATlGRAPHY AND PALEONTOLOGY

The San Hipolito Formation was deposited on top of cceanic, basaltic
pillow lavas. Between some pillows is red dolomitic limestone containing the
thin-shelled hemipelagic pelecypod Halobia s2

A composite section of the formation has a maximum thickness of 2,400 m
and has been divided into four informal members listed in ascending order:
(1) chert member, (2) limestone member, (3) breccia member, and (4) sandstone
member (Figure 1). The best exposures are viewed in a composite section in
southeastern Punta San Hipolito, partly along the coast and partly in the low
hills behind the fishing village of San Hipolito.

The chert member is up to 245 m thick and is made up of alternating beds
of red radiolarian chert; Halobia- and radiolaria-bearing, green, celadonitic,
tuffaceous chert; and a few beds of-green volcaniclastic sandstone. A detall-
ed section of the chert member is shown in figure four of Pessagno et al
(1979). Chert beds at various horizons contain Halubia lineata of middle
Norlan age. The chert member, as well as the overtying ilmestone member,
contain abundant radiolaria. The radiolarian assemblage is diversified and
includes 25 new species, ten new genera, one new subfamily and two new fami-
lies (Pessagno et al., 1979). The fauna has been separated into a lower #

~ ~

Mostlerium Zone [ late Karnian to late middle Norlan) and an upper Pantanell-
lum silberlingi Zone (late middle Norlan to late Norlan). The Mostlerium
Zone is known from the Klamath Mountains in California, from eastern Oregon,
and from British Columbia. The P_. silberlingi_ Zone is apparently present in
the queen Charlotte Islands.

The first occurrence of limestone beds above the chert member defines
the base of the limestone member which is 95 to 210 m thick. The limestone
member consist!, of thin alternating beds of recrystallized limestone and
volcaniclastic sandstone near the base with thicker limestone and volcani-
clastic sandstones dominating the upper part. The limestone beds contain
poorly-preserved, calcitized radiolaria as well as thin layers composed
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Figure 1. Columnar section of the San Hipolito Formation

mostly of Halobia. Toward the top are thin beds packed with thin shells of
the hemipelagic pelecypod Monotis cf. Honotis subcircularis of Late Triassic
(Norlan) age. Autobreccias, both in the limestone and chert members, and
chaotically folded beds in the limestone trember which are bounded above and
below by undisturbed bedding, suggest that these two units were deposited on
a sicpe.
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The upper. surface of the timestone member is an irregular erosion surface
with up to 100 m of relief. Deposits upon this surface are up to 105 m thick

iand are volcanic gravels containing .large limestone blocks; this unit is the
breccia member. Limestone blocks up to 3 m diameter contain a diverse, abund-
ant, shallow water fauna distinct from the deep water fauna of the limestone'

member. Fossils include corals, gastropods, pelecypods, crinoids, algae and
foraminifera which originally accumulated in a shallow, reef-associated envir-
onment.. The ilmestone blocks and finer volcanic gravel matrix were redepos-
Ited downslope by sediment gravity flows.

The sandstone member consists of 1,840 m of poorly sorted, calcite , zeo-
IIte , and chlorite-cemented volcanic plagioclase arkose and andesitic lith-
arenite with interbeds of tuff and calcitized volcaniclastic sandstone. Ande-
sitic conglomerates increase in abundance upward through the unit. The
thickness is a minimum since the upper part of the section is covered by the*

Pacific Ocean.
PETROLOGY

Every member of the San Hipolito Formation contains ash or other consti-
; tuents of volcanic origin. Sandstone framework components are almost exclu-

sively of volcanic origin; the exceptions are limestone rock fragments and
carbonate allochems. The rocks are quartz poor members of the lithic arkose'

i and feldspathic volcanic IItharenite clans.

; Volcanic rock fragments make up from 22% to 100% of. framework grains and
these are mostly of Intermediate composition. Silicic and basic volcanic,

rock fragments are less common but constitute a significant part of the vol-
canic rock fragment population in a few sandstone beds.

Feldspar is dominately plagioclase and constitutes as much as 60% of
-framework greins in some units. Where present, potassium feldspar constitutes

,

less than 1% of the total feldspar.

Quartz makes up no more than 10% of the framework in any rock. The
quartz is. typically monocrystalline, embayed, inclusion free and some spheri-
can grains occur; these characteristics indicate a volcanic origin.

I - Less common framework grains' include magnetite, pyroxene, amphibole and
blotite; they make up as much as 18% of some rocks. These grains have the
same mineralogical characteristics as the phenocrysts and accessory minerals
found In'the volcanic rock fragments.

,

} CONCLUSION
.

j The lack cf sediment derived from the craton Indicates that the San
Hipolito Formation accumulated in a basin seaward of a barrier which most

; 'likely was a volcanic arc. Volcanic constituents which are present through-
out: the formation were contributed by the arc. Shallow-water limestone.

components were derived from fringing reef and associated environments
marginal to the volcanic-islands. These interpretations mesh with the
regional tectonic picture'to the north of a Late Triassic marginal are and

: subduction zone along the western. edge'of North America (Schweickert and
~

'Cowan,1975). . A similar tectonic regime apparently existed to the south."

,
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PETRCLEUM EXPLORATION IN BAJA CAllFORNI A: A NEW PROCUCTIVE FROVINCE

by

Alejandro Madrid-Solis.
Pemex Exploration

Reynosa, Tamaulipas
Mexico

ANTECEDENTS ,

During.a four. and a half year ' period beginning in 1943, two geological
2parties mapped the surface geology .in an area of approy.Instely 40,000 km ,

. They delineated two marine sedimentary basins: the Sebastian VizcaIno Basin
in the northernmost part of the State of ' Baja California Sur and the Purisima-
Iray Basin in the central part of the same state (Figure 1). During 1954 and
1955, two geological parties carried out studies in some areas of the Puris-
ima-Iray Basin ano in the Vizcaino Basin they established a sedimentary colunn
which extends from Triassic-Jurassic to Holocene. The Vizcaino basin is
divided into sub-ba' sins; Guerrero Negro to the northwest, and San Ignacio to

:the southeast. The Purisima-iray Basin contalas a thicker Tertiary section
than is found in the Vizcaino Basin.

GRAVITY SURVEYS

Gravimetric exploration started in 1945 in the Vizcalno Basin, interrupted
f rom 1947 until . June 1955, and concluded in 1957 In the Purisima-iray Basin
the gravimetric studies were carried out from 1955 to mid-1957 To the end of
1972, a gravimetric study was made of the marine area of the Vizcaino Basin and
Santo Domingo Bay. Finally, during 1973, it was gravimetrically explored in a
stripL of. land located between Laguna San Ignacio and La Puristma town which
Joins . these two areas.
MAGNETIC SURVEYS

To the end of 1972, coinciding with gravimetric work, a magnetometric
survey was accomplished across the marin areas of the Vizcalno Basin and

- Santo Domingo Bay. .

' SEISMIC SURVEYS

-Seismic work started in the Purl:sima-Iray Basin in 1956 with two dynamite
crews and a conventional system without recording; it ended in 1957 In 1957
the same crews started work in the Vizcaino Basin and concluded in 1960.
During the second_-half'of 1972,a marine seismic survey with sparker was accom-
plished in the Vizcaino and Santo Domingo bays.

Having this conventional information Pemex di.d a CDP. seismic survey in
. the Vizcaino Basin' in 1973 using a crew with dynamite. and a Vibroseis crew.

EXPLORATORY DRILLING

During the years from 1944-1960, Pemex drilled five wildcat wells in the
Vizcaino Basin and nine in the Purisima-t ray Basin. None were a commercial
success, however, they produced .important information about the' presence of
gas in Paleocene and Upper Cretaceous sandstones.

MODERN EXPLORATION

Once nere in 1973, Pemex started exploration efforts in the Baja California
Peninsula with a CDP seismic crew to cover the Purisima-Iray Basin fi rst, and
the Guerrero Negro area in the northern part of the Vizcaino Basin later. At

Lthe present. time Pemex is' working in the' San Ignacio sub-basin.
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Nine wildcat wells have been completed since 1973 (Figure 2 ) . Two of
them, Cantina-1 and Bombas-1, discovered gas fleids and the other seven wells
were dry.

Starting the exploration program in the Vizcaino Bay, fcur exploration
wells were drilled offshore with the Danwood-Ice drill ship. Programmed as e

stratigraphic tests, the holes were plugged and abandoned af ter reaching the
Alisitos volcaniclastic rocks.

At the present time, Pemex is drilling a stratigraphic test in Magdalena
Bay with the Danwood-Ice drill ship and a wildcat hole located about 100 km
south of Guerrero Negro.

PETROLEUM GEOLOGY

in both the Vizcaino and Purisima-tray basins, there are sedimentary
sequences that vary from 3,000 to 5,000 m of bathyal to neritic marine sedi-
mentary rocks with many facies changes and important unconformities. Pemex
is Interested in these mentioned basins because they observed source, reservoir
and seal rocks.

SOURCE ROCKS

The Lower Cretaceous Alisitos Formation and Upper Cretaceous Valle
Formation contain many argillaceous horizons with Kerogen derived from algae
in Suaro-1 and Jordan-1 wells. In the Cantina-1 and Ojo de Liebre-1 wells,
an argillaceous sequence of the Valle formation was analyzed and a possible
zone of gas generation was established.

RESERVOIR ROCKS

in the stratigraphic sequence of the area are formations with attractive
lithology appropriate to be considered as accumulators.
VALLE FORMATION SANDSTONES AND CONGLOMERATES

The sandstones are graywackes of fine- to medium grain size with calcareous
cement and argillaceous matrix which give them low primary porosities; however,
they are methane producers in the Cantina-1 well. The envi ronment of deposi tion
established for this lithology is principally as turbidites or submarine channel
fill.

Polymictic-type conglomerates belong to submarine fan deposits. They have
shaly-sandy matrix and calcareous (in some places siliceous) cement. They have
good porosities but of ten have been invaded by formation waters. They may pre-
sent the possibility of production in good structural position.

ALISITOS FORMATION SANDSTONES

Graywackes of fine- to very fine grain size and siliceous-calcareous
cement, with antecedents of production in the Bombas-1 well and gas shows in
the Ojo de Liebre-1 well .

AllslTOS FORMATION LIMESTONES

Only cbserved in the Guerrero Negro area, are carbonate rocks classified
as reefy grainstone-wackestone that possess porosities of intraskeletal, inter ~
crystalline and moldic type.

BATEQUE FORMATION SANDSTONES

They are graywackes of medium sand to conglomeratic grain size and shaly
matrix and calcareous cement, with attractive porosities thet up to date obser-
ved have been invaded by formation water.

.
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SEAL ROCKS

, in the stratigraphic column are observed shaly facies able to constitute
magnificent seals for trapping hydrocarbons. Seal rocks are the Cretaceous
and Tertla:y shales interstratified with sandstones and shales that mark the
. uppermost part of the Alisitos Formation.

GAS DISCOVERY WELLS
_

,

'

Up to date, actual exploration has been concentrated in the Vizcaino Basin.
An area of 40,000 km2 has been evaluated with nine bore holes. Results are
satisfactory since two gas fields have been obtained.
CANTINA-1 WELL

It is located 50 km south-southwest of the town of Guerrero Negro. This
' .

fleid is located on the crest of an anticlinal structure cut by two faults.
- The T.D. of the well was 2,325 m and methane gas was produced f rom Upper-

Cretaceous Valle Formation sand body between 1,483 and 1,495 m. Initial pro-
duction was 847,000 cfd.
BOMBAS-1 WELL

lt is located 10 km northwest of the Cantina-1 well. The well tested
256,416 cfd from a Lower Cretaceous Allsitos Formation graywacke horizon
between 1,824 and 1,866 m.
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REGIONAL GEOLOGY OF THE EL ARCO PORPHYRY COPPER DEPOSIT, BAJA CALIFORNIA

by

David A. Barthelmy
Gulf 011 Corporation
Oklahoma City, OK

INTRODUCTION

'The El Arco porphyry copper deposit 'In Baja California is believed
to have been emplaced in a continental margin, Island-arc environment. The

,

, published ore reserves of 600 million tons 9 0.60% Cu (Sillitoe, 1976) Indi-
cate that it ranks among the giant deposits of the North American continent.
Because of the relationships between this deposit and the Mesozoic thermal
event.(Gastil g al., 1975) which formed the Allsites volcanic arc (Gastil
el al., 1972)'along the-continental margin, the possibility exists that
similar deposits closely asso,ciated with volcanic arc-terranes are present
in California (U.S.A), Baja California, Sonora, Sinaloa, Nayarit and Jalisco

.

(E.U.M.). .

~

There are significant differences between the El Arco deposit and most
of the other deposits in the Mexican porphyry copper belt described by
Sillitoe (1976). The differences appear to be related to an analogous situ-
ation described by Hol!! ster el d., (1975) for deposits in Alaska and
Canada. They recognize two types of porphyry copper deposits. The first
type, common to cratonic terranes, are silica-rich intrusions (" quartz mon-
zonite type") similar to the Sonoran and southwestern United States porphyry
copper' deposits. The second type, found near the continental margins associ-
ated with volcanic-arc terrane, are the silica poor intrusions ("diorite
type") similar to the El Arco deposit. The outstanding characteristics of

~

the "diorite type # porphyry copper deposits, when conpared to the " quartz
monzonite type" porphyry copper deposits, are the lack of phyllic (quartz-
sericite pyrite) and argillic (pyrophyllite-kaolinite-alunite) alteration
zones surrounding' the potassic (K-feldspar quartz-biotite) zone in the core
of the deposit (Hollister et al.,~1975).

,

The following report is a short resume of published and unpublished
work on this deposit. The El Arco-Calmalli district was discovered in 1883
(Wisser, 1954) and consisted of gold placers and gold-bearing quartz veins.
The chief periods of activity were 1891 to 1904 and 1935 to 1940. The
copper mineralization, exploited by the gold miners during the 1935 to 1940
period, remained relatively unexplored until 1968-1969 when Industria Minera
(formerly ASARCO de Mexicana, S.A.) outlined the deposit by drilling (Echa-
varri and Rangin, 1978).

REGIONAL GEOLOGY

Exposures of prebatholithic and synbatholithic rocks in the El Arco-
Calmalli: district crop out along the NW-SE axis of the Peninsular Ranges

'batho6fth (Allsitos volcanic arc). The district-is situated in the western-
- most margin of:the batholith near the geo;raphic center of the Baja Califor-
nia peninsula :(Figyre 1).^

Following'the emplacement of the granitic rocks-and the deformation,
metamorphism and hydrothermal ac'tivity responsible for the gold and copper
mineralization of the district, the eastward migration of r.agmatic activity
-(Keith,''1978)-resulted in rapid cooling of the terrane. The batholith was

+-
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; unroofed to near its present level in 1. ate Cretaceous-Early Tertiary time
(sarthelmy, 1975). This profound erosion formed the gold placers and the-

; supergene enrichment. blanket (Echavarri and Rangin, 1978) covering the pri-
mary ore zone of the El Arco.dopper deposit.
PREBATHOLITHic ROCKS

''
.

Prebatholithic rocks'In the district are present as two separate litho-
L logic sequences which occur either along the margin of the batholith or as

roof pendants, screens and septa in the interior. To the northeast the pre-
batholithic rocks -(Figure 1, labeled pbu) are ' metamorphosed shale-sandstone; - '

i - strata which are not correlative with any of the eugeosynclinal (Allsitos
~

Formation) strata exposed along the southwest margin and, therefore, are of
*

an unknown age.
*'

.
As far as is known, the mineralization of copper and gold occurs in the

volcanic, volcaniclastic and sedimentary rocks a.!jacent to and intruded by
I the batholith. These rocks are probably, in part, correlative with the ,

Albian-Aptian age Alisitos Formation (Barthelmy, 1975). .

Volcanic-Volcaniclastic Strata
) .: The pre-mineral rocks exposed in the margin are divided into three

lithol6gic units; Allsitos volcanic, Allsitos volcaniclastic and Allsitos;

! sedimentary strata (F!gure 1). The regional strntigraphic relationships
'of-these rocks'are not well defined. The general lack of fossils, lack of,

distinctive stratigraphic marker beds, deformation and metamorphism of
; strata, variability of stratigraphic components from area to area, large ,

i' thicknesses of section, and gaps in geologically explored areas (Silver et
g., 1963; Allison,' 1964; Gastil ~

attempting regional correlations. g _a_l,.,
1975) are definite problems In

;
. The Allsitos volcanic strata In the district are composed primarily of

; extrusive andesite porphyries. Other compositions include basalt, dacite,
_and pyroclastic dacite rocks. The andesite host rock (Echavarri and Rangin,4

1978) of the El Arco porphyry copper deposit contains porphyritic plagioclase
and augite in a fine grained groundmass which has been considcrably altered
by the metasomatic and metamorphic effects associated with the thermal acti- I

; vity of the batholith, in this rock are relict amygdules; now filled with
_

t chlorite, quartz and epidote which suggest'that the original rock was formed
; in a shallow, near-surface environment.
! Intimately associated with the volcanic rocks are thick, chaotic accu-
t mulations of andesite breccia, agglomerate, lahar and pyroclastic rock inter-

bedded with minor graywacke and other sedimentary rock. These strata are-

labeled Allsitos volcaniclastic in Figure 1. These rocks are typical of
Alisitos strata that crop out along the western margin of the Peninsular
Ranges batholith-(Silver et al., 1963),

i A considerable variety oT rock types comprise the Alisitos sedimentary
section in the district. . The strata are generally finely-bedded marine shale4

, and limestone which contain interbedded breccia, conglomerate, sandstone and
ir water-laid tuff. About 5% to 10% of the marine sedimentary strata are lime-
i stone'and limestone-bearing c!astic rock found within a distinct horizon

,

abouf 1.3 km (of .6 km of exposed strata) in thickness. This horizon probablyr

: correlates with Alblan and Aptian age fossil assemblages elsewhere in Baja
i California (Silve et al., 1963). Because the fossil evidence from the strata

in the district is IIic Eclusive with regard to. age, the correlation with the '

Lower Cretaceous Alisitos Formation is suggested because of the distinct iltho-
j. !

.
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logic and stratigraphic similarities to known Allsitos' rocks. For discussions
of the Alisitos Formation see Santillan and Barrera (1930), Woodford and
- Harris'(1938), Silver e_t_ al , (1963), Allison (1955,1964), and Gastil e_t_ a_1_.,
(1975).
MES0 ZOIC PLUT0NIC ROCKS

Discrete plutons and other intrusive bodies of the Peninsular Ranges
batholith form the core of the AIIsitos volcanic arc in the district. Contact
relationships observed suggest that gabbro-diorite rocks intruded the Allsitos
Formation and the prebatholithic shale-sandstone strata. The gabbro-diorite
rocks were intruded by granodlorite quartz diorite-tonalite rocks. Most of
the critical rock contacts are covered by Tertiary rocks or recent alluvium.

The El Arco porphyry is a small hypabyssal stock which intruded the de-
formed porpFyritic andesite rocks of the.Allsitos Formation. This stock is
genetically related to the mineralization event and is classified as a
hornblende-bearing monzodiorite to quatrz monzodlorite porphyry (Echavarri
and Rangin, 1978).

The age of the batholithic sequence has been determined by the potassium-
argon (K-Ar) method (Barthelmy,1974) on two granodiorite plutons and the El
Arco porphyry. The first granodiorite gave ages of 117 1 3.6 m.y. (biotite)
and 110 1 2.5 m.y. (hornblende). The second granodiorite yielded ill i 2 5

2 (hornblende). The El Arco porphyry was
(biotite) and 1151(or.5 m.y.thoclase phenocrysts).Remigio Martinez (personal

m.y.
dated at 107 + 2.5 m.y.
communication 71974) reported K-Ar ages of 103 1 2.3 m.y. and 96.5 1 2.1 m.y.
for whole rock samples from the mineralized area and 93.4 1 2.4 m.y. (whole
rock with orthoclase phenocrysts removed from sample) from the monzodiorite
porphyry responsible for the copper mineralization.

The above K-Ar dates probably reflect the cooling history of the indi-
vidual minersls rather than the actual intrusion age of the rocks (Krumme-
nacher et al., 1975). The apparent " age" as measured by the K-Ar method is
a function of the threshold temperature in which the mineral lattice becomes
closed to argon diffusion. The K-Ar " ages" for this terrane probably reflect
the combination of the post metamorphic and post-metasomatic cooling history '

of the minerslized complex. Of the minerals commonly used in K-Ar work,
orthoclase has~the lowest threshold temperature (Hart, 1964) and should

,

.therefore record the youngest " age" upon slow cooling from elevated. tempera-
tures. The whole rock dates reported by Martinez probably reflect the
secondary' K-feldspar (adularia 7) radiometric argon contribution since the
primary or'hoclase phenocrysts were removed from the sample. Possible genetict

t

implications of these dates are; (a) the 107 1 2.5 m.y. date from the ortho-
clase phenocrysts approximates the intrusion age and Martinez's dates
represent the mineralization age, or (b) the lower threshold temperatures of
the very fine grained K-feldspar (adularia 7) when compared to the coarse-

,

grained orthoclase phenocrysts record a retrograde thermal history of the
porphyry deposit. The available dates do implicate the mineralization event
with the general thermal activity of the batholith in the district. Rb-Sr
and fission track techniques could be used to help determine the history of
intrusion, mineralization and post-mineral cooling of the deposit.
POST BATHOLITHIC ROCKS

The~peneplained basement rocks in the Early Tertiary were partly overlain
by a thin veneer of westward-dipping marine sedimentary rocks of Paleocene-
Eocene age. The more mountainous areas of the district were probably emergent
during this time and the peninsula was still attached to mainland Mexico prior

130
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to the op ning cf the Gulf cf California (Gast'l et al.,1975). Subsequent
erosion during the later part of the Eocene and Early Oligocene re-exposed
much of the crystalline basement.

During Late Oligocene-Miocene time the older rocks were covered by
tuffaceous sandstone, possibly equivalent to the Comondu Group (McFall, 1968).
Extrusive volcanic rocks of latest Miocene and Pliocene age later covered
rocks of all ages. Erosion exhumed significant portions of the basement ter-
rane during Upper Pliocene, Pleistocene and Holocene time leaving the Pliocene
volcanic rocks as low, Isolated mesas protecting the underlying rocks.

STRUCTURAL DEFORMATION

The medasedimentary strata in the district are isoclinally folded and
deformed into finely fractured phyllitic rocks and more massively fractured
splintery rocks which define the local foliation. The more massive volcanic
and volcaniclastic, rocks are not so affected and exhibit more widely spaced
joints which are congruent with the attitude of the schistose sedimentary
rocks. The attitude of the foliations, joints and major folds in the district
generally trend WNW-ESE and NW-5E roughly parallel to the main batholithic
structure and are steeply dipping (4 80').

The deformed strata appear to exhibit fracture cleavage rather than flow
cleavage (plastic deformation) more commonly developed in other metamorphic
terranes. This suggests that the deformation occurred at relatively shallow
levels in the earth's crust. Many of the metamorphic minerals in the deformed
rocks commonly show porphyroblastic development, placing the metamorphic event
after the initial structural deformation of the strata.

The massive prebatholithic strata near the deposit are deformed into
large- and small-scale folds. The El Arco porphyry intruded along the axial
plane of a large anticline (Figure 1). The conjugate fracture set developed
along the apex of the fold may have provided permeable pathways which centrol-
led the metasometism and ore mineralization of the deposit.

METAMORPHISM AND MINERAllZATION

The metamorphic framework of the district, which is developed in rocks
exposed along the margin of the batholith, records a transition from low
temperature, unmetamorphosed rocks to amphibolite grade rocks. A progressive
increase in metamorphic facies occurs across this margin based exclusively
upon mineral assemblages observed in basic and semibasic (basalt, andesite,
greywacke) rocks.

The low grade metamorphic margin adjacent to the batholith in the dis-
trict can be divided into three progressive zones (Figure 2).

The first zone is considered nonmetamorphic and contains disseminated
alteration minerals. This zone includes the andesite porphyry rocks of the
Alisitos Formation surrounding the El Arco porphyry copper deposit. The
second zone is in the albite-epidote hornfels facies and contains gold- and
copper-bearing, vein-type deposits. The third zone,in the hornblende-
plagioclase hornfels facies, is closest to the batholithic contact and con-
tains no copper mineralization.
NONMETAMORPHIC ZONE

The salient features of this zone are disseminated hydrothermal mineral-
ization and the lack of albite-epidote hornfels facies mineral assemblages.
It is into this environment that the El Arco porphyry intruded. Echavarri
and Rangin (1978) have indicated that this zone is characterized by propy-
litic (chlorite, epidote, calcite) alteration which is accompanied by pyrite
and evidence of pervasive metasomatic activity. Cutside of the immediate
environs of the deposit, the amount of metasomatic minerals in the rocks de-
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creases until it is indistinguishable from the regional alteration (chlorite,
cpidote, calcite) present within the nonmetamorphic zone of the margin.
ALBITE-EPIDOTE HORNFELS FAClES ZONE

_

This facies is defined by mineral assemblages which occur in rocks below
the temperature of the hornblende plagioclase facies. The rocks associated
with this facies commonly include hornblende, plagioclase, pyroxene and quartz
inherited from the "premetamorphic condition" which is commonly observed in
contact metamorphic rocks (Turner, 1968). The observed basic and semibasic
mineral assemblages are:

Albite epidote-actinolite-biotite-(sphene)
Albite-epidote-actinolite-biotite-re1ict plagioclase-re1ict hornblende
(Albite) epidote-magnetite-calcite-relict plagioclase
Albite-epidote-actinolite-relict calcite

The pelitic mineral assemblages are:
Chlorite muscovite-relict plagioclase
(Albite)-chlorite-blotite-muscovite-relict plagioclase
Chlorite-biotite muscovite-relict quartz

(Parentheses indicate mineral phases less than 1%)'

(Modif i e d From Figure 1D
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The lower tcmperature boundary of th2 c1 bite-cpidote facies zona is
the first appearance of albite (along with epidote and calcite) in basic
rocks. The upper temperature limit is the disappearance of albite and
actinolite. Echavarri and Rangin (1978) note the presence of a hydrothermal
alteration halo composed of Albite, epidote and calcite surrounding the
potassic core of the El Arco porphyry copper deposit. The mineralogy of
this halo is compatible with the albite-epidote hornfels facies and probably
represents a higher grade aureole developed around the deposit when it in-
truded i6to the nonmetamorphic zone of the low grade metamorphic margin.

The mineral deposits associated with the albite-epidote hornfels facies
zone occur as veins, vein dikes, and dikelets of calcite quartz-epidote,
quartz-epidote, quartz and calcite. This sort of association is comon in

other terfanes of similar grade throughout the world (Sobolev e_t_, a_I_.,1972) .
The local nature of the mineralization in this metamorphic zone suggests the
hydrotherm',1 materials may have been derived from surrounding rocks. Some
of these vejns contain economic amounts of gold and copper.
HORNBLENDE-PLAGIOCLASE HORNFELS FAClES

The rocks in this facies are well-crystallized with fewer relict phases
than the rocks of the albite-epidote hornfels facies. The observed mineral
assemblages are: (basic rocks)

Hornblende-oligoclase-biotite
Hornblende quartz-relict plagioclase-relict calcite
Hornblende-andesine quartz

The lower temperature limit of this facies is defined by the disappear-
ance of albite, epidote and actinolite and the appearance of hornblende and
more calcic plagioclase (Figure 2). Also absent from this facies are vein-
type deposits which contain copper mineralization.
MINERAL PARAGENESIS

Mineralogical changes in the tocks exposed along the batholithic margin
of the district show the development of' progressive metamorphic zoner. The
mineral paragenesis is similar to that in the Abukuma plateau district in
Japan (Miyashiro,1961). Mineral changes observed due to the increase in
metamorphic rank are represented 'by Figure 3

The changes observed in the metamorphic amphiboles of the different
facies are distinctive. The transition from acicular actin 61ite to horn-
blende with a pleochroism of Z = blue green defines the boundary between the
albite epidote hornfels facies and the hornblende plagioclase hornfels facies.
A similar transition was recorded by Shido and Miyashiro (1959), Compton (1958)
and Heltanen (1974). The two other important mineralogical changes which
occur at this boundary are the albite plagioclase transition and the other is
the disappearance of epidote. Both of these reactions seem to coincide with
the actinolite to hornblende transition. The lack of the epidote-amphibolite
facies suggests low pressures on the order of 2 kb or less during metamorphism.
MINERAL ALTERATION AND ZONATION OF THE EL ARCO PORPHYRY COPPER DEPOSIT

Detailed characteristics of the hydrothermal alteratioas and sulfide
mineralization of the El Arco deposit are presented by Echmarri arid Rangin
(1978). Previous studies of the district are reported by Sillito'e (1975),
Osoria (1971) and H. A. Schmitt (Unpub. report, 1965).

Closely foll6 wing the intrusion of the monzodiorite magma, the subse-
quent mineralization and metasomatic alteration of the El Arco porphyry
stock and the andesite porphyry wall rocks produced alteration halos which
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the minerals from fleid identifications. The question marks indicate where
the full rar.ge of the mineral is indistinct or unknowr,
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differ considerably (Hollister, 1975; Hollister et al., 1975) from the more
common Lowell and Gilbert (1970) model of porphyry copper deposits (potassic-
phyllic-argillic propylitic alteration zones from core to periphery). The
outward zonation sequence observed at El Arco by Echavarri and Rangin (1978,
p. 13) is:

"Notamos un ndcleo de cuarzo (quartz), una zona central de alteracI6n
~6tasica definida por la presencia inobjetable de feldespato pdtasico.

(K-feldspar quartz-chlorite-calcite), una zona intermedia en la que
los minerales del conjunto propilitico son m5s abundantespero en la
que todavfa persisten los feldespatos pot 6sicos y s6dicos (K-feldspar-
quartz-albite-epidote-chlorite-calcite) y una zona externa en la que
practicamente desaparecen estosditimos minerales y no se observan sino
los del conjunto propilitico (epidote-calcite-chlorite)."

The parenthetical insertions are mine. The zoning sequence is similar to the
"diorite type" porphyry copper deposits described by Hollister (1975) and
Hollister el al. (1975) for those deposits situated along the continental
margin of Alaska and Canada which are associated with silica poor intrusives
of diorite, monzonite, and syenite connonly observed in volcanic-arc terranes.
It is interesting that the lack of blotite mineralization associated with the

potassic core of the El Arco deposit is comnon to porphyry copper systems
associated with "diorite-type" intrusions. The absence of biotite in the
potassic zone may be due to either the preferred presence of chlorite in
basic rocks under albite-epidote hornfels facies temperature conditions or
the deuteric alteration of blotite to chlorite because of the slow post-
m'aeral cooling which may have occurred in the low grade metamorphic margin.

Primary sulfide mineralization associated with the deposit consists of
stockwork veins of pyrite, chalcopyrite, bornite and molybdenite. The
deposit also contains econemic amounts of gold mineralization. The chal-
copyrite mineralization is associated with the potassic and the albite-
bearing propylitic zones and contains subordinate amounts of bornite and
(uneconomic) molybdenite (Echavarri and Rangin, 1978). Pyrite is associated
with the outlying propylitic zone (2% to 5% pyrite by weight) adjacent to
the chalcopyrite-bornite-molybdenite bearing zone in the core of the deposit.

After the hydrothermal event and emplacement of the primary sulfide
minerals within the deposit, the district was subject to considerable erosion
during Late Cretaceous and Tertiary time. The subsequent oxidized zone form-
ed above the deposit extends to a depth of about 40 meters. The secondary
enrichment blanket covering the primary sulfide zone is about 9 meters. Both
the oxidized and supergene enrichment zones contain significant amounts of
copper minerals. Minerals which occur in the oxidized zone of the deposit
are IIsted in order of abundance (Echavarri and Rangin, 1978): chrysocolla,
goethite, hematite, cuprite or tenorite with kaolinite goethite mixtures,
pyrolusite goethite-cuprite mixtures, dioptase and malachite. The supergene
enrichment blanket contains bornite, chalcocite, covellite, digenite, cuprite
and native copper.

CONCLUSIONS

The metamorphism, hydrothermal alteration and metasomatism in the dis-
trict appear to be closely related in time and space. The alterat;on and
mineralization of the El Arco porphyry copper deposit probably occurred af ter
structural deformation of prebatholithic Alisitos strata and during the time
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when the margin was under the influence of a low-temperature, regional geo-
t|iermal-gradient which increased toward the batholithic mass forming the core

of the Alisitos volcanic arc. The low grade metamorphic margin of the batho-
lith can be roughly divided into three progressive zones. The first zone is
considered nonmetamorphic and contains disseminated mineralization of replace-
ment origin. The second zone is in the albite-epidote hornfels facies and
contains vein-type mineral deposits. The third zone, in the hornblende-
plagioclase hornfels facies, is closest to the batholith and contains no
copper mineralization ~ (Barthelmy,1975).

'The origin of the fluids responsible for metamorphic and hydrothermal
mineralization cannot be attributed to any one source. The possibilities
include connate water present in the prebatholithic strata, metamorphic miner-
al dehydration reactions, and fluids contributed from the crystallizing magmas
of the plutons. The fluids, from whatever source, were composed of water and
some CO which acted as a common solvent for the metamorphic and metasomatic-

2mineral reactions which accompanied the gold and copper deposits near El Arco
and Calmalli.

On a regional basis, known copper deposits occurring outside of the dis-
trict are widely distributed in a belt adjoir.ing the western margin of the
batholith in Baja California and southern California. These deposits are
generally uneconomic and form a genetically related iron-copper belt (Wisser,
1954) of hydrothermal deposits associated with the thermal activity of the
bathoIIth.

At prese,t there are no known deposits elsewhere in Baja California which
are comparable to the copper porphyry mineralization at El Arco. Sillitoe
(1975) mentioned several deposits in mainland Mexico which appear to resemble

! the El Arco deposit ("diorite type") because of their association with similar
Alisitos-type volcanic arc terrane rocks. Useful exploration models for
deposits of the "diorite type" related to continental-margin, volcanic-arc
terranes (Hollister et al., 1975) will require a thorough understanding of
the metamorphic and metasomatic effects of hydrothermal processes which oper-
ate in rocks of basic (Iow SiO , high Fe0-Mg0) compositions.

2
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TECTONIC EVOLUTION OF THE MAIN GULF ESCARPMENT
BETWEEN LATITUDE 31 N and 30 N,

NORTHEASTERN BAJA CALIFORNIA, MEXICO

By
Roy K. Dokka and Richard H. Merriam
Department of Geological Sciences
University of Southern California

Los Angeles, CA 90007.

INTRODUCTION

The main gulf escarpment of the Baja California peninsula is an im-
pressive north- to northwest-trending feature traceable from San Gorgonio
Pass to near La Paz (Figure 1). It separates the more stable portions of
the Peninsular Ranges to the west from the structurally disturbed desert4

ranges of the western Gulf of California trough displaying 1,000 to 3,000m
of relief (Figure 2).

GEOLOGIC SETTING

In this portion of the peninsula, the oldest rocks are hornfels, schist,
and coarse- to medium-grained plutonites ranging from gabbro to granodiorite.
Patches of Eocene nonmarine gravels, probably derived from Sonora, overlie
the crystalline basement at the crest and westward in the northern peninsula
whereas Miocene Pliocenemarine and nonmarine, locally derived sediments occur
discontinuously throughout the region. A thick sequence of volcanic rocks,
which in the Puertecitos area began with andesite eruptions 16 m.y.B.P.
(Gast11 et al., 1975), also includes rbyolite and ash-flow tuff, dated at
8-9 m.y.B.P. (Gastil et al., 1975) which are strongly tilted, deformed, and
overlain _by a thin section of compositionally similar strata, only slightly
tilted and dated at 3-6 m.y.B.P. (Gastil et al., 1975). Small amounts of
younger mafic volcanic rocks are also present.

These volcanic and sedimentary rocks show that the main gulf escarpment
first became important as a relief feature between 14 and 9 m.y.B.P. The
major faults along the escarpment are normal and exhibit outcrop patterns
characterized by scalloped or arcuate segments which are concave eastward
(Figure 2). The escarpment seems to be interrupted in the Puertecitos area.
However, the bedrock structures continue through and the events recorded by
the volcanic cover make reconstruction of the escarpment history possible.

LATE CEN0 ZOIC EXTENSION

Miocene and Pliocene volcanic rocks west of Puertecitos are intricately
tilted eastward by a family of west-dipping normal faults. Tilting is most'
pronounced in the Miocene section (9-8 m.y.B.P.) with strata inclined as
much as 20-40 degrees. An analysis of tilting and faulting in this arca
indicates that tilting was accomplished by rotation about a north-south axis.

The most spectacular faulting occurs along the east base of San Pedro
Martir where numerous north-striking, east-dipping breaks form the escarpment
which has a bedrock relief of approximately 5,000m. The opposite side of Valle
de San Felipe is bounded by an antithetic normal fault dipping west (Valle

~

de Sa' Felipe fault). East of this are many normal faults, some of which
merge with faults of Valle de San Felipe.

Faults cutting the Cenozoic volcanic rocks west of Puertecitos are normal
and both east- and west-dipping. The major shears that mark the west boundary
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of the faulted terrane are arcuate in plan (concave eastward) and east-dipping.
Some faults show evidence of 1-2m of lateral separation (extension) where
the resulting gap has been filled with locally derived alluvium and breccia
before being covered by succeeding strata. Small displacement, strike-
separation faults cross cut and transform the motion of some of the north-
striking normal faults.

MOVEENT HISTORY

1he timing and kinematic relationships of normal faulting in the Puerte-
citos area indicate two intervals of extensional tectonics since middle
Miocene time. The first is bracketed between 14 and 6 m.y.B.P. and re-
sulted from east-vest extension. The second interval, younger than 6 m.y.B.P.
was much milder and seems to have reactivated the older extensional struc-
tures even though the orientation of the principle stress axes predicted
from regional relationships changed from E-W to NW-SE. Alternatively, these
deformations may represent a continuum of stress marked by varying degrees
of intensity.

Inasmuch as the extension displayed in Valle de San Felipe trough does
not gradually die out and is not transformed laterally to other areas we con-
clude that a significant portion of extension occurred prior to extrusion
of the 9-8 m.y.B.P. volcanic rocks. It appears that bedrock faults formed
during the 14-9 m.y.B.P. interval have localized deformation of the volcanic
cover because several faults (e.g. San Pedro Martir) in the Valle de San
Felipe area and eastward can be traced into the volcanic terrane west of
Puertecitos. We conclude that the San Pedro Martir fault and other east-
dipping normal faults of the main gulf e?carpment represent the dominant
synthetic faults of the region whereas vest-dipping faults, such as the
Valle w San Felipe fault, are antithetic (Figure 3).

/
/ I/ ey-

([v.
% \ 1)$ r

hN

Figure 3-Artist's rendition of faulting styles along the main gulf
escarpment.

Hamilton (1971) suggested a similar relation for areas to the north. Tilting
of Tertiary sedimentary and volcanic strata resulted from the volume compen-
sation required by flattening of the east-dipping normal faults at depth
and by fault-related monoclinal flexing and reverse drag effects (Figure 4).

By 6 m.y.B.P most of the extension displayed in the region had occurred,
as evidenced by the small displacements on faults and relative nonrotational
nature of the thin 6-3 m.y.B.P. silicic volcanic sequence (Figure 4). This de-*

formation has continued into the present as shown by the fresh appearance of
fault-related landforms (Merriam and Dokka,1976)(Figures 5 and 6).
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Figure 5--Oblique airphoto showing arcuate fault scarp in Quaternary
sediments.

The major east-west and later oblique extensional events of this re-
gion had temporal and genetic counterparts to the east, north and south.

Studies of coastal Sonora by Gastil and Krummenacher (1977) indicate
that the area was broken and tilted by north- to northwest-trending, nor-
mal faults between 12 and 9 m.y.B.P. The tilted strata which are generally
inclined eastward, form a thick sequence of silicic volcanic rc,cks similar
to those of the Puertecitos area. Rocks less than 8 m.y. old are not tilted
extensively but are cut by northwest-trending, strike-separation faults of
the San Andreas system (Merriam, 1965, 1972; Gastil and Krummenacher, 1977).
Inland faults of the San Andreas system lying south of the Transverse Ranges I

are adjudged by Crowell (1978) to have been initiated between 8 and 6 m.y. ago. |
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Figure 6--Oblique airphoto showing arcuate fault scarp in Quaternary
sediments.

To the south, Karig and Jensky (1972) estimated 100-150 km of west-
northwest to east-southeast extension across the present mouth of the Gulf,
which was accomplished by a farcily of en echelon, north-trending, normal
faults dipping toward the present gulf axis. This occurred between 10-15
m.y. and 7 m.y. ago. Pliocene time brought a resumption of extension which
was the result of transtension produced along the major gulf transform faults.

Late Cenozoic extension in the Great Basin and st.rrounding areas prob-
ably began about 17 m.y.B.P. but seems to have developed slightly earlier
insouthern Arizona and New Mexico (Stewart,1978). In southern Nevada,
Ekren et al (1968) and Anderson et al (1972) have shown that the present
structural grain was produced between 11 and 7 m.y.B.P. Eberly and Stanley
(1978) have reported similar temporal relationships (13-6 m.y.) in south-
western Arizona.
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DISCUSSION

Field studies.in northeastern Baja California demonstrate that the
main gulf escarpment is the product of east-west directed extension that
was manifested in curviplanar, east-dipping, basin-range style faults that
developed between 14 and 6 m.y.B.P. Kinematic indicators render invalid
those models suggesting oblique extension as the origin of these structures
(e.g. Atwater, 1979; Livaccari, 1979). These data verify the early sugges-
tion of Gastil et al. (1968) that eastern Baja and Sonora experienced a'

pre-gulf interval _ of significant simple extension. Post-6 m.y. extension
is minor in comparison to the older event yet has proceeded in the same
direction. This strongly suggest that older structure have localized and
controlled the deformation even though regional relations predict northwest-
southeast directed extension associated with transform tectonics.

The geometry, kinematics and timing of the extension expressed along
the main gulf escarpment in the Puertecitos region is similar to the relations
displayed along the western edge of the Great Basin extensional province
strongly suggesting a common origin. Inasmuch as right-slip faults seem

to be concentrated along this margin where the 14-6 m.y. spreading was most
intense, perhaps this later faulting (e.g. southern San Andreas, Walker Land)
was localized where crustal attenuation was the greatest.
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CURRENT PROBLEMS IN THE GE0 LOGY OF THE CEDROS-VIZCAINO REGION

by

R. Gordon Gastil
department of Geological Sciences

San Diego State University
San Diego, CA 92182

STRATIGRAPHY

The stratigraphy used by all modern workers is based upon that introduced
by Mina (1956). However, di fferences between areas wi thin the region, resul ts
of new paleontologic- and mineral-age determinations, differences in emphasis
and detail of investigation have resulted in variations of application of the
original stratigraphic namer , differences in age assignments to the units, and
-an elaboration upon the unit names (Figure 1).

All modern workers on the Vizcaino Peninsula agree that the Valle Forma-
tion is as old as Albian and that the Eugenia Formation is as old as Tithonian.
Rangin distinguishes Upper and Lower Valle on the basis of " pre" and " post" .

nappe tectontcs. Barnes and Berry (this volume) raise the Eugenia to the
status of Group and show the Valle and Eugenia as conformable and, in part,
laterally equivalent. They distinguish the Valle Formation from the Eugenia
Group on the basis of provenance, the Eugenia having been derived from base-
ment rocks within the Cedros-Vizcaino arc and the Valle from the erosion of
the Alisitos arc to the east.

No worker has reported fossil- or depositional-mineral ages between lower
Valanginian (ci rca 128 m.y.) and upper Aptian (circa 110 m.y.). Minch el al(1976), Robinson, and Kilmer (this volume) all show an erosional interval
between the Eugenia and Valle formations. The Eugenia Formation, of Isla
Cedros and the northern part of the Vizcalno peninsula, is extensively cut by
andesite dikes. Potassium argon dates on these dikes (Robinson, 1975) indi-
cate an age of about 125 m.y. East of Punta Eugenia, Boles and Hickey (this
volume) report Aptian-Albian fossils within strata that were mapped as Eugenia
by Mina (1956) and Robinson (this volume). The finer sand grains, however,
contain appreciable K-feldspar, and the authors speculate that this is an
early contribution from the Alisitos arc to the east. This raises a question
as to what are the proper criteria for distinguishing between the Eugenia and
Val le formations. If we use lithology and map continuity (as Mina and Robinson)
we may be lumping rocks separated by a considerable hiatus and of a different
p rovenance. It seems possible that strata belonging to the erosion of the
Alisitos arc initially looked superficially like the Eugenia Formation. That
is, some rocks previously mapped as Eugenia are more properly part of the Valle
Formation (as opposed to saying that some of the Eugenia Formation has the
provenance of Valle Formation, and overlaps it in age).

Rangin (1978) distinguished the tuffaceous units which overlie the aain
body of pillow b salts (western Sierra San Andres) as the Morro Hermoso N ma-
. tion and reporteu a Tithonian fossil age. Barnes and Berry adopt Kilmer's
Gran Canon Formation to apply to rocks of this lithology. Kilmer, however, has
assigaed a Callovian-Bajocian age to fossils in the Gran Canon Formation. There
is also a problem relative to the age of the andesite-tonalite terrane which
contributed clasts to all parts of the Eugenia Formation (as recognized by
authors other than Barnes and Derry). Rangin makes this terrane synchronous
with the deposition of th'e tuffaceous Morro Hermoso Formation whereas Barnes
and Berry make it synchronous with the tuffaceous Gran Cenon Formation. How-
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Gver the most reliable crystallization age on the tonalite is 154 m.y.
(Barnes and Berry, this volume) and the tonalite intrudes andesi tic rocks.
Thus, while there are ash beds of many ages, it would seem reasonable to con-
clude that the major part of the andesite-tonalite terrane that was exposed to
erosion by Tithonian time was of Oxfordian or older age.

Kilmer and hangin agree that the ophiolite sequence of Isla Cedros is no
younger than Callovian. But Rangin believes that the ophiolite pillow sequence
of Morro Hermoso in the Vizcaino is Kimmerdgian, while some other ophiolites
of the Vizcaino are Triassic. Certainly the ophiolite is intruded by Oxfordian
or older tonalite and includes gabbro at least as old as lower Jurassic (Minch
ot al., 1976). Pillow basalt at Punta San Hipolito has interpillow radiolaria
3P L7te Triassic (Karnian to Horian) age (Pessagno, et al., in press) .

Isla Cedros is the only area in which we have clear evidence concerning
the age of a melange (Cedros Formation). Kilmer believes that the sedimentary
olistostrome in the Colorad* to Formation (essentially unmetamorphosed and with-
out blueschist) is contempocancous wi th the tectonic mel nge (Cedros Formation,
mostly metamorphosed with blueschist). Rangin (this volume) reports fragments
of Kimmeridgian chert (radiolarian age f rom Pessagno) in the Cedros Formation.
Kilmer (1977) reported a boulder of glaucophane-bearing rock reworked into the
overlying Eugenia Formation. Blue-schist minerals yielded cooling ages (Suppe
and Armstrong, 1972) of circa 110 m.y. (post-Eugenia as described by Kilmer).

STRATIGRAPHIC COMPARIS0N WITH THE BAJA CALIFORNI A PENINSULA

Figures 2 and 3 illustrate the differences between Mesozoic stratigraphy in
the Cedros-Vizcaino region and that found on the mainland of northern Baja
Cali fornia beneath the eastern Vizcaino desert and the Magdalena Plain, in the

northeastern region, there is as much as 3 km of Paleocene, in the Cedros-
western Vizcaino region, Paleocene strata are absent. To the northeast, the
Cretaceous molasse is Campanian-Maestrichtian (Rosario Formation), in the Cedros-
Vizcaino region it is Turonian with younger Cretaceous strata found only in the
northeastern part of the Peninsula where it is a shale-siltstone sequence. To
the northeast, Alblan-Aptian strata are volcanic-volcaniclastic (Alisitos For-
mation). In the Cedros-Vizcaino region, Aptian-Albian strata are predominately
marine clastic with a few ash beds. The clasts are derived from andesitic vol-
canic and plutonic rocks and an andesite ash near Asunci6n dated 103 t 5 m.y.)
(T rough ton , 1974) .

All of the Pemex wells to the northeast have bottomed in Alisitos Forma-
tion and none have encountered the Cedros-Vizcaino stratigraphy. The nature of
the boundary between these two stratigraphic regions is unknown (Figures 2 and
3). It apparently follows a line Just east of Isla Cedros and the Vizcaino
Peninsula. The ancient tectonic significance of this boundary may be illus- i

trated in the middle Valle conglomerates which outcrop along the northeast coast I

of the Vizcaino Peninsula and on Isla Cedros. When you visit Campito you will
see the meter-size boulders of Alisitos-type volcanic rocks and Peninsular
Ranges-type grani tic rock. Kilmer (this volume) reports one such clast in the
Valle Fm. on Isla Cedros measuring 3 m. It is easy to believe that the north-
castern (Peninsular Ranges) terrane, now buried deep beneath the upper Valle

,

(post-Turonian) strata of Bahia Vizcaino and the Vizcaino desert, was once !

cxposed to erosion only a short distance to the northeast of these giant boulders.
STRUCTURE

The obvious dif ferences in structural interpretation between Rangin and all i

other workers in the area is the significance he attaches to low-angle faults.
in some places, low-angle faults mapped by Rangin (e.g. Eugenia over Valle in the
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Punta Eugenia area) are interpreted by others (Robinson; Barnes) as steep
fault contacts. On Isla Cedros, Kilmer and Rangin agree that there is low-
angle fault displacement, but differ in the significance they attached to it
(Kilmer considered it a localized displacement along formational boundaries).
Ilow two geologists can look at an exposure and arr* ve at very different con-
clusions_Is illustrated-in Figure 4. At Punta San Roche, steeply inclined,
lower Valle Formation (Troughton) overlies Jurassic tonalite on a near-hori-
zontal faul t surface. Rangin mapped this as a thrust, Troughton considered it
a rotated dip-slip fault. The question is were the Valle beds steep or near-
horizontal when the fault formed?

Low-angle faults are clearly observable in many places, but in nearly
every location where the respective ages of the rocks above and below the fault
are determinable or clearly suggested, the apparent motion is younger over
older. For example, in the Sierra San Andres, Moore (this volume) finds ser-
pentine, gabbro, pillow lavas, Eugenia Formation, and Valle Formation, one
above the other, almost invariably separated by near-horizontal faults, always
in the correct stratigraphic order, but sometimes with one or more of the units
missing. In the Gran Canon, Kilmer found Valle thrust over Coloradito, and
Coloradito over Gran Canon. Rangin (in the Morro Hermoso area) reports dupli-
cation of the Eugenia sequence (older over younger), but Moore (this volume) and
Barnes (this volume) believe that most of the duplication is depositional rather
than tectonic. On Isla Cedros, the thrust of Cedros Formation over Valle Forma-
tion reported by Jones e_t_ a_l,. (1976) has now been remapped by Rangin (this
volume), showing the Cedros Formation in steep fault contact with the Valle
Formation, substantiating the earlier map of Kilmer (1977).

ORIGIN OF THE MEGABRECCIAS

Jones e_t,a1 (1976), Rangin, Kilmer, and Moore (each in this volume) call
upcn the proces_s,.of subduction to carry the megabreccia material to depth and
expose it to varying degrees of high pressure metamorphism. Jones et al. (1976)
introduced the idea that the subducted material had been obducted and then
thrust over the Cretaceous molasse sequence (Coast Range thrust). This basic
concept is still implicit in the interpretations of most workers. Minch et al.
(1976), Moore (1976), and Kilmer (this volume) brought the ophiolite and -~~ ~~~

melange units up as diapirs from the subduction plane, piercing overlying units.
There are a number of features of the tectonic melange which have to be

accommodated by any hypothesis of origin. (1) Although belts of tectonically
squeezed melange exist (north of Bahia Tortugas), the melange of Isla Cedros
and Puerto Nuevo Road have little if any preferred tectonic orientation to the
clasts. (2) .Similar' rocks of differing degrees of pressure and temperature
metamorphism are found within the same melange. (3) The same melange contains
oceanic rocks, such as pillow basalt and chert, and continental rocks such as
shallow water limestone quartzite, and rhyolite. (4) Although mixed, clast
type preponderance displays a crude stratigraphy within a given melange.

Several features of regional stratigraphy may also contribute to the so-
lution: (1) The preponderance of younger rocks over older rocks on low-angle
faul t contacts. (2) The fact that mineral diagenesis suggests that the
Eugenia Formation of the Vizcaino Peninsula, where exposed t1 day, has not been
buried by the entire ' stratigraphic sequence that appears to overlie it (Boles,
1978). (3) The existenc2 of undevitrified glass in the Jurassic pillow basalts
although theoretically having been buried by some 50,000 feet of strata.
.(4) The existence of Kimmeridglan chert in the Cedros megabreccia (contempor-
cneous' with the age of origin of the formation). (5) The appearance of
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.

glaucophane schist rock (presumably from the .Cedros Formation) in the Eugenia
. Formation (Portlundian) or earliest Cretaceous).

In view of the above considerations, I would like to offer the idea that
the tectonics ' responsible for the tectonic melange was not subduction (i.e.
compressional tectonics), but rather intracrustal rifting (extensional tecton-
ics). By.this. scenario the tectonic style was one of tectonic thinning and
denudation rather than sf thickening and duplication. Pulling apart of the
upper crust exposed all units to redeposition. Such tensional escarpments also
caused slides and " downhill thrusts." As crevasses continued to'open beneath
basins containing boulder sediments, slide blocks, and slide thrust sheets,
this material gradually descended as an increasingly chaotic breccia. In some
places they descended the entire thickness of the crust into the upper mantle,
ultimately becoming engulfed in plastic and brecciated serpentine, at depths
where blueschist minerals can form. Subsequent collision of the marginal
basin terrane with the North American continent tended to close the melange-
filled cliasms, extruding them as diapiric bodies, doming the surficial crustal
rocks, and causing the melange domes to breach the surface (Figure 5) .

VARIATIONS IN PROPOSED REGIONAL TECTONIC HISTORY

Jones et al. '(1976) equated the tectonic history of the Cedros-Vizcaino
rocks with the Foothill Belt rocks of the Sierra Nevada, postulating that the
Cedros-Vizcaino area was an oceanic arc which collided with the North American
continent late in the Jurassic. By this analogy the Alisitos and Santiago
Peak volcanic sequences of the Peninsular Ranges province were equated with the
vo;canic rocks of the eastern Sierra Nevada,

in 1978, Gastil and Rangin independently hypothesized an early liesozoic
marginal basin along the southwestern margin of North America raf ting some
continental carbonate quartzite rock seaward, followed by the formation of
parallel oceanic arcs (Cedros-Vizcaino) and closer to the continent (Alisitos).
Rangin differs from Jones et al. In recognizing the oceanic origin of the
Alisitos-Santiago Peak arc. Both Gastil and Rangin see the Jurassic volcanic
rocks of Sonora '(deposited on a basement of Precambrian and Paleozoic con-
nental rocks) as more the analog of the eastern Sierra Nevada belt. Rangin,
however, treats the Jurassic Cedros-Vizcaino volcanism and the Jurassic-Cre-

taceous Santiago Peak-Alisitos volcanism as manifestations of a single arc
which collided with the continent in Cenomanian-Turonian time. Gastil ,

sees two oceanic arcs, the Cedros-Vizcaino arc colliding at the end of the
Kimmeridgian producing the uplif t and erosion expressed in the Eugenia Forma-
tion, with a second collision which began at the end of the Jurassic north of
the Agua Blanca fault, at the end of the Alblan in central Baja California, and
at the end of the Cenonenian in Sinaloa (Gastil et al., 1978).

155

- _ _ - . _ _ _ _ _ _ _ _ _ _ - _



,

FIGURE 5

I '!

Gran Co'Kon - 2.a@5 6 '*r
-

glio ' pgg 1. Gran CaWon sequence accumulated over an
ophiolite sequence.., , , ,

Gobbro 4,# , , .

Harz- 5N' -'f'
burgite yf' / \ N,ss

U 11. During Coloradito time, extensional tec-
colorodito

. tonics (back-arc spreading ?) caused
'

,- E# dilation of the depositional basin pro-.-

7 ducing not only sedimentary breccias"-

4 + 4 + + near the surface, but tectonic breccias
* + + +

_

_ as fault block material descended to+ ++
p/ s mantle depths. Blue-schist metamorphism7

sp( , g4 g 2 [, N '
s f

took place, the low temperatures allowed,,

metamorphism at depths of no more than
10 km.

11E

Eugenio _ - -
Ill. Compression, perhaps resulting from arc-

-- a --
,

continent collision, caused the blue-d
,

1** , +, schist-serpentine melange to squeeze. %

+[4 upward, arriving at the surface in time* ,.,

< #. to contribute some detritus to the

? , , f .b[i,~y$,'C9%<'sPs' _:. .f . Eugenia Formation.'

' ' '

IE volle
Fcrmation

, . . :|
^

IV. Compression during Valle deposition,o. __ -

u pl-] Q...;.-J J C 7 ,3- '
'r '- perhaps resulting from a second arc-

W " 7 ,,h*[g [@' **'/
~ '' '- continent collision, produced low-angle,,

p- fault structures (younger over older)
*

f'.f.4* + * as the deeper zones shortened relative*

._s', 'J)j#H to the surface zone,ff!|,ft<1s #(8 h
^

%

'O s t

Y

' fy < < _ _ _ . V. Uplift during the Tertiary up-domed
-

,, g,
g~61. 4 y t;*,

~ - . , l' %, bhg,,'g%p
the melange area, produced normal faults-

%' exposing the melange to erosion, and@ caused some gravity slides.>

m&pm
156

___



- - - - - - - - ~ d 4 6 ,._.a # 4 _.- _ - . , , .

#$.!)* k.$k__
TEST TARGET (MT-3)

,

l.0 gasg
EE E:

u t= m
.8

1.25 1.4 1.6,

= e =

MICROCOPY RESOLUTION TEST CHART

#4 4%

A f >///?x h+:k$si c +
; r

!
L.

. a" -

-

. .:n&.m_=:= -;_2 -



!

!

l

. - , , a .

1

i

. .-wys g .g , ,

- f;N : ^ ~ -^ *t *~. .yp ' *:$* yp4 ''1
,,%

,

' q s J','id +: , _. , 9 ;9 % W'

%, hh( .y 99 -- xy ., mgy
.#.- |s' g' 4 . .- '

'

,,_ . , , . , , , , . g,
,

. . ,

;- q

)Q f. g&. :.m|;'.? . h ~f,,i,W ),k ' ' '
'

jj;.
,

- . ..-

,_, ,

hi [, b''

7~

|
.

.+ . .. . m.S *,4, )
. ..

.
,

a. -
. .

>
-y;; a,

_

; *y n-

,. . c
, . ,. , . i,.

; . s ( '' -'

.s .~ . - & : nc, .

, ev- ..o.

- , ,f_ g-
, ( ,>*~.

. w.+..;$
.~

. . v
; $p ~ . .

.

,

,h .I |.

:

157

.

. - . _ . . . - ___.-...,,,.,_,..-_..._.._,_...,..___.,,,,,,,..,,,.,,...,_.,__.,_.y-._,- - - . - , , . , _ , , - . - _ -



-_ -- .. --. -. . . _ . ... - . - . - - _ - .---

r

!

i
i

l
J

!
i
|

'

:

,

i
i

|

|
-

j
.

; /

! t-4

.

'

( T '
,

;
g.7 t -4

},1 - ' , '
-

j
,

q
.

ca. R , %
Lf"

~ .

e

{ i
e i

;R-' - 1.~ '

.) = A w.
) L. ..

i

j
'

,

j Mision San Luis Gonzaga
a

,

158

. ...- . --.- - - - . . - - . - . . - . . - . . _ - . - - . ... - - ..- ..-..__ - _..-_- _--. .-- - - -.



i

GEOLOGIC TRANSECT ALONG MEXICAN HIGHWAY 1,
1

LA PAZ TO TIJUANA, BAJA CALIFORNIA

FIELD TRIP run November 1 to 4,1979
in association with Geological Society of America

Annual Meeting in San Diego "

.

TRIP LEADERS:
John A. Minch, Saddleback College, Mission Viejo, CA 92675
Cesar Obregon, Comentos California S.A., Avenida Gatelun #53, Ensenada,

Baja California
Thomas A. Leslie, Saddleback College, Mission Viejo, CA 92c75
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GEOLOGIC ROAD LOG, LA PAZ TO TIJUANA

by

John A. Minch and Thomas A. Leslie
Saddleback College

Mission Viejo, CA 92675

This roadiog was compiled to accompany the Geological Society of America
field trip from La Paz to San Diego, Nov. I to Nov. 4, 1379 The kilometer
readings used here are those marked along Mexican liighway 1.

55
5 DAY l--El Presidente Sur - Volcaniclastic rocks and tuffs of the Miu-.

~Ene Comondu Fm. are exposed around the hotel. On a clear day the
major San Juan anticline in the Comondu Fm. can be seen on the west
side of Bahia de la Paz. This anticline, and one to the north,
stretch for 120 miles north of La Paz. One can trace the same bed
for nearly the entire distance. These anticlines are strong petrol-
eum prospects as the Cretaceous syncline underlies the volcanics to
the eastern edge of the peninsula (Hinch, 1979).

4.1 Coromel public plaza.
4 Pink tuffs and fluvial volcaniclastic sandstones of the Miocene Comondu

Fm. This is the bast place to observe exposure of these rocks for
over a hundred miles in the cliffs along the gulf northwest of La Paz.

3.5 North-south normal faul t (dips 50*W) related to the frontal faulting of
the Sierra Victoria.

2 Econo Hotel - the salt r.ersh nex'; to this hotel is a national park.
lierons, egrets, storks and other marsh bi rds are common here.

O Malecon - main part of La Paz. The road north heads southwest around
the Ensenada de los Aripes leaving by Avenida Abasolo.

8.7 Turnoff to new International Airport.
15 El Centinario trailer park on the edge of the bay.

'18 View to rear of La Paz.
21 Large bend ~in road. Begin to cross the peninsula, in this area we may

see Mexican chickadees, white-winged doves, cactus wrens, gila wood-
p'ckers, and falcons.e

22 After the turn, the vegetation consists of Iombard, palo blanco,
palo adon, mesquite, elephant tree, cardon, pitaya agria, pitaya
dulce, cholla, and agave.

24 View from some 'of the little rises of the south limb of the San Juan
anticline rising to the north, and dipping out of sight to the south.
We'll cross it in fluvial volcaniclastic sandstones ab9ve the highest

|
pink tuff.

I
26.5 Ramal Alfredo y Bonfil and the road to San Jetan de Costa on the north

edge of the La Paz plain.
28 Due to overgrazing, the cholla becomes the dominant vegetation, with

pitaya agria, pitaya dulce, cardon, acacias, elephant trees, lombardi
palo'adon, and mistletoe, with creosote in the washes.

32 The Joshua-like detillo trees become a fairly dominant plant in the land-
scape as'we begin to climb up the grade through the volcaniclastic
fluvial sandstones of the Comondu Fm.

34 STOP at top of grade at small shrine. The view from this point is spec- 1

tacular on a clear day. To the northeast are Islas Partida and
Espirito _Santo; they are composed of ti1ted volcanic rocks of the
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Comondu Em. The rugged, granitic spine (65-75 m.y.) of the
Sierra Victoria begleis on the peninsula east of La Paz and stretches

;.

to the south; it is separated from the Llanos de Todos Santos by a'

major fault zone (flormark and Curray,1968). The viewpoint is on
the south limb ( F a major anticline which also dips down into the
Llanos de Todos Santos. The road will begin to descend the gentle
Pacific slope through the Miocene volcaniclastic sandstones of the
Comondu. The Comondu Fm. (Heim, 1922) has been applied to all vo!-
canic and volcaniclastic rocks of Miocene to recent age in Baja
California. . Wnere more detailed work has beer, done it is divided

into formations which generally are only locally recognizable.
Radiometric dating has provided a basis for determining the relative
positioning of the strata from widely separated areas.

36.1 Microndes Metape. It is not unusual along stretches of the road here
in Baja to see a number of vultures roosting in the cardon and other
trees, and in the morning, it is common to see them sticking their
wings out, sunning themselves.

42 El Provenior. The modified badlands topography is weII developed on the
rather soft, fluvial volcaniclastic sediments. The vegetation con-
sists of lombard, elephant trees, detillo, ocotillos, greasewood,
pitaya agria, pitaya dulce, cardon, hedgehog cactus, palo adon,
palo blanco, acaclas, occasional mistletoe, jumping cholla, and
teddy bear cholla.

55.6 Turnoff to Rancho El Chivato.
60 View west towards the Pacific Ocean of the low mesas of the Pliocene

Salada Fm. In the next kilometer we can see some of the pink tuffs
of the Comondu Fm. expo:ed in the gullies below and to the right.

67 The vista opens up. The reddish beds are Miocene tuff of the Comondu
Fm. The '11ghter brown beds are marine Miocene Isidro Fm. and the
darker brown beds are the marine Eocene Tepetate Fm.

68 Rancho Aguaj ito. Small fault in roadcut.
69 Vista to the southwest of the Pacific Ocean and the low mesas of the

Salada Fm. The canyons alongside the road contain abundant exposures
of light greenish to yellowish gray rocks of the Miocene marine
Isidro and Monterey formations. The Isidro Fm. was defined by Helm
(1922) for exposures of greenish, whitish, and yellowish sandstones
with interbedded greenish shales. It is a near thore facies of. the
Mon te rey. It is Early Miocene in age, overlain by a 22 m.y. tuf f
on Cerro Colorado. The Monterey Fm. was also defined by Heim (1922)
for exposures of hard, clear, siliceous, diatomaceous shales in the
Purisima area. These names appear to be applicable for the Magdalena
Plain.

70 STOP. Roadcuts of the honterey Fm. Well-bedded siltstones, cherts,
siliceous and tuffaceous sedimentary rocks. This marine Miocene on
the west sida of the peninsula is stratigraphically correlatable with
nonmarine fluvatile and tuffaceous beds of the Comondu and San Ignacio
formations along the Gulf of California.

72 The strata here are near the contact between the tuffaceous fluvial Mio-
cene Comondu sedimentary rocks and the marine Miocene. In the canyon
to the right are abundant exposures of the light yellow to gray,
marine Miocene. in the near distance are the overlying red tuffs
and gray fluvial sedimentary rocks of the Comondu Fm.

73.8 The road begins to descend a grade through the Paleocene Tepetate Fm.
(Heim, 1922) sandstones and shales. The Tepetate Fm. is referred
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here to the Paleocene although it may be largely Eocene. On the
left'Is a road-metal quarry which exposes sandstones and shales
with discocyclinids'.

76.2 San Agustin.
_ .

76.4 Arroyo Conejo. Excellent exposures of the' Tepetate Fm. on both sides
of the highway. .It is worth a walk both up and down the east bank

.of the arroyo. Knappe (1974) stated that in Arroyo Conejo, "the -
Tepetate Fm. consists of a series of Paleogene sandstones and shales
exposed along the Pacific coast of Baja California Sur, Mexico. For-
.aminifera collected from a section of this formation in the vicinity
of Arroyo Conejo are Eocene in age and correlate with benthonic and
planktonic assemblages found in California, Oregon, Washington, and
el sewhe re. The oldest and youngest benthonic fauna examined corres-
pond to the Penutian and Ulatislan stages of Mallory (1959). Plank-
tonic species from the Tepetate. section correspond to the Morozovella
aragonensis, Subbotina senni,. and Truncorotaloides dr.nus zones of

'Schmidt (1970) which are approximate'ly equivalent to the Globorotalia
formosa. Globorotalia aragonensis, Globorotalia palmerae, and
Hc.ntkenina aragonensis zones of Bolli (1957, 1966).

~

Planktonic foramini feral correlations suggest that the Ulatislan stage
is lower and basal niddle Eocene, and the Penutian stage is middle
lower Eocene rather than middle Eocene and lower Eocene as suggested
by Hallory (1959).

The foraminiferal assemblage identified from the section is character-
Istic of-upper to middle slope deposits and includes (after Sliter
and Baker,1972; Bi rd,1967): Anomalinids, Bulimina - costate forms,
Batnysiphon, Cibicidoides - compressed forms, Gyroidina - rounded
margin, Siphogenerina - costate forms, Tri farina - costate-spinose
forms, and Osayularia."

The road climbs out of the arroyo Conejo through another roadcut of the
Tepetate Fm. Vista to the north of dark brown Tepetate Fm. The
Hlocene Isidro and Monterey formations are a yellow-brown color;
thus it is relatively easy to tell the difference between the marine

Paleocene and the marine Miocene.
79 The hills to the right contain excellent exposures of the Tepetate Fm.
80 Road to El Conejo. The vegetation is typical of the coastal scrub, with

pitaya agria, pitaya dulce, cholla, cardo,, elephant tree, palo adon,
leather plant, and creosote.

81.9 Exposures of the redbeds of the Tepetate just before the microwave tower,
82.2 Microndes - E1. Coyote.
84 STOP. Redbeds and sandstones of the Tepatate Fm. A climb up into the

roadcut above the road will yield abundant blocks of a discocyclinid
coquina.

85.5 Contact between the Paleocene Tepetate Fm. and the marine Miocene. The-
flat-lying. contact ls a slight angular unconformity. The washes at
this point contain abundant acacias.

87.5 Typical beds of the lionterey Fm.
|89 Excellent exposures of the Mcoterey Fm., with chevron folds.
88.6 .The high cliffs to. the right of fer a cross-section of the peninsula with

the thick pink tuffs and gray green fluvial sandstones of the Comondu
and San Ignacio ~ formations on the east side grading into the thick
marine Monterey and Isidro formations sedimentary rocks on the west
side.

92 Good exposure of the Isidro Fm. The vegetation consists of cholla,
-jumping cholla, teddy bear cholla, cardon. creeping devil, elephant
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- tress, creosote, pi taya dulce, and pitaya agria, wi th acacia and.
palo verde in the washes.

93 5- Down a grade through exposures of the Monterey and Isidro formations.
-There 'are excellent exposures of the Miocene marine rocks for the .|
next . several kilometers.

U 94.6 Excellent 1 exposures of Monterey.
; 97.- Good exposures of the Monterey. Whenever you see abundant spilnteredp

pieces of siliceous shale on the yurface you know you are in Monterey.L
~ STOP. El Cien. ' Panoramic view of the Miocene. On the left side is a~100' '

-300 m section et Cerro Colorado which is mostly Miocene marine Isidro
Formation with a nonmarine tuffaceous redbed near the top of San

_

i Ignacio Fm.?. The tuffaceous redbed and a conglomerate bed on Cerro
Colorado can be traced across the peninsula into the Comondu Fm.

,

_ The redbeds and fluvial sedimentary rocks become thicker, whereas.

: the marine Miocene is thinning. .The middle row of hills are mainly
j the pink tuffs and fluvial sandstones of the' Comondu Formation,

with the marine. Miocene Isidro Fm. at the base of the hills. In
the very far distance we can see Comondu in the south limb of the

'anticline which was exposed on the gulf north of. La Paz. The view is
.

along the strike of the south limb of the anticline. At C1 Cien
i. thers are some buildings which are in good shape. This was the base

camp for exploration for Roca Phosphorica S.A. In early 1979,
! there were piles of old cores of phosphatic rock from their drill-

coring operations.
'

110.3 Rancho Penjamo. The flora is cordon, pitaya agria, cholla, palo adon,
elephant tree, creosote, leather plant, and wax plant. Very sparse,'

i open vegetation, with tamarisk, acacia, garambullo, and pitaya dulce
in the arroyos. Both the Miocene and the Paleocene formations are<

; well exposed over large parts of the Magdalena plain in various cuts
in the arroyos, but the area is so flat that it is difficult, unless'

you drive up the arroyos, to see much of it.*

i .126 Turnoff to La Presa. This road goes east to Mision La Presa, and provides
a cross-section of exposures across the pt.ninsula.

133 Long crossing of an arioyo.
135 Abundant sharks' teeth were found in the Miocene exposures below the,

microwave tower here.
137 . Ball mosses on the elephant trees, palo adon, leather plant, cardon,.

cholla, pitaya du ce, and garambullo.
148 Cut in a 1imestone wtich has been mapped as 91lo-Pleistocene Salada

Fm. The Salada Fm (Helm,1922) is named for exposures of marine
Pliocene and Pleist ocene in Baja California Sur.

150 ~ Dark reddish-brown and brownish yellow beds of the Tepetate Fm.
153 The road descends through poorly exposed beds of the Tepetate Fm.,

C 157 Santa.Rita. The vegetation north of Santa Rita is very sparse, with
' cardon, cholla, annual weeds, leather plant, garambullo, and pitaya

dulce. On clear days the islands of Margarita and Magdelena can be;

; -seen tof the, west across Bahia Magdalena. These islands are of
F Franciscan-type rocks similar to the Coast Ranges of' California.
f- They contain numerous thrust. sheets, pillow basalts, serpentinized

peridotites, gabbros, graywackes, serpentinits and ' arnet horn-g
.blendites. ' These rocks have been K/Ar dated at 134 m.y. (Minch,,

-.1971; Yeats et al'. 1971).; '
173.8: . Road metal quarry" Epo, sing a Pliocene-Pleistocene Salada Fm. limestone

=which contains fossils. .This limestone is extensive over the Mag-
,

;. dalena Plain. This flat plain is reminiscent of the Great Valley
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of California. Structurally, it is almost idsntical and it con-
tains up to 20,000 meters of Cretaceous and Tertiary sedimentary
rocks. The road follows'the axis of the syncline (geophysical).

198' Via Morelos. Middle of a farming area. Much_of the Magdalena Plain
has disturbed vegetation, areas which were either cleared or over-
grazed.

.212 Constitucion.-
237 Turnoff. _ Highway 1 makes a _ turn to cut across the peninsula to Loreto.
and in the far distance 'are the volcar.ic-capped hills of the Comondu

0 Fm. - This road does not cross over the marine Miocene section. The
kilometer markings return to zero at this junction.

33 : Low volcanic hill.
38 The vegetation .is basically cardons and pitaya dulce, with palo verde,

: acacia, cholla, wax plant, pitaya agria, garambullo, greasewood,
mistictoe,-leather plant, and ball moss.

-45 Edge of an arroyo with fluvatile sandstones and conglomerates of the
. Comondu Fm. exposed in the lower part of the arroyo capped by a
basalt. The Comondu Fm. dips gently to the west here. We will, as
we_ come up this arroyo, be travelling at about the sr.me gradient
as the arroyo itself. The gradient of the arroyo is controlled
largely by the dip of the Comondu Fm., which is slightly toward the
ocean, so that' the arroyo will flow for some distance along the beds,
' drop down through a few, and then flow along the beds again.

49 Andesite breccias in the oppod :e wall. These monolithologic andesite
breccias take the form of lahars. They occur as andesite flows, flow
conglomerates, fluvatile conglomerates, and grade into finer sand-
stones:and well-bedded sedimentary rocks. This is a different facies
of the Comondu Fm.

54 STOP.- Andesite breccia in the roadcut. Small rancho Just beyond kilo-
meter 54.

54.5 View of the chocolate brawn basalt capping the hill to the south, with i

-lighter grc/-brown andesite breccias, lahars, and fluvial sedimentary
rocks below.

56- The vegetation is still principally cardon palo verde forest, with
pitaya dulce, acacia, cholla, beaver-tali, San Miguel vines, palo
blanco, palo adon, lomboy, and elephant tree.

60.5 Rancho Huatamote.
61 Conical-shaped hill of andesite breccias ahead.

'64' New road ~to Bahia Agua Verde - under construction in early 1979
70 . Roadcut in the andesite breccia. ,

70.8 Micron' des Ligui. The road has crossed over the peninsular divide and
begins the descent of the grade at Ligui. Between here and the foot
of the ' rade the road is passing over a major fault zone (Minch andg

James,1974), most of the motion of which was pre-Miocene, but which
does show some evidence of Miocene to recent motion. It is difficult
to identify because' it is a diffuse zone with broken-up areas
and offset and deformed bedding generally marked by a foothill belt, as.

.

'n against the undeformed, well-defined bedding of the Pacific slope.
72.5 In;the roadcut, the beds are sheared with two little faults exposed.

'75.5 V'. ~ off to the north along the Sierra Giganta. The high crest of the4

range with the undeformed sedimentary rocks drops off rather rapidly
.into the undulating, deformed foothills.

'78.5' View off to the right of the Gulf and the little area of Ligui. There*

'is a beautiful littie bay with'a sandy bottom which can be reached
'

, by road.. Islas Monserate and Carmen Ile offshore.

165

. - - _ - - - - . - - ~ . . . - - - -- .-



79 Begin tha rapid descent of the steep part of the grade.
80 Shear in the roadcut. The road reaches the bottom of the grade and

turns' through a wash with a sweeping view up the coast. The island
close in is Isla Danzante. Behind it is Isla Carmen. The low vol-
canic cone of Isla Coronado is to the norti, and the point of
Escondido is ahead.

84.1 Turnoff to Ligui. The vegetation in this area consists of acacia,
garambullo, pitaya agria, pitaya dulce, cardon, mistletoe, palo
blanco, palo adon, and San Miguel.

85 The road passes along cliffs of the fluvial volcanic breccia with numer-
ous caves and large clasts. Isla Danzante consists of this same
material cut by a number of dikes and faults.

88 Striking view of the scarp of the Sierra Giganta. The flat, l i ttl e-
deformed, well-bedded strata continue across the peninsula to the
edge of the scarp. Then immediately the chaos and deformed strata of
the Islands and the, coastal plain of the Loreto-Escondido area ahead.
A major fault and several little faults cut the point of Escondido
just east of the small white light.

92 Conspicuous gap in the hills ahead.
94 Turnoff into Puerto Escondido where a fault is exposed in the saddle,

directly in front of the pier, with darker colored hesalts on the
near side, and fluvatile andesite breccias on the ir side.

97.5 Turnoff to the beach at Juncalito.
98 Basalt in the roadcut. A fio tree is growing on the beach, it is one of

the pictures in the plant book.

99.5 Roadside rest on left side of road. View of the little cove of Jencalito.
The water in the low pass is part of Bahia Escondido. The high peaks
behind Puerto Escondido are andesite breccias and lahars near Pue'.a
Canda le ros. Juncalito is the little tilted rock. In the left dis-
tance is Isla Danzante composed of Miocene andesite breccias and con-
glomeratic volcanic sedimentary rocks and the end of Isla Monserate,
composed of Miocene volcanic rocks and Pliocene marine Monserate
Fm., and Isla Santa Catalina, composed of Mesozoic granitic rocks,
in the distance. Isla del Carmen composed of Hiocene Comondu Fm.
volcanic and Pliocene marine rocks, and then farther north the Plio-
cene to recent basalt cone of Isla Coronado (see Anderson, 1950 for
a complete description of the geology of the islands). The roadcut
exposes a well-jointed basalt. There are not many sandy beaches in
this part of the peninsula. Those that are sandy are biological
sands. The volcanic rocks are not coarse grained enough to provide
sand grain materials.

103.5 Rancho Norte.
106 Descend a small grade through basal t. Loreto and the church tower in

the distance. To the right is the inlet of Nopolo with its mangrove
swamp.

108.3 Turnoff to Rancho El Rincon.
110.5 Turnoff to El Vivero with its nursery operation.

111.3 Nopolo turnoff.

113 At ;en o' clock, in the foothills to the lef t, are some of the outcrops of
the 143 m.y. tonali te (Gastil . 1973, oral comm.) which outcrops north
and west of Loreto. The presence .f older granitic and metavolcanic
rocks at this point in the Gul f of California, plus the lack of pen-
insul r range ba,ement in south-central Baja, is interpreted as con-
firming geophysical evidence for the Cretaceous syncline continuing
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under a major part of the peninsula. Ahead is the volcanic core
of the anticline north of Loreto.

116.6 Loreto Ai rport turnof f. There are regularly scheduled jet flights into
Lo re to.

117.6 New turnoff to San Javier. In early 1979 they were building a new road
to San Javier. This road crosses a Comondu section which is different
f rom the other two sections we crossed.

120 Loreto turnoff. To get to the El Presidente (where we will spend the
night), lef t at the beginning of the main square, take the fourth
right two blocks to the El Presidente. The main part of the Sierra
de la Giganta is to the Icft, the flat clif fs of the layered volcanic
clastics and volcanic sediments. The prominent peak just to the lef t
is El Pelon de San Javier, a shallow intrusive. The road to San
Javier goes through the pass just to the left of El Pelon. The low
hills to the immediate lef t front are composed of Miocene volcanic
and Mesozoic metavolcanic rocks (93 m.y. K/Ar tornblende, Gastil,
1978, pers. comm.) with a moderate to compler structure intruded by
a dike system.

O DAY 2--The kilometer markings return to zero. Isla Carmen dominates the
skyline to the right. The tower of the church can be seen in the
palm trees of the main part of Loreto, and the El Presidente Just
north of town. Isla Coronado dominates the north skyline. Isla
Coronado is a very recent volcano wi th some flows still devoid of
vegetation. Isla Coronado contains a Pliocene marine terrace and a
large cobble beach bar 10+ meters in elevation. Many flows appear to
have moved down canyons and are truncated by the ocean at their base.
There are no terraces on the sides of the island where the fresh flows
are. To the north is the crest of the anticline which forms the east
side of the Loreto embayment. The dark-colored hills on the top are
volcanic rocks, circled by a lighter limestone, with the sandstones
and conglomerates of the Loreto Fm. I n the lowe r h i l l s .

2 Dirt road into town.
6 The vegetation consists of cardon, pitaya agria, pitaya dulce, palo

blanco, pala verde, acacia, elephant tree, and leather plant.
7.5 Descend through sandstones and conglomerates of the lower part of the

Loreto Fm. (Minch,1979). Major movenent of the Gulf Fault zone
appears to have initiated the formation of the Loreto embayment of
Miocene (?)-Pliocene age; a thick sequence of conglomerate, sandstone,
mudstone, limestone with pecten and oyster reefs, tuff, andesite and
basalt. A tuff bed and lahar indicate volcanic action during the
filling of this basin. At least one major angular unconformity and
the lensing of conglomerate beds suggests intermittent deformation.
Basalt (6.7 m.y.) intrudes and overlies the upper part of the Plio-
cene section. The Loreto embayment is folded into a N-S anticlinal
struc are with numerous N-S and NW-SE trending faults which may have

'one to two thousand meters of cumulative displacement. The conglom-
erates contain small amounts of granitic and metavolcanic clasts
from outcrops to the west.

8.5 Pass into sandstones of the Loreto Fm. The beds are dipping to the
south on the south limb of an anticline.

9 Cross arroyo. Roadcut with numerous small faults and scattered pectens.
9.5 Microndes -Loreto road.
9.9 Prominent fault dipping 45* north. Note: faults in this section appear

to have a cumulative displacement of one to two thousand meters.
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11 Cross the crest of the anticline. The Loreto beds begin to dip to the
~

northwest.
11.6 Tuff bed to the right.
12 Exposures' of the tuff bed on the left side of the road behind the road.

.They are mining blocks of the tuff.
12.5 C res t ove r a sma l l grade.- The tuff bed is repeated five times here for

a cumulative separation of 200 meters on this bed alone. There are
abundant sand dollars and pectens in the layer above the tuff bed.

13.1 The road will climb through a small . arroyo. The limestone on the ridge
to the right is unconformable here, capping the entire section.
Exposures of pecten reef in roadcut. The road begins to pass
thr k *he fossiliferous yellow beds of the section. A view to

. the lef t of dark gray fanglomerates which make up the upper middle
part of the section.

15.7 STOP. Road metal quarry. Yel. low beds are fossiliferous on both sides
of the road. View to the east of cliffs of conglomerate and sand-
stone. Manping of beds on air photos is compounded by the cliffs not
following the strike of the beds.

18 View to rear into amphitheater of yellow beds with a thumb of conglom-
e ra te . . the center. These beds contain very large oysters and
whale rr w ins.

18.5 Pecten reet to the lef t above the road.
18.75 Wide parking area at right of road. To the right across the low wash is

a prominent bed dipping north. In and under this bed are abundant.
pectens in the low, wide side of the wash. Further east are the
volcanics of' the core of the anticline.

19 The view to the north opens up on the northern part of the Loreto embay-
ment. The volcanic hills to the far north right side of the road
are overlain by the sandstones and conglomerates of the upper part
of the Loreto Fm. These beds are thousands of meters thick and
contain abundant fossil remains. The southern part of the Loreto
embayment was warped considerably before the deposition of these
beds, which are also folded.

20.5 Vista opens to the Gulf. Just south of the water is a small, rounded
volcanic hill. This was the site of a small visiting station of the
Loreto mission. There are approximately 300 m of conglomerates and
sandstones between the yellow beds.

24.5 At corner, the ridge drops away just to the lef t of the road. The yel-
low beds are interrupted by an oyster-shell reef and a tuffaceous
sandstone. The surface of the hill is veneered by oysters.

26 STOP. Oyster reef in roadcut with white sandstone outcropping in the
hill above the road. The reef con tinues for nearly a kilometer along
the road.

26.5 Mining tuff.

27 Cross a large arroyo. An autobrecciated andesite lahar is exposed on
both sides of the road.

28 Tremendous view of the Sierra Giganta.
28.9 Roadcut with andesite dikes intruding into Pliocene beds. The promi-

nent dike in the middle yielded a 6.7 m.y. K/Ar date.
29 The last of the Pilocene beds. The plain to the lef t contains a number

of ranches which are situated along fault lines. Between kilometer
- 29 and 30, look directly west, below the high peak of the range.
On the fan below the peak is a fault scarp offsetting the fan. The
fault parallels the road halfway down the' fan with approximately
10 m of offset. The fault is marked by a low line of hills running
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through the f an. Further to the left is a series of small, sharp-
crested hills. These are the tonalite, dated at 145 m.y., which
outcrops west of.Loreto.

30.2 Turnoff to San Juan.
33 Hore ranches on the plain. Each rancho is close to linear features on

photos. Batween kilometer 32 and 36, the hills to the right contain
numerous north-south faults.- Several fault scarps and small horsts
and grabens are apparent. These faults are part of the Gul f fault
zone which passes through the Loreto embayment and Conception Bay
(Minch and James 19/4).

38 Fault in hliIs ahead.
53 El Bombedor. The prominent white hill about a kilometer west of the

highway is a hypabyssal intrusive along the Gulf fault zone.
55.5 La Purisima-Comondu turnoff . Two kilometers north of the highway, the

road crosses the end of a prominent dike where it is truncated by
a fault.

62.4 Rosarito, where the old road used to go over the Sierras to La Purisima.
This is as far south as most people got in the old days before the
road was paved. The road to Loreto was only used by people going
that way.

68 Microndes Rosarito.
71.5 Crest over a grade and descend towards Bahia Concepci6n. Beautiful

view of the south end of Bahia Concepci6n Peninsula (see McFai?.
1968).

72.5 To the right through a gap in the hills are flatlying whitish to pink-
Ish Pliocene Salada Formation beds.

82 Monument.
83 Cinders in the roadcut, part of a Miocene cinder cone, are one of several

exposed along the road in the next five kilometers. These cinder
cones are probably along a branch of the Gulf fault zone.

83.5 Rancho
86.5 Cinders in roadcut. Look down into the water to see how crystal clear

it is with the many changing hues on a bright. day.
89 A stretch of the old road below the new road.
90 The first of a number of nice, sandy beaches. The sandy beaches are

made up of biological contributors.
92 ' Playa La Requison. View of the playa.
93 View to rear of the tombolo of La Requison and the red mangrove swamp.

There are often herons or egrets along the edge of the mangroves.
95' Vi<.w across Bahia Concepcl6n of a group of rather large alluvial fans.

The presence of these fans is striking on the east side of the bay,
with relatively few fans on the west side of the bay.

107 The beach below and the beach of El Coyote to the north are both biologi-
cal beaches. The road will continue to pass a number of these beaches
which are p!ayas n"Slicas, that is, anybody can camp there. They have
a one dollar per ar per night maintenance fee.

112 Posada Concepci6n - trailer park - another beautiful sand beach. General
store with air and diving gear. Small airstrip.

113 Crest of a little pass. View of %nia Santispac, which is one of the
most beautiful little bays alo:.g this coast. The little red mangrove
swamp behind it used to have tremendous numbers of clams.

114.75 Just past the turnoff to Bahia Santispac a fault is exposed in the road-
cut. _This faul t roughly para'lels the axis of the bay. View to rear
of Bahia Santispac and Bahia Concepcion.
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122.5 Patches of cinder cones, utilized for a road metal quarry.
123.5 Microndas Tiburones. This road ci rcles around a cinder cone. From

the top of the microwave tower we get a view north of Mulege, and |

Punto Gallito close underneath. To the south the length of Bahia

,

Concepcion and the entire Concepcion Peninsula with the Gulf fault
'

zone. We can also see an alignment of three hills - Punto Gallito
and two to the south, corresponding with one of McFall's mapped
faul ts .

125.5 A good view of Punto Gallito with its Pleistocene marine terrace and
dune field.

129 The conical hill ahead is a Miocene intrusive dated at 20 million years
(McFall,1968).

131.5 Pass entrance to La Serenidad lodge. The roadcut exposes yellow-brown
sedimenary rocks of Pliocene age containing oysters. Overlying them
are fossili ferous Pleistocene deposits.

133 Af ter passing the Oasis Rio Bajo, the roadcuts contain altered gypsi-
ferous strata which appe6. to belong to the Pliocene marine sediments.

134.5 View of the Rio Mulege which is a tidal estuary at this point. The
territorial prison is directly across the river.

135 Wes t end of Puente Mulege. As you cross the bridge you get a view of
the Rio Mulege and the astuary, the prison on the hill, and the
plug behind the prison. The road climbs through the volcanic strata.

138 A number cf shears occur in the volcanic rocks near the top of the grade.
143 As the road leaves the hills it follows an alluviated plain.
169 Turnoff to San Jose de Magdelena.
172 San Bruno.
176 The sand spit of Santa Eliguita. San Marcos Island is casily visible

with the Pliocene gypsum deposit in the Marquer Fm. near the south
end. This gypsum is mined for plaster. Tres Virgines volcanoes
are ahead in the distance.

179.5 Microndas San Lucas. You can see beautiful specimens of elephant trees
near the top. The view f rom the top is tremendous - f rom Tres Vi r-
gines and Santa Rosalia area to Bahia Concepcion.

181 The San Lucas military camp - the Aero Militar.
190 The first exposures of the Pliocene at Santa Rosalia. There is a copper

mine head frame in the canyon to the left.
192 Cross ti.e arroy3with roadcuts in the marine Pliocene. The Pliocene of

the Santa Rosalia area has been divided into three formations (Wilson,
1948) separcted by unconformities and characterized by faunas
believed to be Early, Middle and Late Pliocene age.

The Lower Pliocene Boleo Formation is a succession of tuffs and
conglomerates containing copper and manganese deposits. The Middle
Pliocene Gloria Formation is a sequence of fossiliferous marine
sandstone, s litstone, and conglomerate. The Upper Pliocene Infierno
' Formation is a succession of fossili ferous marine sandstone and
conglomerate.

The Pliocene of the Santa Rosalia area was deposited in a deltaic
envi ronnent near a shoreline interrupted by deposi tion of conglom-
erates and tuffaceous material derived from explosive volcanic

- e rup t i ons . It 's part marine and part nonmarine and contains
extensive gypsum deposits.

193 Climb onto the cesa. ue see tuffs of the Comondu Formation. Between
here and Santa Resalia the road will pass through numerous exposures
of the Pliocene and occasional pink tuffs of the Comondu Formation.
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194. - Hotel . El Mo rro. View of the harbor and the Pliocene beds north of town.
195 Basalts of the Comondu Formation.
195.8 Santa Rosalia airport turnoff.
196 Ferry terminal with _ regular service to Guaymas.

0 .The 0' kilometer marking is .at the intersection where the little old
mine train is. There's-a very interesting sheetmetal church in
Santa Rosalia designed by Eiffel which was brought from France by
mistake.- At the time of writing there was a small steam crane, three
locomotives, and four cars -in the yard about a hundred meters north
of the main intersection. The road passes along the quay. There's
a. smelting operation on the left side as the road passes underneath *

a ramp. It's possible to drive out onto the mol which is made of
slag which was poured in place to make a breakwater.

3 Fish cannery with view of Tres Virgines straight ahead in the distance.
3.5 . Between here and kilometer 4, Pliocene beds are well exposed in the

cliffs and roadcuts next to the highway.
5 Road going up arro)oto.left. It's possible to drive up the arroyo to

view various parts of the Pliocene. Approximately three miles up
the arroyo, in the right bank where the canyon becomes quite narrow,
there are a series of large gypsum crystals, up to six and seven feet
long. If the road begins to wind a little bit up a narrow canyon,
then you've gone too far.

7.3 The road passes the public playa and begins to climb the grade teleave
the gulf. The shiny road metal base is composed of the tailings from
the Lucifer manganese mine operation.

8 Top of the first little grade.
11.5 Liquid petroleum gas storage.

.11.75 Roadcut exposing the massive, well-bedded gypsum layers of the Pliocene.
13 Cross a majorarroy.o with abundant Palo blanco and Palo verde. The road

cll:mbs a steep grade through excellent exposures of the Pliocene.
The vegetation which has been part of the central Gulf Coast desert i

phytogeographic area now changes to the Magdalena Plain phytogeo-
gi aphic _ a rea. Af ter San Ignacio it will change to the Vizcaino
desert phytogeographic area.

15 9 Faults in exposures of fossiliferous Pliocene.
17.5 Top of .the grade.
19 The road begins to follow a flat surface developed on flatlying volcanic,

' . and fluvatt le sedimentary rocks of the Comondu Formation. The scarp
ahead is largely an eroded fault scarp.

30 Tremendous view of the southernmost flank of the Tres Virgines volcanoes.
30.5 Rancho Las Virgines. Ahead is the major grade of Las Virgines which is

the last grade before crossing to the Pacific slope drainage. Descend-
ing this grade used to be extremely difficult.

32.5- Tres Virgines grade.
34 Volcanic breccias of the Comondu Formation with abundant pumice fragments.

135.5 Top of grade. Begin to descend down a long canyon on the Pacific coast
drainage close under Tries Virgines.

38.5 Pass around the edge of a blocky, clinkery, basalt lava flow from Tres
Virgines.

39 3 -Rancho El Mesquetal. Lava flow just west of Rancho El Mesquetal . in
this lava flow we see quite a number of unusually large elephant
trees.

40 View of the west side of Tres Virgines and its multiple flows. The
ground for several miles around is littered and covered with pumice
which is unrelated to Tres Virgines.
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40.6 Stop just beyond the flow. This is one of the few olaces on the penin-
sular where the two types of elephant trees occur together close to
the road.

~42 -Long straight stretch of road. View of the mesas and plains of the
middle part of the peninsula. The Sierra Giganta is on the left,
a relatively unexplored area on the right.

44 Tall elephan't -trees on the flow on the lef t. On the flat plain there's
. Bri ttlebush, Hallow, Palo Verde, Creosote, leather plant, Pitaya
dulce, Cardon, teddy bear cholla, hedgehog cholla, Garambullo, Jump-
Ing cholla, occasional Palo blanco and Lomboy.

52 uegin to see stands of Detillo.
58 Volcanic neck ahead.
59.75 Between here and kilometer 61, cinders and fossil dune deposits are

exposed in the roadcuts.

67 Begin to descend a grade with a dense stand of Cardon. The predominant
group of plants in here are the cacti, principally cholla and Pitaya
agria. This is due to overgrazing from either goasts or cattle.

71.5 V!cw of the date palms of the oasts ot San Ignacio. The mesas are
cayped by basalt and underlain by the San Ignacio Formation. Mina,

(1557) defined the San Ignacio Formaticq for light gray sandstones,
tuffaceous sandstones, and tuff outcropp:ng near the town of San
Ignacio. The San Ignacio Formation is a marine facies of the Comondu
rsemation. It overlies and interfingers with the Monterey and Isidro
formations. I n the San Ignacio area it is Middle Miocene in age con-
taining Turritella Ocoyana and T. Inezana and dated at 11 m.y. K/Ar

',

on a tuff.
73 A date of 11 m.y. was obtained on the San Ignacio Fornetion in this

roadcut.
73.5 Turnoff to San Ignacio. I t's well worth a turnof f into the town to

see the stone mission and square.
74 Turt ff to San Lindo. Gas station.
74.25 Excellent exposures of the San Ignacio Formation. View of the mission

church and San Ignacio.
75 A number of roadcuts in the San Ignacio Formation.
'75.75 A small di rt road to the lef t, into San Lindo, with exposures of tuffs

and sandstones of the San Ignacio Formation.
78.25 Turnoff to-airport.
84 Crest over a rise and you get a pretty good view to the southwest of

San Ignacio Lagoon. On a clear day you can see across the Vizcaino
to the peaks and mesas of toe Sierra Santa Clara.

88 STOP. Road to microwave tower. Road metal quarry in the San Ignacio
Formation which has yielded some spectacular agatized turritellas

| Just below an ash bed. The view from the microwave tower is a fine
one. On a clear day you can see south to the mesas of Quarenta,
San Ignacio Lagoon, the Sierra Santa Clara plugs, and the mesas
of Santa Clara and Vizcaino off to the west. To the northeast,
the mountain mass of the northeast corner of Baja California Sur,
and to the southeast the Sierra de la Giganta.

89 Large bend in the road. The lagoon of San Ignacio with the white
salt pan material is in view to the left. Close to the road are
two buttes of basalt capped San Ignacio Formation. In'the distance,

-if it's clear enough, between the two small mesas, is a view of
the sharp. conical plugs and mesas of the Sierra Santa Clara.

.
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94 North of the microwave station, the vegetation has become dense, with
detillo, Jucping cholla, pitaya dulce, cardon, palo blanco, elephant
treas, occasional lombgy, leather plant, palo verde, and acacia.

98 -Pemex Nes|13. Road to AbreoJos. Small settlenent. The road goes
sixty miles to Abreojos. ? It is a fairly good, graded road which mos.:
decent vehicles can n'ake. -

100.5 The Pleistocene linesto e %hich covers parts of the middle of the
peninsula.

114 Excellent view to the east of the tilted volcanic mesas,

117 At first glance ~ the onl / plant that seems to be here is the detillo.
Upon close examination, you can see cardon, jumping cholla, acacia,
lots of annuals, mallows, brittlebushes, some sand verbena, and
composites.

124 Estacion Hicrondes de Los Angeles, and a low volcanic hill to the lef t.
132 Remal Emilio Zapata turnoff.
135 The vegetation has become scrubby annuals with a few scattered jumping

challa-~ indicating disturbed soil. Sand verbena on low rises.
Detillo is the only tall plant, with a few scattered cardons. Desert
mallew, brittlebush, and annual composite, some sagebrush, and rare
pitaya agria.

151 Just- before the kilometer marker notice that the palo adon is dense.
Af ter the kilometer mark, creosote, palo verde, old man cactus,
pitaya dulce, pitaya agria, most of the species have returned,
including the Indian tree tobacco.

163 Most of the vegetation is again gone, except low annuals, sparse creo-
scte and jumping cholla, and an occasional cardon.

170 On the sand dunes, there is normal vegetation, while on the flats there
are only annuals.

180 Enter a new farming area. We are traveling nearly parallel to the axis
.of the Cretaceous syncline with 20,000 meters or more of Mesozoic
sedimentary rocks. The Peninsular Ranges batholith is to our right
and the Sierra San Andreas (similar to the Coast Ranges of
California) with the Franciscan assemblages and extensive exposures
of sedimentary rocks. A transpeninsular fault crosses the peninsula
-in the vicinity of the highway providing a groundwater barrier for
the farming enterprises.'

189 Turnoff to El Arco. The hills in the right distance represent meta-
volcanics of the Sierra Nevadan basement. El Arco is the s'te of a
major copper discovery _ (see Barthelmy, this guidebook).,

194 Now even the dunes rarely have the normal vegetation. Crystalatum,
atraplex, and mesqui te are now present.

206.5 in early 1979, a Pemex rig was drilled about a kilometer east of the
higheny. The road passes through a rather large sand dune. If you
take a minute and climb to the top of the sand dune, you'll be
rewarded by a view of parts of the lagoon of San Ignacio, the town
of Guerrero Negro in the distance, and the monument on the state
line.

208 The turnoff to Scammon's Lagoon and the gray whale viewpoint. There's
atraplex, Palmer's sprankinia, desert thorn, and margo mesqaite.

216.5 Turnoff into Guerrero Negro. The salt operations are the larcest in
Mexico. 7F's salt is loaded on barges and lightered to Cedros
island where it is . loaded on ships for Japan. Traveling ncrth from

i Guerrero Negro, the eagle monument dominates the middle or the
road ahead.
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225 North' of Guerrero liegro, the plain is almost unbroken by vegetation
more than about a foot high. .Mostly atraplex and pickleweed.

227' -Airport.1

125 El Presidente de Guerrero Negro. We will spend the second night here.
State Line Eagle Monument gas station, The kilometer markings will
now descend to Pariador Punta Prieta.

123 Coastal. dune field close on the left.
115 Detillo and scattered creosote appear.
110 View of the basalt cone of Punta Santo Domingo situated near the north

end of Laguna Manuel.
108 Laguna Manuel is in view for about half a kilometer.
100 On the stabilized dunes along the road the vegetation is dense, while

~between the dunes only the more salt tolerant plants survive.
99 Road metal quarries on the lef t side of the road exoose the same Pleisto-

cene-(?) limestone which covers large parts of -the Vizcaino Peninsula
and the Magdalena Plain.

S6 EJ ido Morellos y Pavan. Ilote the living detillo fences. Li ke a g rass ,
the detillo grows from the top.

91 View of mesas c.~ Paleocene capps * by basalt. The low, rounded hills
farther to the right are prebatnolithic metasedimentary rocks. The
road climbs inland onto the stable San Borja block (Gastil et al.,
1972) consisting of a pre-Miocene, west-sloping bedrock surTacE-
discontinuously overlain by Cenozoic sedimentary and volcanic strata.
Mesas extend uninterrupted from the main Gulf escarpment to the
Pacific coastal plain.

81 Rancho San Angel. A low hill of basalt to the left. In some of the low
canyons we see flowering agave (maguey) which is abundant here, and
also broombackeras, tamarisk, and barrel cactus.

73 The low red hill is gabbro.
70 Descend a grade through reddish beds of the Paleocene Sepultura Forma-

t i on .. Gabbro is exposed in the narrow neck of the canyon. The first
cerios (boojum) and rabbit brush are growing here, with a reccur-
rence of elephant trees, tree tobacco, candelabra cactus, pitaya
agria, palo adon, and creosote. This is still a Vizcaino desert-,

flora. Af ter climbing out of the arroyo, the road will pass through
Paleocene beds for several kilometers, with views of metamorphic
and granitic outcrops to the east.

Fife (1958, p. 63-64) Interpreted the Paleocene conditions:
"The coa:t north of Punta Santa Rosal fa (Loc. IV-32) was rocky as it is

today.- The location of fossiliferous deposits indicates that heavy-
shelled gryphold oysters were -deposited with conglomerates near
shore; while turritellas and echinoids were preserved with finer
clastic sediment in the shallow embayments...

South of Punta Santa Rosalia at least three major embayments existed...
-The southern embayments are well exposed and contain shallow to brack-
Ish water faunas. These were areas of mud to sand bottoms. The
position of fossil mollusca, corals, ostracodes, and foraminifers
suggests that alternate shallow marine and estuarine or brackish
water conditions existed. Seeds of the family Chenopodieaceae and
the remains of the proto-horse Hyracotherium are found in beds
interfingering with typical estuarine strata. Ostracodes and charo-
phytes Indicate a lacustrine environment in the continental beds
east of Rancho La Bachata.

The most extensive outcrop of fossiliferous Paleocene marine rocks occurs
in the southern part of - the area, to the north and in the vicinity

.of. Rancho San Xavier. In this region a t least one hundred feet of
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dusky yellow to reddish brown sandstone is interbedded with con-
glomeratic sandstones, concretionary lenses, siltstone, and mud-
stone. Several horizons contain T. pachecoensis almost exclusively .

.and form resistant strata. LocalTty BSD-30 yielded Cerithidea sp.,
Ostrea sp. , Ostrea sp. nov. , Venericardia sp. , jlycymeris sp. , and
Turritella pachecoensis, plus several specimens of gryphold oyster
and unidentified horn corals, ostracodes, and foraminiferas. This
assemblage represents a sublittoral facies.

Farther north, about six miles up the arroyo from El Muertito...the
fossil assemblage suggests a lagoonal or littoral envi ronment. At
this location the remains of a small proto-horse, Hyracotherium sp.
nov., were interbedded with seeds from the family Chenopodieaceae
(D. A. Preston,1966, personal communication) Cerithidea sp. ,
Calyptraea sp. nov., and Ostrea sp...

About six miles due north of the above locality, at Occidental Buttes,
Morris (1966) reported the discovery of ungulates of the orders
Tillondontia, Perissodactyla and Pantodonta. Pantodonts of the
family Barylambdidae were found stratigraphically above specimens
assigned to Tillodontia and Perissodactyla..."

63.25 - Turnoff to Playa Al ta Mi ra. Half a kilometer down this road are
stream cuts in the Paleocene beds which are reminiscent of the
Spencer Fm. Paleocene of the Willamath Valley. As the road turns
up the arroyo of El Rasarito, a patch of granodlorite is exposed to
the left in-the arroyo. Reconnaissance mapping in the Peninsular
Ranges has resulted in the identification of 387 plutons over I km
in diameter covering 28,000 square miles. These plutons are smaller
in the western edge of the range with the axial portions of the range
being occupied by a relatively small number of much larger bodies.
Most of the plutons are circular in outline with many showing concen-
tric structures. Granite and gabbro form the smallest plutons with
most of the largest plutons being tonalite. These plutons yield
isotopic age dates of 95 to.119 m.y. K/Ar dates of 75 to 85 in the
western edge and 60's on the eastern edge yield cooling dates or
ages of metamorphism (Gastil et al.,1972).

57 Abundant cerio trees. These are 7ather small compared with some of the
~

giants to the north.

53 Rosarito.
51.5 Gas station.
49 Moss that is growing epiphytically on the cerio trees.
46 Climb through exposures of the Paleocene Sepul tura Fm. ; fi rst

redbeds, and then conglomeratic beds.
41.5 Alisitos Fm. metavolcanic hills aheed.
45' Plants occurring with the cerio are barrel cactus, elephant trees, agave,

pitaya' agria, occasional cardon, palo adon, and jumping cholla.
Occidental Buttes are the two butte-like structures in the Paleocene
Sepul tura Fm. This is the site of numerous vertebrate fossil dis-
coveries.

44 Descend a grade through more exposures of the Paleocene.
14 1 First exposures of complexly folded metavolcanic rocks of the Alisitos

Forma t ion.
40.5 Turnoff to Santa Rosalillita - 18 kilometers.
39 Agua de Refugio - now Rancho Santa Domingo.
36 More exposures of the Paleocene.
32 Metavolcanic rocks along the road. -

-30.5 Begiu to climb up a ridge. On top of the ridge, the vista opens up tc
the no-th. . Spectacular view of the coast, with Paleocene Sepul tura
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and alblan-Aptian Alisitos formation outcrops. The Arroyo Leon
down below us, the high peak to the lef t forward is metasedimentary
rock.

28 Steep descent through conglomerates of the Paleocene into Arroyo Leon.
26 Rancho La Bachata.
24 The road follows Arroyo Leon through exposures of the Paleocene

Sepul tura Fm.
16.5 The vegetation is becoming more dense - more cardon, occasional palo

verde, very tall cerlos, agave, elephant trees, shorter and fewer
detillo, pitaya agria, pitaya dulce, both species of elephant trees
in the w3shes, jumping cholla, teddy bear cholla, first occurrences
of ocotillo, creosote, broombackeras, and cheesebush.

14 Airstrip at Punta Prieta.

13 Turnoff into Punta Prieta.
O The turnoff to Bahia de Los Angeles, Pariador at junction.

276 The kilometer marker has now -banged to 276 kilometers south of San
Quintin. North of Punta Pri'ta, the plant species remain relatively
the same, however, locally the dominance changes. For awhile
it will be the detillo, then cardon, then back to datillo, then
cerio.

265 Northeast of Punta Prieta, we see the Sierra de Asamblea, a major range
of granitic and metamorphic rocks.

263 We have our first exposure of granitic rocks alongside the road.
250 On the grar.itic rocks, the dominant vegetation becomes dwarfed and shif ts

to ocotillo. There are a few scattered, widely spaced cerlo and
short cardon.

254 Turnoff to San Felipe. Volcanic rocks in the roadcut.
249.5 Cerrito Blanco. A high relief unconformity witn white cross-bedded Paleo-

cent sandstones overlying a granodiorite hill in an alluvial plain.
247 Just north of Cerrito Blanco we pass through some light-colored fluva-

tile-lacustrine sedimestary rocks.

243 Mixed granitic and metamorphic rocks.
240 Enter the picturesque granitic outcrop areas. The vegetation at this

area is cardon, cerio, elephant trees, teddy bear cholla, jumping
cholla, pitaya agria, palo adon, and ocotillo.

235 Cuesta El Portezuelo - Peninsula divide. Stop and look back to the south
at the beautiful view, one of the finest in the peninsula. North of
the pass, the lake bed of Laguna Chapala can be seen in the distance.
As we come into the view of Laguna Chapala, we see another big vege-
tation change. Cerio almost drops out. Cardons are very small up
against the foothills. The vegetation is dominated prmarily by
atraplex and creosote bush, with an occasional cholla cactus, pitaya
agria, and teddy bear cholla.

232 After cutting through a roadcut, we can see the sand dunes on the south
end of Laguna Chapals, which are blown from the lake during normal
dry spells.

- 226 We get an excellent vie., of Laguna Chapala, which in early 1979 was
chuck-full of water.

- 227 New Rancho of Laguna Chapala. The old road used to go to the right across
the lake to a small group of buildings and trees, which you can
barely see over on the far side of the lake. This was the dustlest
part of the entire peninsula.

,

222 Climbing up a grade north of Chapala with outcrops of volcanic rocks'

overlying granitic rocks. The old road closely follows the new road
here.
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219 ilumerous andesitic dikes in the roadcut.
218 The road ' opens up to a vista of flat, volcanic-capped areas among

mixed metamorphic and granitic peaks.
215.5 Prominent white quartz dike.
215 Roadcut with andesitic dikes in tonalite.

1 212.5 Cinders in the roadcuts here and at kilometer 212.
204 Detween here and kilometer 202 we pass close to Cerro Pedregoso (fat

rocks). This is a granitic hill that stands prominently above the
plain. A dark andesite dike cuts the middle of the hill, in the old
days of slow driving you had the hill in view for a long time. It is

-a very prominent feature out here on the otherwise fairly barrne land-
scape. We will continue to travel along this undulating plain with
views of outcrops of . granitic and overlying Pliocene-Holocene basalt
and basaltic andesite.

195 View of Laguna Seca which is norrally a dry lake.
192 Top of Jaraguay grade. View to the north. Here we can get an idea of the

Ivolcanic tableland we have been driving over, the unconformity between
the granitics and the basalts, and the relatively flat erosion surface
that is underneath the volcanic strata. There are no cerlos on the
south side of the grade and large cerios on the north side of the
grade.

190- The turnoff to Rancho Jaraguay and the old road. Outcrops of gneisses
and tonalite with' andesite dikes. Washingtonian blue palms occur.
near the ranch; these are endemic to Baja California. Just past the
ranch are the ruins of a number of adobe buildings where in the old
days chere used to be a bath house where you could actually get a
shower, unusual because there were not many places where you could
find more than drinking water. As one views this area, one cannot
help: but be impressed with the mixture of metamorphic and granitic
rocks, the dikes, the bouldery outcrops, and the beautiful basalt
caps. IJo r ;4 of Rancho Jaraguay vegetation becomes dense, with
cardon, cerl;, a thick undergrowth of garambullo, pitaya agria, pitaya
dulce, brittlebush, creosote, atraplex, jumping cholla, many annual
composites, and ocotillo.

'188 San Martin. We begin to see chemise, marking the transition between the
Vizcaino Desert flora and the coastal chaparral flora.

185 The golden spike of Baja wos planted here commemorating the completion
of the highway in 1975. We begin to descend down a small canyon,
and we -see off in the distance some rugged graintic peaks near
Hision Santa Maria. One can see the old road in the wash below
to the right.

177 View of the unconformity with basalt overlying tonaIIte..

174 Santa inez. Paved turnoff to Rancho Santa inez, two kilometers. Paved
a i rs t ri p. It is possible to go up the canyon about eight 4-wheel
drive miles to Hision Santa Maria. Crossing at the Arroyo Santa :

Inez.
172 El Pariador gas station - trailer park. The road passes through )spheroidally weathered tonalite in the picturesque La Virgin section '

of the highway.
-169 Arroyo Catavina. A large stand of the blue fan palms 13 found in the

arroyo.
168 'Another example of the uncon formity wi th basalts overlying tonalite to

the right.
162.5 STOP. Turnof f - to La Bocana. View of bouldery, tonalite terrane with

basalt-capped hills. The high peaks off to the west are part of the
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Allsitos Formation. The vegetation consists of cerio, cardon,
garambullo, cholla, creosote bush, barrel cactus, annual compos-
ites, teddy bear cholla, pitaya dulce, pitaya agria, occasional
acacia and detillo.

155 View of volcanic-capped mesas ahead, all about the same elevation. Most
have fluviatile sedimentary rocks underlying the volcanic strata.
The. vegetation again becomes very stunted. Short, scattered cerio
trees, ocotillo, and detillo, with annual composites and the
dominant brittlebush, occasional creosotes, ephedra, burrobush,
agave, and ajoba.

145 - L1anos de San Agustin. Two ki1ometers east is the old Rancho San
Agustin wi th i ts deep weil . To the north is the peak of Matomi.
The llanos are underlain by a thick blanket of fluviatile sedimentary
rocks. To the west are the irregular surfaces of the metavolcanic
Alisitos Fm. i

143 ilew Rancho Tres Enrigues.
139.5 flew Rancho San Agustin. Trailer park. The road to the east goes to

El Marmol which is famous for its onyx. )

137.5 Gneiss and schist in roadcut.
137 Af ter passing through those low hills, we pass a view of the flat Llanos

de San Agustin, broken by occasional low hills.
130- Rancho El Aguita.
127 Turnoff to Rancho Guyaquil.
125.5 Turnoff to Penjamo.
124.5 Crossing a large arroyo, we begin to pass through a rather flat area of

Pleistocene lake bed sedimentary rocks.
121 Turnoff to Santa Catarina landing. The hills to the left and ahead are

the bedded metavolcanic rocks of the Alisitos Fm., originally named
the San Fernando Fm. by Beal (1948).

119 Top of a grade. Descend through the metavolcanics of the Alisitos Fm.
passing Santa Cecila and Rancho El Progreso,

116 We enter a strike valley in the Alisitos Fm. The beds are dipping
towards the east here at about 40 to 60 degrees. A prominent ridge
containing limestone is exposed to both the right and lef t of the
road. The road roughly parallels the strike of the Alisitos Fm.
for several miles. Metavolcanic rocks are exposed through the
pacific slope of northern Baja California. Large areas are wi thout
fossil or radiometric dates. South of the Agua Blanca fault, the
volcanic sequence includes a variety of sedimentary strata. Lime- i

stone, calcareous siltstone and mudstone are interbedded with vol-
canic sandstone, volcanic wonglomerate, tuff and volcanic breccia,
and represent a wide variety of depositional environments. Deposits
range f rom deep to shallow marine and nonmarine, f rom coarse sedi-

.mentary breccia to clean limestone, and from basalt to rhyolite.
Andesite is the predominant volcanic rock. The entire sequence is
thousands of meters thick, it varies widely in stratigraphic
components f rom area to area. Ilo two neasured stratigr6phic sec-
tions are alike, and i t will requi re addi tional mapping and strati-
graphic work before subunits can be recognized and correlated
(Gastil et al . ,1972) .

103- Rancho Arenoso. Outcrops of adamellite and metamorphic rocks.
95 Abundant beavertail cactus, agave, barrel cactus, and pitaya agria,

toyon,. broombackaras , and sparse ca rdons. The tall cerios are
covered by the ramolina 1ichen,

r-
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91- Aguajito grade. The zig-zag of the old road is to the lef t. Excel-
lent exposures of'the Alisitos Fm. rhyolite, ignimbri te, basal t and

,
-andesite outcrop in this area.

-89 STOP at ~ top of grade. A spectacular view of the coastal plain, Mesa
San-Carlos to the south by Catarina and Mesa Sepultura closer, the

hills of the Rosario;Fm. stretching off in' the north distance,
Rosario Valley- in the far distance. To the lef t of the road is
La Turquesa, a turquoise mine. To the east is the granitic spine
of Baja with Picacho del Diablo, the highest peak in Baja California,
and Pico Matomi, a Miocene volcanic core of andesite porphyry, in the
distance. The road now descends through the' metavolcanic rocks of
the Alisitos Fm.

;86 View to the left.down a rather spectacular little gorge in the Alisitos.
85 View back towards La Turquesa and the old Aguajito grade. As we drive

along this ridge, we get beautiful views of Mesa Sepultura to the
left. Hesa Sepultura and Mesa San Carlos are composed of marine
Rosario Fm. in their lower parts overlain by the Paleocene-Eocene
Sepul tura Fe. (Santillan & Barrera, 1930). The Sepultura Fm. consists
of conglomerates grading westward into mudstones with conglomerate
channels. This Cenozoic section extends inland 30 km becoming thinner
and more coarsely clastic and nonmarine with sandstone, conglomerate
and scattered thin shale partings pinching out against an irregular
buried topography (Figure 1). In this area there is often a dis-
tirct contrast between the rounded, reddish-brown hills of Alisitos,

and the badlands of the Rosario mudstones and conglomerates.
80 Contact between the Rosario and the Alisitos formations. The roadcuts

on the grade below kilometer 80 expose conglomerates of the Rosario
. Fm. Beyond the wash, the road passes through sandstones and con-
glomerates of the Rosario Fm.

68 STOP to inspect exposures of the mudstones of the Rosario Fm. The north-
ernmost cerio trees are growing along here.

63 View upstream of El Castillo, which is a fault slice of conglomerate with
sof ter sedimentary rocks behind it. It resembles the two battlements
of a castle.

62 Crossing of Arroyo Rosario. In early 1979 the road was washed out.
Some people walted up to four days to cross.

61 Af ter crossing -the arroyo, the road follows a river terrace. The Rosario
Fm. rocks are on both sides of the arroyo here. El Rosario used to
be considered the last outpost of civilization before you went down
the peninsula. It was the last town until you got down to Rosarita,
which was 2 days and hundreds of miles down the road.

55 .El Rosario. Gas station, supermarket.
54 Just north of El Rosario, the canyon on your. right, at about two o' clock,

contains abundant exposures of the Rosario Formation. Anunonites have
been -found up this canyon, and around to the right, on the hill. The
. road climbs the grade passing - through sandstones, m idstones, and con-
glomerates of the Rosario Group (Kilmer, 1963,1965). Kilmer recog-
nized four - formations of Late Cretaceous age. He retained the name

.Rosario for the Upper Marine Fm., El Gallo Fm. for the underlying
nonmarine unit, P~ nta Baja 'for a still lower marine unit and La Bocanau
Roja Fm. for a basal nonmarine unit, all parts of Beal's original

Rosario Fm. :The total thickness' near El Rosario is 2900 meters.
Morris (1974) described vertebrata fossils from the El Gallo Fm.
" Collecting in the vicinity of El Rosario, B.C., is a continuing project

since 1965 supported by the National Geographic Society, Museum of
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ilatural History, Los Angeles County, and the instituto de Geologia,
Mexico. The fauna is small due to difficulties in collecting,
scarcity of specinens, and the almost unique sedimentary environ-
mental f ramework. Dinosaurian archosaurs related to Lambeosaurus
of the Canadian Rocky Mountain foothills and Alberta plain are the
commonest herbivores. Some were 17 meters long and were aquatic
more than terrestrial. A large carnivorous dinosaur has been rec-
ognized by isolated teeth as well as cranial material. It was
morphologically near Gorgosaurus. Mammals, while exceedingly rare,
have been found. Mostly specinens consist of isolated teeth but
several jaws are in the collection. They are related to forms found
in Cretaceous deposits outcropping along the eastern side of the
Rocky Mountains. A crocodilian near the ancestry of the lineage
leading to modern alligators is present. A very significant avian
fossil has been collected. It is the only terrestrial bird to have
been recovered f rom Mesozoic strata other than the famous Archaeop-
teryx f rom the Solenhofen Limestone of Germany. Preliminary study
ir.dicates that it will serve as a phylogenetic link between the
Jurassic Archaeopteryx and modern terrestrial forms."

49.5 View to the northeast of the Paleocene overlying the Rosario, with
metavolcanic foothills in the far distance. We pass down the grade
through mudstones of the Rosario Formation. North of El Rosario,
we get burrobrush, ritaya agric, agave, garambullo, beavertail
cactus, mammalaria, ephedra, velvet cactus, hedgehog cactus, very
rare Candelabra, and ice plant along the road. We are now in the
Coastal Chaparral zone.

41 Consuelo. We get our first real view of the Pacific Ocean waves.
40 The road turns northward along a Pleistocene marine terrace. The

Pleistocene terrace is cut on the Cretaceous Rosario Fm. The cliffs
to our right are Rosario in the lower part overlain by the Paleocene
Sepultura Fm. in the middle. The resistant basal conglomeratic lime-
stone of the nearshore marine Pliocene grades into nonmarine Pliocene
of the Cantil Costerc Fm. (Santillan and Barrera, 1970). North of
this point, on a clear day, to the lef t front are the Quaternary
basalt volcanoes of the San Quintin volcanic field. App roxima tely
ten little cones are in view. To the left of the main bunch of
cones, there is the low silhouette cone of San Martin Island which

is 4 kilometers of fshore. Woodford (1928) described the San Quintin
in volcanic field. Orme (1974) described the deformation of the
Pleistocene terraces between El Rosario and Ensenada. He used the
upper terrace " marine limit" to describe the nature and magnitude
of Quaternary deformation in the area.

23 Socco ro. Begin the climb up over the Soccoro dune field, which is
largely developed from sand blowing from the beaches and San Quin-
tin bay. Farther south in Baja, there are numerous fields like this.
They are largely stabilized now. The plaats on the sand dunes are
primarily ephedra, annual grasses, composites, burr sage, burroweed,
jojoba, ice plant, and cacti. The vegetation is mostly less than one
meter tall and fairly dense at this point.

21 On the dune field. The view across the dune field shows rows of longi-
tudinal dunes with unstabilized dunes close to the beach, and the

San Quintin volcanic field in the near distance.
19 Llanos de San Quintin. During favorable years this plain is heavily

farmed.
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11 Santa'daria.
10 The Pariador de San Quintin, the El Presidente turnoff. The turnoff

into the El Presidente is down a very.plcturesque lane arched over
- by tama risk trees. The El. Presidente, where we will spend the thi rd
night, is on the beach three kilome*ers to the west. In early 1979-

there was a detour just past this pon.t 761ch went around the bad
part of the road washed out in early 1978. .The detour is paved
for cost of its length, with a low-level stream crossing. In early
1979 there were no kilometer markings between Soccoro and San Quintin,
so kilometers are approximate. .

5 We proceed north from Pariador San Quintin. The hills to the right
forming the low bluffs are part of the Rosario Formation, overlain
by the P!iocene Cantil Costero Formation. The San Quintin volcanic
field is visible on our left.

0 Turnoff to the Old Mili and Ernesto's. This is approximately the 0
kilometer point, 204 kilometers south of Ensenada.

194 San Quintin.
179 The road rises through the Cretaceous Rosario Fm. strata onto the Plio-|

cent iurine terrace of .the Cantil Costera Formation. Arroyo Santo
Domingo and Vicente Guerrero. The bridge across this arroyo was
washed out -in early 1518. To the right of the highway, the hills
are composed of the metavolcanic and metasedimentary strata of the
A1:sitos Fm.

-168 View to the north of the village of Camaiu, the Rosario Fm. seacliffs
to the left, the Pliocene capping the terrace ahead, and the meta-
volcanic strata of the Alisitos Fm. to the right.

158 The road climbs -through outcrops of Upper Cretaceous, capped by the
Pliocene terrace.

153 The road descends through more Upper Cretaceous outcrops. The road
metal quarry on the lef t is in the Upper Cretaceous Rosario Fm.

152 View of Punta Colonett, to the left, forward, named af ter an English
sea captain who ran his ship aground here. His survivors had to

. walk to Ensenada.
139 Road to San Telmo. This area is stratigraphically the lowest st.ata

in the type area of the Alisitos Fm. coataining Albian fossils
(Allison, 1974). The vegetation consists of candelabra cactus,
burrobrush, burr sage, agave, Jumping cholla, brittlebush, beaver-
tail cactus, anne:1 composites,.and introduced Russian thistle. '

127 Colonett. The road terns inland up the arroyo seco. in early 1979
this arroyo was running several feet deep in water. The road
is passing through the metavolcanic rocks of the Alisitos Fm.

116 Leave the arroyo seco and turn to the north, climbing through grano-
diorite and gabbro outcrops.

107.5 Crossing an arroyo-with the salt marsh bush.
102 To the right, an extensive grape vineyard and an olive orchard. Much

of the San Vincente plain is undcriain by tonalite and mixed meta-
morphic and plutonic rocks.

90 San Vincente. fiorth of . San Vincente, we pass out of the tonalite and
back into the metavolcanic rocks of the Alisitos Fm.

78 Turnof f. This road,"which heads up over the hills toward the ocean,
comes out at Punta Cabras and the south end of Punta San Jose,
where there are beautiful pocket beaches of Pleistocene terrace
material overlying .the Rosario Fm.

75.5 Limestones of the Alisitos Fm. outcropping in the hills ahead. At
present the most important mineral product in the state'is limestone
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for the production of Portland cement. This is mined from the
limestone of the Alisitos Fm. which outcrops in a belt extending
southeast from Punta China. The limestone is low in magnesium and
alominum. The large reserves and their proximity to deep water
shipping facilities make it one of the most important sources of
limestone for cement on the Paci f 3 c coast.

73.5 STOP to view exposures of the Alisitos Fm.
63 Begin the descent into the valley of the Rio Santo Tonds. The Agua

Blanca fault zone (Allen et al. ,1960) parallels this part of Valle
Santo Tomds. One trace cuts across the low hills on the north side
of the valley while the main trace follows the road as it descends
the grade.

61 We can begin to see the zone as it heads up the valley. There is a
line of bushes and very small trees cutting across one of the points
on the opposite side of the valley. The north branch of the Agua
Blanca splits. One branch cuts through on the north side of Punta
Banda, while the other branch cuts through on the south side of
Punta Banda. Typical chaparral vegetation of brittlebush, sumac,
broombackaras, chemise, wild buckwheat, and dodder. The streams
and valleys also contain scrub oak and California sycamores.

52 Santo Tomas.
51 Crossing of the Rio Santo Tomds. We a re in the Agua Blanca fault zone

now. The Santo Tomds fault forms the south side of the valley,
while the Agua Blanca fault zone forms a series of level benches
ahead, about halfway up the hill, eventually crossing over the low
saddle almos+ directly ahead. The road will pass through the saddle.

47 Begin to climb the grade. Af ter a sharp curve to the right, numerous
shears and crushed rock provide evidence of the fault zone near the
top of the grade. More zones of crushed and sheared rock occur
where the main trace of the fault crosses the road.

45 North of the road, the metavolcani rocks give way to a variety of gran-
itic bodies. Ilorth of the agua Blanca fault zone there are no Cre-t

taceous fossils in the metavolcanic strata. The next fossiliferous
rocks are in the San Diego area containing uppermost Jurassic fos-
siis (Fife et al., 1967). Between the Agua Blanca fault zone and
those in San Diego County, there are no fossil or radiometric dates
on the metavolcanic strata. South of the Agua Blanca fault zone
there are numerous Cretaceous forsil dates along the peninsula
and one Jurassic age date in the Arroyo San Jose (Minch,1969) .

42 As the road foliows this canyon, it is more or less parallelir.g the
Agua Blanca fault zone to the left. On the ridge are examples of
shutter ridges, benches, vegetation lineaments, and offset streams.

36.5 Excellent view of little terraces and gaps in the ridgeline along the
fault zone.

30 View to the southwest of Punta Banda point within the Agua Blanca
faul t zone.

26 Terrace above Maneadero. Beauti ful view of Isla Todo; Santos straight

ahead, the point of Punta Banda, the long spine of Punta Banda with
the Agua Blanca fault zone, and Bahia Santo Tomds.

25 Areas where bricks are manufactured from the adobe of metavolcanic rocks.
23 Immigration station.
22 The,,turnof f to La Bufadora (19 kilometers) .
20 The fertile Maneadero Valley, salad bowl of Baja.
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18.5' Road to San Carlos hot springs. San .Carlos hot springs is on a fault
zone in the metavolcanics of the coastal range.

16 Climb out of the Maneadero Valley, through Pleistocene dune sands, onto
a flat terrace. . The metavolcanic hills to the right consist of a
well preserved section of pyroclastic rhyolite and dacite (Schroeder,
1967).

12 Ensenada ai rport.
0 Ensenada.

:110 Central Ensenada. Intersection of Ave. Gastelum and Calle Primera. Fol-
low Mexico Highway i northward. The kilometer markings are now kms
south of Tijuana. They may not correspond with new markings. Use
the features as. guides.

109.7 . The roadcut exposes prebatholithic massive andesitic breccia. The pre-
batholithic rocks in this area are metasedimentary rocks of volcanic
derivation, flows and pyroclastic rocks. -The most common rock types
are basic to intermediate tuf fs and breccias, basaltic and andesitic
flows, and volcanic grayyackes. The age of the rocks in the Ensenada
area is still in doubt. Similar rocks range in age from Late Juras-
sic, to the north in San Diego County, to Early Cretaceous south of
Enunada.

107 Intersection ci alternate route f rom Ensenada, by Calle 10a_,
107.5 Escuela Superior de Ciencias Marinas.
105 The road metal quarry on the hillside east of the highway exposes Upper <

Cretaceous marine sandstones which probably were deposited close to
an exposed rocky shore. Basement rocks which formed that Late Cre-
taceous coast are evident in ravines immediately in back of the quarry
and along.the highway to the south.

'100.6 The fish canning industry which supports the village of El Sauzal ex-
tends the length of the Baja California peninsula. This is one of the

- enterprises of the late Geaeral Abelvdo Rodriguez, a former,

Governor of Baja California and President of Mexico. His Ensenada
home is evident on the low hill east of the highway, beyond the
olive orchards.

101.1 The highway to Tecate (Mexico Highway 3) branches to the right.
101 A cotton storage area on the lef t (west side of the road receives

Colorado delta cotton for shipment abroad. This is one of Baja
Cal i fornia 's 'mos t important items of commerce. Upper Cretaceous sand-

= stones and mudstones of the Rosario Fm. underlie hills to the north-
. east.

99.2 Tijuana " Libre" road.
98.5 Caseta (ToII ' Gate); $1.00 toll . At this point in 1978 a massive slump

failure resulted in the loss of a number of the homes which overlook
the ocean.

95.5 A massive highway failure has caused the depression in the road.
90- Salsipuedes. This word aptly means "Get out if you can."
86 ~ STOP. Mirador turnoff; " dangerous curve" ahead. Park off highway, oppo-

site bridge and walk 200-300 m southwest to edge of escarpment for~

-view of coastal features. Panoramic view of the coast to the south
showing the Upper Cretaceous mudstones, sandstones and cu glomerates
of the Rosario Fm. overlain by the basalts of the Rosarito Beach
Fm. - 11umerous slumps are evidem along the coast. Some have
lowered capping ' volcanics to sea level where they form resistant
shore promontories.

81.8 The closed depressions in this area are formed on top of slump b'ocks.
77.8 Jatay.

L
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76.2 The road passes through a cut in the tuffs and tuffaceous sandstones
of the .Rosari to Beach Fm. - The tuffaceous strata of the Rosarito
Beach Fm. has yielded a Middle Miocene marine fauna which includes:
Chione temblorensis (Anderson), Anadara topangensis Reinhardt,
Turritella Ocoyana Conrad, and numerous marine vertebrates. These
strata have also yielded a camelid tentatively identified as
Oxydactylus cf. O. longipes. This consination of marine and non-
marine species _ in the same locality suggest a marine-nonmarine tie-
in between the Middle Miocene Hemingfordian North American land
mammal age and- the West Coast Temblor marine molluscan stage
(Minch et al., 1970).

75 La Salina. Two plant communities characteristic of this coasta!
region can be found here.
(1) Dune and strand line Sand Verbena

1. Abronia maritina
2. Ambrosia chamisionis

bipinnatisecta Sand Dur
3. Camissonia cheiranthifolia Beach

suffruticosa Evening Primrose
4. Carpobrotus chilensis Beach Fig
5. Croton cali fornicus
6. Haplopappus berberidis

7. Haplopappus venetus oxyphyllus
8. Lotus scoparius Door Brush
9 Mesemb ryanthemum

crys tal l inum Ice Plant
10. Nemacaulis denudata
11. Stephanomeria vi rgata

(2) Saltmarsh
I. Anemopsis californica Yerba Mansa
2. Distichlis spicata Sal t Grass
3 Frankenia grandifolia Alkall Heath
4. Heliot ropium curassavicum

occulatum Heliotrope
5 Juncus acutus

sphae rocarpus Spiny Rush
6. Limonium californicum

mexicanum Sea Lavender
7 Monantbochloo

'

'littoralis Salt Cedar
8. Salicornia

subterminalis Glasswort
9 Salicornia vi rginica Picklewood

10. Sesuvium verrucosum Sea Purslane
11. Suaeda californica Sea Blite

Coastal landslides between La Misi6n and El Sauzal. South of La Fonda,
near La MisI6n, the toll highway crosses about 32 kilometers of rugged
coastline with relief of 400 to 500 meters. Most of the route
traverses quaternary or modern landslides. The area is underlain by
flat or- gently southwest-dipping Upper Cretaceous mudstones, sand-
stones, and conglomerates of the Rosario Fm. capped by Miocene
volcanic and volcaniclas.ic rocks of the Rosarito Beach Fm.

Marine e usion has cut high cli ffs into the sof t Cretaceous sedimentary
rocks which are capped by resistant Miocene basalts. Failures are
influenced by thickness of the volcanic units, lithology, north-south
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- Jointing, bedding, groundwater, and possibly faulting. Howeve r,s

the immediate cause of failure is.the !nherent weakness of the mud-
; stones and oversteepening caused by marine erosion. Some sliding >

,

may be~ due, to ' clock gilde where dips are favorable. . Apparently >

most slides, however, arei rotational as the toe commonly is
uplifted a few tens of meters offshore. Even during calm ,eas |
muddy water may be found at the toe of 'a slide, indicating recent

"

movement.
Between Salsipuedes and El Sauzal, further south along the toll road,

K 1 active sliding requires continuous nighway maintenance to compen-
sate for seaward movements of. large slide blocks. Portions of the
highway have been down-dropped several meters. New paveme1t
(asphalt)' marks;the lateral edge _ of'several slide blocks and fresh
scarps several meters high in natural ground mark the up-s7 ope
boundary of active. sliding.

Preventative and corrective work. in progress include unloading the
head of the slide, draining groundwater in and beneath the slide,
and rechanneling surface drainage to prevent infiltration into the
slide pass.

Landslide surfaces offer an attractive building site to the unsus-
pecting' developer. Low density development on some of the more

. stable blocks may not immediately create unstable ground, however,
even moderate development on presently stable landslides can have
tragic effects as shown by continuing problems in the coastal
areas of Palos Verdes Hills. in Alta California. Once structures
are built on a landslide there is a great increase in the water
inflitrating into the landslide, which acts to weaken, load, and
lubricate the-slide mass' so that it becomes unstable. Unfortunately
tSe demand'for beach front property is rapidly increasing and these
landslides ;will soon come under pressure for commercial development.
(D. L. Fi fe and J.. I tson)

69.4 ' Bridge over the Guadalupe- River. This drainage, which starts in the
Sierra Juarez near Laguna Hansen, provides much of the water supply

. for the City of Tijuana.

.62.3 : Slump blocks are evident along the road for next 3 km. Closed depres- |
sions unaltered by drainage are among their many manifestations.
Many of the slumps project into the sea. An excellent example is
located at km 52.6.

59.6- Gently-dipping tuffs of the Rosarito Beach Fm. occur in the sea cliffs
.to the west..

57.9 Half Way House is built on tuffs and basalts of Rosarito Beach Formation.
-East-of the' highway the mesas are capped by the Rosarito Beach For-
mation underlain _ by the Cretaceous. Rosario Formation.

55.0 The site of the Descanso Mission is 1/4 mile to the east of the highway
,

'

on a hill north of.-Rio Descanso. It was established in 1814 as the,

-northernmost of the Dominican missions and the next to the last mis- t
~

:sion established in Baja California. A church presently occupies
the site.

' 54.9 . 'Canta Mar. . A faul t exposed in - the _ roadcut has placed the Rosario Forma-
tion (on the north) against the Rosarito Beach Formation and Pleisto-

icene ' terrace deposits (on the south).
._50.9 .Cantiles -

37.1- Caseta (Tollgate); $0.80 toII-
|31.0 Tijuana'" Libre" and 'Rosarito- Beach intersection. The highway continue:

7 - south on the Late Pleistocene terrace cut on the Miocene volcanic
b
-
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sequence. Mesa Redonda, which is evident east of the highway, is
a prominent flat-topped (basalt capped) feature composed of Eocene and
Upper Cretaceous strata.

29.1 A road metal quarry to the north of the road contains a diverse and
abundant Late Pleistocene assemblage of marine Invertebrates. White
sandstones high on cliff (about 400 m elevation) at the eastern end
of quarry, near crest of hill into which quarry is excavated, yielded
55 species of invertebrates at two localities. No southern forms are
recognized. The south face, with conglomerate at floor near east
end, yielded only 7 species, including common Crepidula princeps,
an extinct species. (J. W. Valentine)

The Agua Caliente fault has elevated this terrace above the regional
level of this late Pleistocene terrace.

10.1 Rosarito generating and desalination plants. The power plant supplies j

most of the electricity for corthern Baja California. t

90 San Antonio shores. ER.svations on the terrace have yielded the remains
of a possible new species of Mastodon, a horse and other mammal
bones. These represent a land fauna which occupied this low coastal
terrace frillowing its Late Pleistocene emergence. The road cuts for
the next 6 miles expose basalts and tuffaceous sedimentary rocks
of the Miocene Rosarito Beach Formation. Reddish strata in this
section have been baked by overlying basalts.

20.3 Canon San Antonio de Los Buenos. Two miles up this canyon the Mira al
Mar Member of the Rosarito Beach Formation contains Franciscan
detritus. Playa Taiti is located at the north end of the well
dev9 loped Pleistocene terraces which can be seen along the road south
of this point. On this terrace are shallow water marine inverte-
brate fossils overlain by terrestrial deposits which contain abor-
Iginal and mammal remains.

, 17.3 Punta Bandera
16.6 In the second roadcut to the south of the La Joya turnoff the Pliocene

sandstones which overlie the bssalts exhibit some large scale
crossbedding.

16.3 A richly fossiliferous San Diego Formation locality on the north side
of this canyon immediately east of the highway, yielded a fauna of
36 species from lensing grey sandstone bects which are about 6 feet
above the contact with the Miocene volcanic rocks. The extinct
species Pecten dilleri, Pecten healeyi, Chlamys parmelee! and Anadara
trillneita indicate a Pliocene age.

The fauna suggests two distinct habitats. A li ttoral-subli ttoral
exposed coast rocky substrate element is suggested by Calliostoma,
Balanophyllia, and Penitella. A sublittoral or semi protected
environment with a fine sand or mud substrate is implied by Panope,
Tresus, Nuculana, Laevicardium, Dentalium, Terebra and other
gene ra. Among the living species Calliostoma costatum, Tachyrynchus,
Prosus major, and Chlamys hastata hericia are indicative of cooler
waters than presently encountered in the San Diego region.

15.5 La Joya Turnoff. Take the turnoff, cross over the bridge, and park near
the dirt road. This cut is composed of tuffs overlain by basalts
which are part of the Costal Azul Member of the Rosarito Beach For-
retion. A short walk,100 meters up the dirt road and around a
corner, leads to a fossil locality in the Pliocene San Diego Forma-
tion.

The fossils occur in very poorly sorted brown conglomeratic sandstone
beds which rest directly on west-sloping Miocene basalts. The fauna
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~3s dominated by the extinct bivalve Pecten healeyl. Acanthina
emersoni, Anadara trilineata and Chalmys permeleel are other extinct
species found at this locality which are characteristic of Pliocene
strata in California and ' Baja California.

'The. fauna is divisible into two environmental components. The first is
a littoral and inner sublittoral exposed epifaunal group which prob-
ably lived on a rocky or shelly substrate. The following genera

' characterize this group: Calliostoma, Tegula, Acnnthina and Thals.
The second environmental element consists of species of Dosinia,
Acila,'Protothaca, Spisula and Silig and suggests a sII$ or sand
substrate. Infaunal organisms domi'.iate this group. Two species,
Dosinia ponderosa and Calyptraea mammilaris may represent a warm

F water element,

The road skirts the Playas de Tijuana area which is developed on a
Pleistocene terrace equivalent to the Nestor Terrace In the San
Diego area. The hills to the east are the Pilocene-Pleistocene
sandstones and conglomerates of the San Diego Formation. Near the
south end of the playas, the volcanics and tuffs of the Rosarito
Beach Formation also are exposed in the hills.

10 Caseta (Toligate); $0.60 Toll.
6 The road turns vestward onto a divided highway. The highway is cut

through conglomerates of Pliocene and Pleistocene age.
'O internerlonal Border.
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dBRIEFREVIEWOFTHEBIOGEOGRAPHYANDINTERESTINGBIOLOGYOFBAJACA1.lFORNIA
,

by

Thomas A. Leslie
Saddleback, College

Mission Viejo, CA 92675

INTRODUCTION

'

I Although' Baja California is mainly a desert, its long coastline, varied
topography, and great latitudinal extent have combined to give it a varied
and interesting flora and fauna (the blota). The most notable characteristics
of the blota of Baja California are the preponderance of desert land species

'of plants, reptiles, birds and mammals _which almost wholly originate from the
adjacent arid regions of the Sonoran and the Chihuahan deserts (Nelson, 1966). ,

l'he thermoreaulatory behavior and shynese, of Baja's desert fauna makes
them almost totally invisible as one drives the peninsula. To see them re-
quires patience, skill, and offroad exploration.

Baja's plants are for the most part highly visible. However, to the
unfamiliar eye they may all seem to look alike. This often results in the
feeling that the flora is not varied and interesting. Look carefully as we
travel north from La Paz and you will notice a steady and gradual change in
vegetation. The road log should help you in recognizing Individual species
and noting when they appear and disappear.

B10GEOGR_APHY

Baja California is divided into three major phytogeographic regions, each
with several vegetative communities (Shreve and Wiggins,1964). Plants are
not distributed evenly over the entire peninsula, rather they are restricted
to a specific vegetative community of a given phytogeographic region. Thus
each major region and/or its vegetative communities are recognizable by dom-
Inant Indicator plant species.

-Initially, biologists studying tower California were interested in list-
Ing the plant species of the peninsula and describing tneir distributional
patterns. Biologists today are rarely satisfied with the mere description of
these patterns. The biogeographer usually wants to discover which environ-
mental factors are the ones that determine or limit the distribution of Ilfe
including geology, climatology, evolution, physiology and ecology. As with
other aspects of biology there is no clear point at which biogeography ends
and other- related sciences begin. This is because the distribution of a
species can be studied on a large range of scales from the global to the local.
This. can be . Illustrated by reference to the european badger (Melei meles).
The geographic distribution of the european badger covers western and northern
Europe as far as the Arctic Circle, Asia Minor, and a zone of central Asia
from the Artic Circle southward to the Himalayas, China, and Japan. Within

.this huge area of the earth's surface, the badger is not evenly distributed.
Its patchy distribution is related to a great many factors, but in general
the badger is rarest in flat and marshy country and commonest in hilly, wood-
ed areas. 'In the British Isles, for Instance, the badger is most common in
southwestern and westein England, and rarest in East Angilca and parts of
Ireland and Scotland. When they occur, the badgers most frequently make their
burrows in woods, especially where these give easy access to the pastureland

.
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where the badgers often feed and where the soll is well drained and suitable
for digging. Nearly all plant and animal species seem to have such recognized
habitats where they are found more often than in other places.

For many organisme, especially larger ones, distribution can be conven-
lently considered in terms of units of habitat as woodland, grassland, sea-
shore, etc. But most species have specific distributions even withir, units
of the environment such as the habitat.

The desert habitat, for instance, consists of a host of smaller micro-
habitats; the humus and leaf-titter layer beneath plants, the ground cover
between larger dominant plants, the various levels of the larger plants, etc.
Certain characteristic species of plants and animals are found in each of
these microenvironments and so the distribution of species in the desert habi-
tat coincides mnre or less closely with that of their microhabitat preference.
Some species are found in more than one of these areas, but generally each
species occupies a particular microhabitat that ney be termed its headquarters
in which it occurs most frequently and in the highest numbers.

Whether the areas of a species distribution are considered on a geograph-
ical, habitat, or microhabitat scale they are surrounded by areas where the
species u nnot maintain a population because physical conditions or lack of
food resources are too different to permit survival. These areas can be
viewed as barriers that must be crossed by the species if it is to disperse
to other favorable, but as yet uncolonized places - much as the Europeon
settlers had to cross ocean barriers to colonize North America. Any climatic
or topographic factor, or combination of factors, may provide a barrier to the
distribution of an organism. For example, land is a barrier er organisms that
are adapted to life in water, because they require supplies of oxygen dissolved
in water rather than os atmospheric gas, and because they desi:cate in air.
Such envircnmental conditions as the amount of rainfall, the rate of evapora-
tion of water from the soll surface, soII texture and composition, light in-
tensity, etc., ere all critical factors limiting the distribution of most
plants. But usually the ultimate barriers are not the hostIIe factors cf the

'

environment, but the species own physiology which has become adapted to a
limited range of environmental conditions. In its distribution a species is
therefore the prisoner of its own evolutionary history.

Some species are confined in their distributions to the areas where they
evolved; these are said to be endemic to that region (Car 1quist, 1965). Their
confinement may be due to physical barriers to distribution, as is the case
of nany Island and peninsolar blotas, or to the fact that they have only
recently evolved and have not had the time to spread from their sites of

origin-(Cos, TorhTa, peninsula, endemism is common.
et al. 1976). Due to the semi-isolation and relative youth of

the Baja Cali This is especially evi-
dent in cacti; of 110 species found on the peninsula, 80 are endemic. In
contrast to Bajn's endemism there are a few species of plants and animals
whose geographic distribution can be listed as cosmopolitan since they occur
in many other parts of the world and their distribution in Baja appears to be
quite unaffected by variations la cIlmate or in soll conditions. Examples of
organisms in Baja with broad geographic preferences are the heronbill, a
geranium, and the osprey, a large fish-eating sea hawk. However, despite
their broad geographic distribution, these organisms still have habitat and
microhabitat preferences.
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" ' The steady and gradual changes-in the patterns of vegetational distribu-
_

tion you will. observe as we drive the peninsula are partially determined then
by factors.such as the habitat and microhabitat preferences of each spe les,,

, food resources, cilmatic and topographic barriers, the physiology of each
species, and.'their evolutionary history.

ROADSIDE' VEGETATION: La Paz to Tijuana

' Baja as a whole has extremely scanty precipitation. Periods of several;-
.

successive years occur during which no precipitation takes place over great
j areas. .The east'and west sides of the peninsula vary in the amount of their
' - vegetation. The. cast coast is much hotter and drier than the west, which 'is

shown strikingly throughout the peninsula north of La Paz by the abrupt and
marked change In 'the character _of the vegetation from the abundant growth of '

f the western slope to.the generally sparse and often extremely desert char-
3 acter of vegetation on the eastern side of the mountain ranges that form the-
! backbone of the peninsula. The aridity of the eastern coast is due to the

. fact that it Is in the rain shadow of the mountain ranges; the mountain chain
,

cuts off the cool, moist, and often foggy northwestern tradewinds. Also, the<

. east coast is close to the waters of the Gulf of California which are enclosed
} 'by land so that in the summer the surface water becomes heated to a temperature
' far above that of the Pacific ocean. This helps hold the general temperature
| of the' air at a' higher level (Nelson,1966).

~

[ , In spite of these severe-conditions, plant Ilfe on the peninsula has-
developed into the richest and most varied desert flora known in North America'

: and probably .in the world (Nelson,1966). The desert flora covers at least !

; two-thirds.of the total land area of the peninsula. The well-drained slopes ,

'

| of the desert mountaind present a bare, sunbaked waste, or at best a scanty
j cover of stunted. vegetation. In lowlands, deepsandy loams afford a favorable i

J medium for retairiing water after infrequent rains and vegetation is ertra-
I ordinarily abundant with veritable forests where desert plants from ten to
:. fifty feet abound, often becoming almost impenetrable, thorny Jungles. This

' desert occurs from the U.S./ Mexico border to the Victoria Mour.tains south of'

;. La Paz. The plants of this great region exhibit an amazing and fantastic
variety of forms which.can be grouped into three phytogeographic regions: the
Cape region, the Central ~ Desert region, and the Californian region. As we

~

travel north from La Paz we will pass through four different vegetative com- '
.

munities and two phytogeographic regions. Each vegetative community is char-.

| acterized-by Indicator plant species.
.

- - . Phytogeog raphic Vegetatlonal Indicator Plant Species,* p*** Region '' Community

r Central Desert Area Central Gulf Coast elephant trees
; . lomboy

creosote
palo blanco
century plant
adams tree'

atriplex
*

candedilla
ca rdon ' barbon

y agave
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Phytogeographic Vegetational Indicator Plant
Region Community Species

Vizcaldo Desert cirlo
pitaya agria
cardon
ball moss
yucca
agave
elephant trees
datilillo
barrel cactus
maguey
ocotillo

California Area Chaparral chamise
yucca
nenzanita
laurel sumac
scrub oak
indian paint

brush
white sage

\/ Coastal scrub buckwheat
cactusTijuana
agave

PLANT MONSTROSITIES

Some of the desert species you will see seem like plant monstrosities
(Nelson,1966). This is particularly the case with the boojum or cirlo
(Idritj, columnari s) . Erle aounley Gardner claimed that "The cirlo trees are
simply indescribable." He then goes on to tell us they sometimes grow straight
and tall, looking like a green carrot stuck in the ground with foliage growing
out from slender twigs only a few inches in length (Garner,1967). Other
observers describe them as looking like gigantic slender upside dowa parsnips
(Nelson,1966). Godfrey Sykes, while on an expedition in Baja for the Desert
Botanical Lab of Tucson in 1922, gave the cirlo the common name boojum. The
boojum was a mythological character from Lewis Carroll's " Hunting of the
Snark" (Krutch, 1961). As we drive through the becJur/cardon forest, be sure
to note the variety of their growth habits. At times the boojum will grow
perfectly straight; at times it doubles back on itself, or the top may explode
into a pattern which has no rhyme or reason and seems to be the result of
arbereal hysteria (Gardner,1962).

One of the most conspicuous of the boojums, and only slightly less queer,
is the elephant tree which occurs in almost precisely the same area (Krutch,
1961). Elephant trees have short, thick trunks and contorted branches cover-
ed with a smooth bark which repeatedly peels off in papery layers giving the
tree a prostrate form. These wierd trees store up water until at times the
whole trunk gives the appearance of the baggy skin of an elephant. The
branches are also abnormally thick near the trunk and taper rapidly toward
the end, hence the common name bestowed by someone who fancied a resemblance
to the trunk and skin of an elephant (Gardner,1967). There are three
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different varieties of elephant tree: the copalaquin (Pachycormus discolor),
the torote (Bursera microphylla) and the torote blanco (Bursera odorata). The
latter is extremely aromatic (Coyle and Roberts, 1975). The three varieties
are differentiated on the basis of leaf aroma' and morphology, bark color, and
peeling patterns. The copalquin is a member of the plant family Anacardiaceae,
a group so large and diverse that it includes, improbably enough, both the
cashew nut and the poison Ivy.

A second interesting associate of the boojum and elephant trees is the
Cardon,a. striking saguaro-like cactus stretching up at times to a height of
sixty feet. In a region where there are at times violent winds,it takes a
lot of structural support to keep the cardon erect. This support is furn-
Ished by a core of rounded hardwood rods up to around two inches in diameter.
When the cardon dies, these hardwood rods are readily available and frequently
used as building materials (Gardner,1962). This cactus has eleven to seven-
teen ribs around the circumference of the trunk and branches. Inside the
trunk the hardwood rods correspond to each rib. A spongy pulp that readily
absorbs water when it is available fills the center of the trunk. The spac-
Ing between ribs is far apart if the plant has abundant water stored in it.
The spacing between ribs decreases as water becomes scarce (Coyle and Roberts,
1975).

The deserts of Baja California are not barren or populated with plants
that all "look alike," nor are they nonotonous or uninteresting. But rather,
in many places, they are literally filled with distinctive desert growths.
Many of the plants growing there exist only in Baja California (e.g. endemics
like the boojum). Others such as the cardon and elephant trees are indigen-
ous, and while found elsewhere, are at their best in Baja California.
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Field trip guide to

THE GE0 LOGY OF fl0RYliERll BAJA CALIFORNI A, i. .sC0

Ittchard P. Phillips, Environmental Studies, University of San Diego, San Diego
California 92110 i

G:naro Silvera, Cementos California S.A., Avenida Gatelun #53, Ensenada, B.C.,
Mexico

Francisco Suarez Centro de investigacion Cientifica y Educadon Superior de
R. Amaya Ensenada, Dr.Ja Cali fornia

INTRODUCTION

1 The Geology of the northern third of the State of Baja California, Mexico
(Gastil et al.,1975, Hap Sheet A) is expressed by a diversified and interes-
ting variety of rocks and landforms that are well exposed. The arid climate
end steep topography gives rise to spectacular outcrops that can be studied in
datail. Tne large crea to be covered and the scarcity of good reads, however,
make it diffieuit to visit more than a few of the besy localitles in a reason-

tble time. It is not possible to visit the outcrops in a systematic way that
will develop a geological history of the peninsula. For those not already
familiar with the geo' logical history a short summary will be useful. A more
nearly complete history may be found in Gastil and Higley (1977).

BRIEF GEOLOGICAL lilSTORY OF NORTHERN BAJA CALIFORNI A

The oldest rocks that can be recognized in the Peninsular Ranges province
are the Paleozoic (probably Carboniferous), eugeosynclinal rocks exposed in the
Sierra de Pinta (stop 25) . ' Exposures are not complete enough to understand the
Paleozoic geography of the regian.

By the Jurassic Period, tropical seas lapped against volcanic islands near
Srn Diego. Thousands of meters of volcanic-volcaniclastric strata (stop 5)
accumulated in the island arc system which continued to consume and digest an
ocear e plate and generate magmas of gabbro, tonalite and granodiorite
compo .tions over the next 60 million years (stops 10,11, and 16) .

By Late Cretaceous time, volcanic activity had ceased along the western
coastilne. Short, steep drainages along a precipitous coast deposited sediments
(stop 7) which burried the recently unroofed granitic and metamorphic rocks.

A long period of quiecence and erosion reduced the west coast to a broad
plain covered by a deeply weathered regolith. By the end of the Eocene the
canyons were filled to overflowing with gravels derived from pre-Gulf of
California sources in southern Arizona and northern Sonora (stop 29) .

The west coast of North America became tectonically active again in the

; Oligocene. Basins and ridges began to form and the rivers which had drained
to the Pacific were diverted in other directions.

What was to become northern Baja California was a series of ridges and
basins in middle Miocene time. Granite and metamorphic rocks were exposed to
the' east; andesite and basalt were erupting to the west (stop 2b) and in the

201

-



/ nim,-rs8 e i u c.,.-.

'

mn mu-i--- -
s.i.

/_ _ _ _
3.M

29 .28 mm, m .o. ,,.'.',- " ^,i
/ c,'g'u_r_ogNIA

- _ -
, W "d L ,,,,, y /-_

- -1 s , w. is --s _ m .,e .- ,_..
. , _ . ,,._

p# h

"" "*>"1 1 J,,,, ,y g ; _".g '#*e ,
' " , * $ c '3'*'**isu,'''

f,- 2 .,q , .
9"''

'; *2'7 * y
. gg, - %m. s p ss

1- -7'l *5 #m 5w n,
. ..

-i s, yg ~Q &,, 4. , , , . .

4-s;_
(m_ ,a f w,

J .:. ,.,_._ . s m._c
-~~1es a.

. ,-sw- .s.
t

r ...i, . _ , . , _m. s ., .

,d- kan r s< ,-} ,m_, +i m .,. . e .. , -,

g: ir.,, . /. d* * * " *' c, rt , , - . . .-. . . . . .
., , _e.,- c gw. . 4( e ... ,

- o,_.. . . .

,u . ...

. . ,,,I
.. _ ,

,cv:.4. ,.,. -: 5 p.;nd ,p~>.~ . u,:_,,_, .

. s m. ._, m. m,

.-@,t| e.- , 3_.. _ S~yd e,,; .gn - " - +-"
,- r. < r_.

. - mu'
o

mu_ . u'/ p /j'\ , ,,, ,m ;,f, ,'* * L1-*

, b, .
i . %. ..

f
,g , - . - . . , - . u n~. I- _~ m ..y. uap ,

, . _ , .. .a
: ;n .1.l..- - n s-

. '
I \4 ,,, . - w ,.,,3 g f
, . . . . .

.. ,

a /c > > ! . . o. . . . .. map a 26 |
s .

mu.
.~ ,

<
. i s ;,, - , . .. i ,...

. .:- u,nz' _ -.10c / ,.

^. s...,.,

t,e / , . 25/ s. epv,u. - s- ~_,
1 01 - s.sro, % 9 ,,;,; r s 11 3 ff ge 1,. _.f

.

,,. , , , , , , ,
7ar j.g(y {t,,,,,,,, |, 3, |g g rg,si .6 ,s,

6 ,n 3 4 .. . .s ..

g .. a,y%; e,c).,jj Ag.j. g
m. , e; ;.

y, "" ] t.o.,q ,
"'- _..ut; i3 L,

.' ,i
,,,

L "- -.~ ,N:',"-13 ' '-, -

... _a 12 ., , ;d,, .
'

.
~'p" u-

'r.
1 g . .... :,= 4., ,$ .

w s. r . 4 .cn Tome # .--
o n i.. ,,4 ~p# 4/, *% ,~

#, #hb* mf fl map 3 p i , p. ,,g,,. . *y j=
5 **' # -

W ,.i,5.~ ,,,,...,J '. w{t( ,,,,, ' , h $e.'''S.f[I<~a .[
.

- / \'*g, -
,jt c ,,

m *f A . .. ,6.,a, s. .,,,,- e

17 '$ C"-
.

'TIIE NORTIIEltN POllTIO '

* I. .. . , : . . . . , .

If
:,--w :.u-oe -

|
u oa

! BAJA CALIFORNIA,, (% pp .,i(y,,f-y t,
t.:Qu,

'
.

G/ () (,,

F t

,Z. "
1 ,\ (, I"

>- a.- s f
'ti: " ~ c'Q y #...n. .,
' \ **' #

~ . ' ' ' -
i miles %,5 - ,,) '- it la

L ;, ,: e = ~ e v. w g, ,,,,a ; / 22.
- - -

h.,('
t. .

9 ua. c ! \

$.,,.u - ., ). ,a . L,u Acu..
'

1 'a'a tt.;= 18.,k19w n.s- . u *s * - . , + su *t -- .

. 2021 1
%

c{'''s jm . ,MFj,.,,,,,,e Mj,23 p
u."'"""

,g|' T{:c, h j 3:3{
l' ___

ur~~ s reu,.

g,, [,,,.
,

' " " ' ' ' ~ "Wb ,4j .,

MAP 1: Index Map for trips 14 ar.d 26
(base from Wheelock and Guj ick,1975) .

_ _ _ - _ _ _ _ _ _ - ___ _ - _ - - _



- continental borderland, subserial ridges were shedding detritus toward the
east (s top 2A) .

Marine waters invaded the Gulf of California depression (stop 22) In
Late Miocene time, accompanied by a renewal of volcanism (stop 17). By
Pliocene time, .the' Gulf.of California was an established seaway (stop 21) and
has continued to be characterized by volcanism and thick sedimentation.

On the Pacific coast the Pliocene Epoch is marked by subsidence of the
continental borderland and the adjoining coastal basins. The resulting |

deposits form a complex sequence of nearshore conglomerates and sendstone
(stop 2b),

The f ee Ages have left their mark on the Pacific Coast by a series of
Pleistocene terraces developed on the olcar rocks. These terraces are warped
by tectonic movenent, but in general reflect a stable coastal zone. The Gulf
of California depression, on the other hand, is characterized by deposits of
Pleistocene age tipped at a considerable angle by the continuing tectonic
activity.

ACKNOWLEDGMENTS

There is nothing new in this road log. The Information, and Indeed even
much of the text, is taken directly from reports and articles, published and
unpubilshed, that are available primarily from the Library of San Diego State
University. Master's theses are available on microfish. The undergraduate
research reports are bound together and the volumes do not circulate. Because
of the uneven style of these reports any given report may not photocopy well.

A special thanks is due R. Gordon Gastil of San Diego State University,
who has helped in so many ways in the preparation of this log.

ROAD LOG

Miles
.

0.0 The International border between San Ysidro, Cali fornia and Tijuana,
Baja Cali fornia. Follow the signs "Ensenada Cuota." The road takes a
bewildering series of loops, but with care and luck you will cross the
flood control channel of the Tijuena River, turn north, and again reach

1.9 the International border. Turn west (lef t) . Follov the border part
way up hill to a parking area.

3.6 Stop 1. The Dissipator System.

Stop 1. The dissipator system of flood control on the Tijuana River can be
seen to the north-east.

Flooding has been a cortinuing threat in the valley of the Tijuana River
(Pryde, .1977) . About 73% of the I,731 square mile drainage basin is in Mexico,
ced the river flows across the international border 5.8 miles from its mouth
at the Tijuana estuary in Imperial Beach, California. Although about 72% of
the basin is controlled by reservairs, even moderate rainfalls have caused
serious flooding in the lower reaches of the river. An international study of
water resource control began in 1944, and in 1966 a joint flood control project
was approved by the governments of the United States and Mexico. Construction
began on the Mexican side in 1972, and by 1976 the first paase of the project
was completed. This consists of a concrete channel 80 m wide and extending
4 km south-westward from the border.

j lt was feared that a similar concrete channel on the United States side of
the border would cause major environmental damage to the fragile and endangered
habitat of the Tijuana estuary, and so the portion in the United States has
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been constructed as a dissipator system (Figure 1) . The system includes
floodplain zoning throughout most of the valley; levees for the low-lying areas
along the Mexican border * and Interstate Highway 5; a 1.1 km long energy
dissipator structure at the border to slow down and spread out major run-offs
entering the United States from Mexico; and a low-flow channel with a
sedimentation basin to handle minor floods. A land-use plan was also adopted,
providing for an enlarged State Park in the west end of the valley and
agriculture in most of the east end.

This system has not yet been tested by a serious flood, but it is designed
to provide protection for flows up to 135,000 C.F.S . (4,000 cns).
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Figure 1. Tijuana River flood control project
area (from Pryde, 1977).

Miles

4.6 Join divided road to the west. The highway is cet through conglomerates
and the sandstones of Pliocene and Pleistocene age, including some
undifferentiated San Diego Formation. These are cut by faults of small
throw that displace the overlying Pleisto:ene terrace deposits. Most
of these faults show apparent normal displacement.

7.5 caseta (Toll gate). The road skirts the Playas de Tijuaaa developed on
a Pielstocene terrace that has been mapped as the equivalent of the
Nestor Terrace, tentatively assigned an age of 125,000 + 5,000 years
(Kern, 1973). _

10.7 The La Joya turn off. Take the off ramp, cross the toll road, continue
on the left branch of the dirt road up the hill, across the ditch and
through a cornfield to

(1.0) Stop 2a. The Mira al Mgr Member of the Rosarito Beach Formation.
Stop 2a. The Mira al Mar Member of the Rosarito Beach Formation (Mi nch , 1967;
Minch et al.,1970) consists of a basal fossiliferous sandstone, a middle

~

sedimentary breccia and an upper sandstone-shale-limestone sequence including
some volcanic ash. Fossiis indicate a mid-Miocene age (Figure 2) .
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The conglomerate includes a high proportion of clasts that are similar
to rocks found in a typical " Franciscan" terrane, including about 22%
serpentinite, 30% glaucophane schist or galuophane-quartz schist, and 18%
bedded c.hert. This poorly sorted conglomerate is similar to the San Onofre
Breccia of northern San Diego County, and like it, appears to have been derived
from highlands underlain by Franciscan-type assembleges in the continental
borde rl and west of the present shore!!ne.

IA MISION AREA ROSARD BEACH FORMATION :
(MINCH SCHULTE, (MMCH,1970) : 400

HOFFM.6,1970) :
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Figure 2. Correlation of the Miocene sections of La Misl6n
and Rosarito Beach. Hemingfordian and Temblor are the
vertebrate and invertebrate stages, respectively (from
Gas til eJ; al . ,1975) .

Miles
Retrace route to wide spot just east of toll road.

(0.9) Stop 2b. The Costa Azul Member of the Rosarito Beach Formation and
the San Diego Formation.

Stop 2b. The Rosarito Beach Formation (Minch,1967, Minch et al.,1970) at
-

the La Joya turn off consists of basalts and tuffs of the Costa Azul Member,
with red baked zones underlying the flow planes. A specimen of basalt
collected about I km south of La Joya has been described as a " fine-to medium-
grained diabasic textured rock with ophitic to subophitic clinopyroxene
(au9 te?) enclosing plagioclose lathes of AN Phenocrysts are plagioclase,i

65
zoneci f rom An to An nd altered olivine. . . . The chemical data from

77 55,
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th!s = rock and the norm (0% 01, 0% Q, 25% Hy) suggests that it is a high
alumina tholeil te. . ." (Allison g3 gj., 1970). K-Ar dating gives an age.

of 14.3 + 2.6 my (Hawkins,1970) . Fossils from the overlying Las Glorias
Member suggest a middle Miocene (Hemingfordian (?), Temblor) age.

The Pliocene-San Diego Formation unconformab y overlies the Rosarito
Beach Formation about 100 meters up the hill from the parking area. It is
highly fossi liferous here. The fossils are found in a very poorly sorted, brown,
conglomeratic sandstone. The fauna is dominated by the extinct bivalve Pecten
healeyl. Acanthina emersoni, Anadara trilineata and Chalmys parmeleel are
-other extinct species found at this locality which are characteristic of
Pliocene strata in California and Baja California. The fauna seems to
represent a littoral or sublittoral, warm marine environment (Allison et al.,
1970).

Miles

Casota (Tollgate)ge and return to the toll road, and turn south .
Recross the brid

$ 24.6 The toll road continues south on a Late.

Pleistocene terrace cut on the Mior.ene volcanic sequence. On this
terrace are shallow-water marine beds overlain by terrestrial deposits.
Excavations have yellded the remains of a mastodon, a horse and other
mammal bones. The upper dark soll ' layer represents remains of
aboriginal occupation of the terrace. For several hundreds of years
the Indians lived along the coast line. They did not have permanent
villages, but small family camps, which they moved when the area was
fished out or infested with fleas. In this way the camps moved up and
dOwn the coast and over the years an almost continuous layer of midden
material was depositeo.

42.8 Stop 3 Landslide at Plaza de Santa Maria (note, there is no turn off
the highway here, so park of f to the right as far as possible).

| S top 3. ' Landslides are cha"acteristic features for approximately 40 km along
the coast. They occur where the res!stant Miocene basalts are underlayen by
softer beds of the Upper Cretaceous Rosario Group. The large amphitheater,
almost 0.7 km across, encloses the road and the hotel " Plaza de Santa Maria"
and la cne of the lcrgest. The typical rotational landslide features, such as
the head scarp, reverse-facing surfaces, and hummocky topography are clearly

'

exp re's sed .
Not. ice the modular construction of the Plaza. This type of building is

quite common along the coast, and once you recognize it,you will be able to'

'

spot it at other places.

Miles
Continue south on the toll road and take the El Mirador turn off to,

56.3 stop 4. View Point, Coastal Features.

Stop 4. The El Mirador View Point offers a spectacular view south to Bahia
de Todos Santos, the bay on which Ensenada is located. Punta Banda, the point
which encloses the south side of the bay, is limited on its north by the Agua
Blanca iquit. The two islands, the Islas Todos Santos, are composed of lower I

to middle Cretaceous volcanic rocks of the Allsitos Formaticn, and exhibit a
well developed, wave-cut terrace. The high cliffs to the east of the view
point have been cut into the Upper Cretaceous strata of the Rosario Group,
here protected by Miocene basalts. The down-dropped landslide surface just to
the cast is known as Salsipuedes (which means "get out if you can"), and was
the site of a pirate operation at the turn of the century.

|
i
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If the conditions are right, ww refraction around the Miradore headland
is well developed.
Miles
56.4 Return to toll road and continuc toward Ensenada. The road from here

to the next tollgate is under en almost constant repair due to the
landsliding along the coas t. The most serious slide occured just
before the tollbooth., the unstable slide block had to be removed
completely, and drains installed to stab lize the road.

65.9 Caseta (Tollaate).
67.6 Tecate road continue 'into Ensenada on the coas t route, to the quarry.
D.3 Stop 5. "Prebatholithl:" volcanic strua.

Stop 5. This is the site from which the rocks were taken to siake the cuay
(muelle) at Ensenada. The re .ks exposed in the quarry are volcaniclastic rocks
which were designated as " pre-batholithic undif rerentiated volcanic" rocks in
the reconnaissance geology of Baja California (tias til e_t a1. ,1975) . They are

_

andesitic to dacitic, lithic-crystal tuffs. Few true flow rocks are known.
They are moderately altered and recrystallized, and in places the matrix is
di f ficul t to recognize. Typically they are metamorphosed under greenschcist
facies conditions.

The age of these rocks is not clear. Between the Agua Blanca fau)t and
the international border, fine grained sedimentary strata are uncommon, and
fossils are unknown. They appear lithologically similar to the rocks of the
Upper Jurassic Santiago Peak Volcanics (Fife e,j aj . , 1967) found in Alta
California. They are also similar to some of the volcanic strata in the

fossiliferous Alisitos Formation of Aptian-Alblan age south of the Agua Blanca
fault. There is at leas t one area where these " pre-batholithic" rocks rest
on an erosional surface cut on granitic rocks of the southern California

batholith (Figure 3). Hawkins (1970b) and Gastil et aj., (1975) have pointed
_

out the chemical similarity between the volcanic rocks and the average
composition of the southern California batholith.

. . . ,

khb55 k'
== =[_=_. _=- s 9

- C Sjffffff~5555''

ym_m
~ - _ . _ - y wt-,<

b-M- h-: b
'

+ G EE3 D j h--
f.h.59-77E;;:.~Cyi
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~

it ,[,, .

.

Figure 3. Diagranaatic sketch of relations between dike swarms
and plutons near Vallecitos. A, slate and wacke host rock;
B, predike plutons; C, swarm of primarily dacite dikes;
D, volcanic-volcaniclastic bcst rock, believed to be the
extrusive equivalent of the dacite dikes; E, postdike plutons;
F, point where unit D rests directly on unit B (from Gastil ,

'

e.J a ., 1975).j
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Miles
73.8 Turn south (right) onto Blvd. Costero (Gral. Lazano Cardenas) at the

stoplight. Continue south through Ensenade toward La Bufadora.
84.8 Turn off to west (right) toward Punta Banda.
88.2 Stop 6. Features of Agua Blanca fault as viewed from small rise.

Stop 6. East of this viewpoint the Agua Blanca fault delimits the north side
'

of Punta Banda. (Allen ej a_l,., 1960). fne fault appears to have a strong
component of right lateral movement (FI, ure 4) . Two fundamental geological

,

features are truncated by it. The first of these is the fossiliferous middle
Cretaceous volcanic and volcaniclastic rocks (the Alisitos Formation) south
of the fault, and the second is the west coast gravity high which extends
from the Santo Tom $s branch south at least to latitude 28' N.

Physiographic features that are indicative of recent activity "viens the
fault can be seen east of this point, including faceted spurs, shutter ridge 3
and fault sags.

The active breaks on the fault appear to diverge from the base of Punta
Banda and south of this view point they lie several hundred feet north of the
exposed Punta Banda ridge. The small hill on which this point is located may
be related to fault activity. The road crosses a linear scarp about 1 1/2 km
further on that is clearly related to the movement on the Agua Blanca fault.
Students working under Robert McEuen at San Diego State University have
completed geophysical and geochemical studies that indicate that the Todos
Santos plain is underlain by approximately 2000 m of unconsolidated sediment
at this point. This sed M t is saturated with water that may be as hot as
190* C, which could present a valuable geothermal resource.

HYPOTHETICAL ORIGIN

y OF SYSTEMevNTA y
SANDA, g ,

5ANTO rosug ^^<f5TRag y
' A 4

j %g roaus

> A

L*NTO roy,3 ' '

*( Ktouttlts

{
s%

ee $AN MATIAS rAss
VallE TErNCAD

|

Figure 4. The Agua Blanca-Santa Tom $s fault system:
A, Junction of Valle Santo Tom $s and the Agua Blanca
fault; B, a point near Rancho Zacatan where the Agua
Blanca fault bends toward the east ( f rom Gas t i l e t aj . ,
1975).

!
Miles
94.1 Turn to north (right) on dirt road and continue down steep grade to

boat ramp.
94.3 Stop 7 Coral liochana beds of the Upper Cretaceous Rosario group.

211



.

Stop 7. These micaccous sandstone beds with abundant slump structures and
evidence of sof t sediment deformation were depusited during late Campanian
or early Maestrichtian time against a steep and irregular coastline. The most
obvious member of the fossil assemblage is the rudist pelecypod (Figure 5)
Coralliochama orcutti White (White 1885) but at least 22 other species of
mollusks have been r'eported from this locality (Saul,1970. Acosta, 1970). The
fauna is typical of a shallow-water, reef environment.
Miles
94.5 Return to paved road and turn west (right) to the end of the road at
99,2 S top 8. "La Bufadora."
Stop 8. La Bufadora is the spouting blow-hole that is at the end of the path
beyond the parking lot. In recent years the Mexican authorities have been
constructing tourist fccilities and have almost completely hidden the blow-hole
itself, and covered the outcrops. A careful inspection of the rocks used for
the facilities will show you a wide variety of the volcanic, volcaniclastic,
and volcanically derived sedimentary rocks that make up the besozoic m ta-e

volcanic strata on the point. The purple, intrusive andesi te porphyry that is |

the rock forming La Bufadora is probably a volcanic neck or intrusive plug i

into the volcanic strata. The rocks here have not been studied in detall.
Notice the recemented talus at the head o' the blow hole, where salt

water has kept the rocks wet. A leaching and re deposition of iron in some
form seems to be partially responsible for this.

About 200 meters south of La Bufadora are two large rocks in Bahia
Papelote. There is an area of hot water and gas emission at a depth of 25 to
30 m approxinately 20 m east of them (Winn, 1975). Bubbles coming up from
the bottom outline the area distinctly. The bubbles are coming from an area
of fracturing and jointing, around which there is secondary pyrite. The
geothermal activity seems to be related to the intersection of two faults.

a

Miles
Retrace road into Ensenada, but continue stiaight in ' town on Ave.
Reforma rather than turning toward beach. At the statue of Juarez

122.8 turn east (right) on Calzoda Cortez towards Ojos Negros.
146.6 Stop 9 Overview of the Valle San Rafael (0Jos Negros). i

Stop 9. The large (approximately 200 km area) valley of San Rafael appears to
be a pediment with a thin alluvial cover over a basement surface of low relief.
It is the northwestern-most port of the geomorphic area termed the Alamo block
(Gastil et al . ,1975) . The valley is in part a graben. It is separated
from the western mountains of the Ensenada block by a. normal fault, and the
eastern highlands of the Laguna Hansen surface and the Sierra Juarez by the
San Miguel fault.

The north end of the valley, known as Real del Castillo, was the site of
a gold rush in 1870, and the center of government for tne northern part of
Baja California until 1882.
Miles
148.5 Continue straight toward San Felipe.
154.7 Stop 10. Dacite dike in Tonalite.
Step 10. The country rock is mineralogically a tonalite, and shows a definite
foliation. Elsewhere in the region are belts of concordant schist and gneiss.

_

In the small roadcut the tonalite is cut by a dacite dike with large plagioclase
phenoc rys ts . About 20 m west is another dike, more leucccratic and containing
large bloti te crys tals.
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Miles
Continue south on.the paved road to

165.0L Stop 11. Granitic Gneiss.
Stop 11. This ' is the quarry f rom which I. eon Silver of. Cal tech obtained the
sample which yielded the greatest radiometr.ic age yet obtained from the
granitic rocks of the Peninsular Ranges batholith.
Miles
169.3 ' Continue south on the paved road and turn west (right) at dirt road .

at-orange sign " SAG P.E.D.R.E."
172.3 Take lef t fork icvard Tres Hermanos.
174.1 Take right fo'k.r
176.3 Take right fork.
177.5 : Wire gate, be sure to leave it the way you found it.
178.5 Stop 12. Plagioclase cumulate in basalt.

Stop 12. This sequence of tertiary basaltic flows and pyroclastic rocks was
mapped in detall'by Burk (1969). A K-Ar date of 7.9 my was obtained from the
plagioclase. A typical specimen shows up to 75% plagioclase (l abra dori te ,
An60-64). In a groundmass of clinopyroxene, olivine, opaques and apatite.

Phenocrysts commonly show oscillatory zoning to An68 surrounding a core of
labradorite ' and surrounded by normal zoning f rom An64 to An

52'
Miles
179 3 Continue on dirt road, through another wire gate and on to Rancho

San ~ta Clara.
179.6 Stop 13 Volcaniclastic rocks and volcanic basaltic anorthosite.
:Stop 13 A wide variety of textures and structures may be seen in the rocks
outcropping near here. The volcaniclastic rocks are variable in character,
from those which have a distinctly tuffaceous matrix to accumulations of
blocks with .little or no matrix. Clasts range in ' size from coarse sand size
to over 3 meters long. Sorting. Is poor.

The flow rocks have local segregations of plagioclase phenocrysts which
sometimes give the~ rock a banded appearance. Portions of the flows are highly
scoriaceous and locally amygdaloidal.
Miles

. Turn around and return, cross to north side of valley at clearing.
180.0 Stop 14. Andalusite bearing schist.
Stop 14. The abundant, well developed andalusite crystals that weather from
the schist in this locality clearly show the oriented inclusions typical of

~

the variety chiastolite. To the west, a gabbroic dike cuts the schist, and
a smallJintrusion of tonai!te is exposed. Andalusite, presumably relicts from
the country rock are found within the tonalite.

Miles
189. 9 Retrace path to paved road, turn south (right)
198.6 .'Stop 15. Regional ' geology of the Alamo' block.

-Stop 15. The Alamo block E(Gastil ej a_1.,1975, p. 96) ~ displays extensive areas
of basement rock with low relief. Many of the prominent hills are gabbro

. monadnocks produced by. di fferential erosion. This surface was probably
daveloped in early Tertiary -time when it was covered by a thick mantle of soil
And conglomerate. ' The surface was uplifted and now slopes . to the northwest;
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the elevation is 1,230 m just north of the Agua Blanca fault and 600 m at
Rea! del Castillo to the northwest. Notice the tors east of the road. These
probably result from winnowing away the deep weathering profile.

To the south can be seen the volcanic-capped mesas of the Santa Catarina
plateau. The volcanic strata rest on fluvial conglomerate and sandstone that
was deposited discontinuously on a fairly regular surface of pre-Miocene
basement rocks.

A few kilometers to the east of the road is the site of the February 1956
earthquakes along the San Miguel fault (Shor and Roberts,1958) . Three events
of magnitude 6.3, 6.5, and 6.8 were accompanied by a clearly defined surface
break Indicating right-lateral movement with the east side moving up relative
to the west.

Miles
222.1 Continue on past turn to the community of Valle Trinidad. The valley

of Valle Trinidad is bordered on the north by the Agua Blanca fault.
Evidence of recent movement along the fault includes shearing and
disturbance in the alluvial deposits along the north side of the valley
and hot springs at the west end of the valley. The fault cannot be
traced to the east out of the valley across San Matias pass even though
there are excellent exposures in the area.
The depth of fill within the valley is not known, but it is the site of
a --140 mgal Bouguer anomaly gravity low. The alluvium is the source
of water for the extensive farming in the valley, making it one of the
most productive areas in Baja California.

233.3 Continue on past turn to Mike's Skyranch.
240.5 Stop 16. Follation and cross-cutting dikes. Caution - parking just

around the bend.
Stop 16. This sequence of cross-cuttias dikes was studied in detail by Rogers
(1970). The oldest rocks, on the tasis of field relationships, seem to be the
sillimanite-bearing gneiss and hornblende schist. These are cut by a
metamorphosed pegmatite which is cut by a metamorphosed gabbro. Both of these
sets of dikes appear to be cut by a set of metamorphosed basic dikes, followed
by essentially unmetamorphosed granailorite dikes and associated pegmatites and
aplites. All of these rocks yie ld K-Ar ages of about 80 my (Gastil et al . ,
1975).

Miles
249.9 Continue straight past dirt road to *!.e south through Valle San Felipe.

I f this road is passable, it offers a short cut that would allow us to
save some time. The northwest-t ending San Pedro M$rtir fault along
the linear east face of the Sierra San Pedro M$rtir range dominates the
regional structure in the area. Vertical relief between the eastern
summit of the range and the valley floor is over 2,500 meters. This
drop takes place in less than 10 km. Geophysical investigations
indicate that there is a significant northwest-trending normal fault on
the east side of the Valle de San Felipe (Figure 6), so it is a graben
wi th at least 2,500 meters of sedimentary deposits filling it.

261.8 Stop 17. Tertiary basalt overlying sedimentary rocks.
Stop 17 This basalt, with a radiometric age of about 15 my, is associated
with some of the oldest sediments in the Gulf of California depression, it is

medium grey, subophitic, inter ertal with intermediate plagioclase, clino-
pyroxene, and minor amphibole. Abundant cavity fillings of zeolites are
present.
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Figure 6. Cross section of the Valle de San Felipe. Symbols*

as on legend ' for road maps (from Slyker,1974) .

A chemical analysis of a rock collected near here (sample 888-15a, castil et-

aj., 1975, p. 64), yielded 47.12% SiO ' IS NI* AI 0 , 9 % a0, 4.13% Na'

2 23 2*
and 0.19% K 0.2

In this area the basalt consists of two distinct flows on similar
composition that are commonly separated by a few meters of lacustrine sedi-

i mentary strata. Anderson (1973) suggested that these are playa sediments and
that the chemicals that formed the zeolites in the amygdules were derived from
salt within the playa.i

Miles
270 7 Turn south (right) on Mexicali - San Felipe highway (Mex. 2) .
299.0 (km 184) Turn west, from paved road to main road of EJ. PLAN NAL. ABRARO

,

and follow it south, parallel to the paved highway. Note the weathered
silica-carbonate . rocks (called " desert drif twood") which are stacked in
front of the houses awaiting shipnent to the U.S. as decorative stone.

299 3 Turn west (right)
299.5 Take right fork
300.2 Stop 18. Epidote-bearing calc-sIIIcate rocks.

Stop 18. .It has been suggested that this sequence of metasedimentary rocks
: are the equivalent of the carbonate-rich sequence presumably of Carboniferous
; age, in the . desert ranges north of the international border (Gastil et al.,

1975). Here the section. Includes the epidote-bearing metacarbonate rock,
stauroIIte schist, and micaceous quartzite. The beds are cut by'a small .

. . Intrusive granitic body and a red zone of hydrotherma1' alteration;
The.. calc-silicate rocks have been recrystallized'to wollastonite with*

common idocrase and rare diopside. This would ' represent the pyrox(ie-hornfels
facies in calcareous rock with excess. silica. The' schist is a quartz,

muscovite, biotite schist which shows relict graded bedding under microscopic4

examination. Ett appears to stratigraphically overlie the marble.
- Miles
~ 301.1 : Return' to paved road,J turn. south (right) to Pemex gas station' at
|305.6 .Stop 19 San Fel ipe.

:
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15 top 19. The port'of San Felipe, with a permanent population of about 1,500,
is' the only town of any significance on the Gulf of California in the State

; of Baja California. It' is a favorite winter play ground for the Norte
; ' Americanos from southern Cali fornia. Recently it has begun a major program of

sal f improvement and expansion. A new airport has been constracted and large
areas' of the desert south of town are being laid out for development..

San Felipe has been famous for its hot springs for many years, although
[ .there has been no recent attempt to exploit them. If the tide is low, the
l' ' springs that flow out into the Gulf water may be visited. These springs

i' discharge well below mean sea level, directly on the beach Just north of '

' downtown. At the surface the water has a temperature of 51* C (Landry,1976)
and a ' TDS of ' 4.7%, wi th ' Ca++ greater than 100 ppm. SiO has been measured at

282 ppm implying a temperature of 250' C at depth.
i The hill that forms a prominent dark point just north of the town of San

Felipe is composed of a medium-grained diorite containing 3 to 5% quartz, 60%
.

plagioclase (An t An
23 50), 10 to 15% biotite, 15 to 17% amphibole, and 2 to '

4% opaques.
,

1 Miles
j 306.8 Turn around and start back toward Mexicali ( km 189). Jog off paved

road to dirt road which continues west where paved road turns north.i

; 307.8 Detour around hcuse.
! 323.7 Take right fork. This is part of the road used during the 1979 Baja

500 mile off-road race. Tne winning car averaged over 56 mph.
i 326.0 Stop 20. Lamprophyre in tonalite.

Stop 20. This lamprophyre has been termed a kersantite (Robinson,1974) . It

typically contains 64% blotite in hexagonal books, 14% andesine plagloclase,
10% quartz, 7% hornblende, 4% ilmenite (commonly within the biotite grains)

i- and trace amounts of apatite, hypersthene, sphene and zircon. The'tonalite
j with which it is associated contains about 50% plagioclase, 30% quartz, 17%
i blotite, .1% hornblende, and trace amounts of apatite and sphene. The large
i amount of blotite and hornblende in the kersantite indicates a large amtunt of

~

i water in the original melt.

Banding in the lamprophyre indicates crystal settling of a hornblende-rich
! accumulate. This was, at least in part, broken up to form a coarse igreous
[ b reccia. The cooling relationships are not clearly worked out.
! Miles

1Turn around and retrace road east to '

.329.6 Stop 21. Pleistocene marine arkose.
~

Stop 21. These beds are equivalent to the Imperial Formation in the Imperial
Valley of California to the north, and the Salada Formation to the south. They.

ware' studied .in detail by Andersen (1973) . These interbedded conglomerates,
.

I gritstones, sandstones and siltstones contain a varied sub-littoral mollusk
fauna. Note that the coquina bed, which 'is resistant to weathering in the
arid climate, at one time mantled the north facing dip-slope. It has been
removed by someone who wanted the calcareous material.

.

Miles
331.6 Continue to the east and turn north' (left) on.little used track, narked

: by rock ~ cairn and a small pile of diatomite.
L 332.9 Stop 22. Miocene diatomite and overlying Pliocene beds.
,

i

219:
!

_ ._ __ _ - . ~ ,. __ _. , ___ . _ _



-

Stop 22. The white to light gray, finely laminated impure diatomite contains
abundant radiolarians, and common fish scales and fish bones. It has a
maximum observed thickness of about 20 m. The diatoms are indicative of a
late Miocene age (Figure 7), and the forams of a shel f environment. The
planktonic forams contained in the diatmite have a strong affinity to the
tropical Miocene fauna of Venezuela.

Andersen (1973) suggested that these rocks were derived from laminated
sediment deposited in an uiygen deficient zone along the continental slope in
the Gulf of California.

Above the diatomite in the Miocene marine deposits is an upper diato-
maceous sil ts tone, typically light green to light yellow in color. The yellow
beds have secondary gypsum in vertical joints. There are at least two distinct
pumice-clast horizons, one Just above the base of the siltstone and the other
near the top of the siltstone unit.

The slitstone is overlain with angular unconformity by Pliocene marine
deposits, highly fossiliferous in places. Several species of oyster have been
|dantified. The most abundant species are two plicated varieties, Ostrea
megadon Hanley and 0,. vespertina Conrad. The Ostrea heermanni Conrad, a
thick-shelled variety, is considered indicative of the Pliocene and is
extremely common in the Imperial Formation.

. _ _ . .

o
" MIOCENE PLIOCENE

Forens from west of Q
~

' Aquitanian Burdigalian Vindobrian - Sarmatian
BB 8

~7 o j- - o ,j o x ao a n a m

5 7 % 0 3 E E SE 4;n G E 3 E a l E E,pe a. n =
E.

Ty [4 E4 f, ; E |i s T B E % s E : F E*

4 o'4 2 0% 3 3 G: 2 3 E a E%~
m

:" ? ;! ? *! ? ; ; :!. 0 E E :.* ~ *

" " E C : E E E
' *

* * * *

m

Bolivina advena
_

_,

B. marginsia multicostata
_

.-

Globigerina spetura
. _ . .

. --

C. angustiusbilicata J
.

'
- _ g

rnnMemeins bulloides
__

|
__

Globlaerina concinna
Globigerina falconensis

--

Globinerina praebulloides

Globorotalia acostaensis |
~~~

|cloborotaliasubcretaces, j |
t

Figure 7 Stratigraphic Range of Some Foraminiferal Species
from West of San Felipe (from Andersen, 1973)

Miles
334.2 Return to San Felipe road, turn east (le f t)
344.5 turn north, (lef t), then back west (left) past dump to
344.7 Stop 23 Massive Quartzite.
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Stop 23 Rocks of this1 lithology are uncommon in the eastern metamorphic
belt of the peninsula. It appears to overlie the schist-at stop 18. It

exhibits a typical sugary texture and under microscopic investigation shows an
Interlocking mosaic of' quartz grains between 0.15 and 2 mm in diameter.

Miles
344.9 Return to side road and turn north, continue past stop 18 to Mex.

Highway 5 at
347.6 EJ. PLAN NAL'ABRAR0, turn north (left).
- 3 75.~ 7 Continue north past road to Valle Trinidad and
387.2 turn west (lef t) Just north of Km 121, on poorly marked road to
392.0 Stop 24. The Montezuma'Mine

Stop 24. The' Montezuma Mine are the nearby Fortuna mine are the best developed
and oldest mines in the Sierra de Pintas. They are both on the same vein
which strikes about N30' E and dips 70* to 80* to the east. The vein is from
I to 1.5 m wide and carries pockets of high grade sulphide ore which pay
around $600.00 per ton in sil ver, lead and gold. A deep vertical shaft reaches
350 m. - A previous mine worker believes there might be high grade ore at the
bottom of the shaft, as men working at that level were told to cover up the
vein when1the company ceased operations. An average of 15 samples taken from
the _ accessible workings and reported by the Consejo de Recuersos Naturales
(in Boyd,1976) is 0.4 oz/ ton Au, 4.96 oz/ ton Ag, 0.8% Pb, .2% Zn over an assay
width of 1.35 m. At $300.00 per oz gold and $10.00 per oz silver, this is
about $175.00 per ton of ore.

The sulphide minerals that occur most commonly are chalcopyrite, galena,
pyrite, and sphalerite. The silver occurs within the galena and the gold as
native metal. ' Barite is a common gangue mineral as well as gypsum and calcite-
siderite quartz-chalcedony.

The country _ rock is an augite-hornblende andesite, with flow breccias
common. The vein occupies a fault at the intersection of two fault systems.
Th. 'Jor northeast-trending faults, which are nearly vertical with the south
side down have an apparent. vertical displacement of between 15 and 45 m.
Arcuate faults extend northerly from these faults and are unmineralized.

Immediately northwest of the Montezuma mine the metamorphic rocks which
underlie the volcanic strata are exposed. They consist of 135 to 190 m of
metamorphosed limy 1 shale and limestone with a quartzite pebble layer near the

~

bottom. They-have been metamorphosed in the greenschist facies (James,1973).
The metamorphic rocks are cut by a large rhyolite dike, composed of welded
tuff with minor pumice and obsidian, it contains limonite pseudomorphs.after
pyrite.

' Miles
396.8 Return .to Mex. Highway 5, turn north (lef t) . The volcanic rocks of the

southern Sierra de Pinta' range from basalt to rhyolite. James (1973)
~

found that the volcanic and volcani-clastic materials' changed in nature

and composition both areally and. vertically. An areal gradation exists
f rom basic volcanics in 'the southern and eastern part of the area to
acidic volcanics in the central part. A second areal change exis ts f rom

-

volcanic flows and fanglomerates 'in the western part of the area to flows
in the central . part to tuffs, vitrophyres and scoria in the eastern part.

TThere is an eastward thickening of units. These gradations suggest
that :the original volcanic center existed to the east.
Vertically there seems to be two successive volcanic sequences each of

:which range from calcic' basalt to sodic andesite.
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' Miles
414.8 Turn' ento dirt road paralleling east (right) side of highway.
415.3 Turn east (right) of small rock cairn and remains of tent village. Drive

across desert pavement, skirting north edge of hill to
416.l~ Stop 25 Fossili ferous Paleozoic Limestone.

5

Stop 25. - The distinctive brown layer that crops out Just above the apex of
the sand dune blown up against the slate hill is weakly metamorphose,d Paleozoic
limestone (Frontispiece). The bulk of the hill is,a chlorite-calcite gaartz-
muscovite-albite slate (Figure 8). The parent rock was probably a limy
mudstone with *ntermixed tuffaceous or epiclastic volcanic material as suggested
by the relatively large amounts _of chlorite, albite and sphene. Above this is
a hard, gray green chert bed, a meter 'or less in thickhess. 3

A distinctive brown-weathering limestone overlies the chert It ranges
from 0 to 6 m thick. -It is from this material that McElcawny (l$70) reported
the f!r:t known occurrence of Paleozoic fossils found in outcrop in the
i'eninsular Ranges province. The fossils are found on the axis of 4 syncline
-(Figure '9), overturned to 'the north, probably not more than 30 m from the
' hinge. This is the area of lea t deformation and may account for the fossil
preservation. Crinoid columnals are'especially abundant and solitary corals
may be found. A few brachiopods have also been collected. These fossils
indicate a late Paleozoic, probably Carboniferous, age.

. . ..
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-Miles-

417.4 Return to Mex. Highway 5, turn north (right) .
421.7 Turn east .(right) along south edge of mud flat and around north edge

of' hill to
422.2 Stop 26. Garnet - stauroli te schis t and chlori te - actinoli te schist.
Stop 26.- McEld_owny~-(1970), interpreted these. metamorphic rocks of higher grade as
the of dest rocks in the region. At the base of the ridge-lies approximately
-30 m of a thin-b'edded blotite garnet-muscovite quartz schist. Included within
this_ sequence are minor iornblende-albite-epidote-biotite zones. The unit is
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Figure 9 Diagrammatic cross section through fossil locality
(trom McE1 downy,.1970)

'
' derived from a mixture of petitic and calcareous sediments and rocks with
scattered basic igneous flows and tuffs. It is placed in the quartz-albite-
epidote-almandine subfacies of the greenshist facies. To the northwest the

; unit exhibits a different mineralogy. Here the assemblage is a biotite quartz-
~

staurollte-almandine plagioclase schist. Metacrysts of staurolite are commonly
as long as I cm and occur: with*n clusters of bent biotite flakes.

-

These units grade upward into a biotite muscovite-magnetite quartz-;

albite-staurollte s.chist.60 m thick. The garnet in the underlying sequer.ce is'

lacking here.
; Higher on the hill to the south may be seen the actinolite-chlorite-

calcite schist which unconformably overlies these units.,

'
hiles

422.'6 Return to Mex. Highway 5, turn north (right) . After crossing the broad
salt flat of las Salinas de Omotepec the road passes east of the Sierra,

del Mayor where a thick sequence of metamorphosed carbonate rocks are,

exposed. The- northwest-trending range further north is the Sierra de
los Cucapas. Barnard (1968) noted that the topography of this range
displays a pronounced northwestern fabric that is shared by the
distribution of metamorphic rocks, the foliation of the granitic rocks,
'the Mesozoic intrusive contacts and the Cenozoic faults. This orienta-
tion parallels 1the trends of the San Andreas and 'Cerro Prieto faults, I

+ - which suggest that this structural trend existed at least 100 million
years' before the openinq of the Gulf of California. ,

'

The dark hill .to the e st is Cerro Prieto,' a basaltic-andesite volcanic
1vent, that is probably less than 1 million years of d. 'The nearby '

: geothermal generating plant, with 'a planned capacity of 150 megawatts,
is ~ the' fourth largest operating geothermal plant in the world.

478.6'- Turn wes t (lef t) toward Tijuana 'on Mex. Highway 2.
{521.4 Stop 27 Andesite dike cutting tonalite1

522 3 Turn of f pavement down access road to
:522.6' Stop 28.' Viewpoint of the Salton Sea Depression and the Colorado River

to Tijuana pipeline.

|
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Stop 28. The elevation of the viewpoint is a little over 1000 m. The wash
at the foot of the hill is at about 100 m. This escarpment can be traced
from the San Gorgornio Pass in the Transverse Ranges in southern California
to the La Paz embayment near the southern end of the peninsula. It separates

the stable portions of the Peninsular Ranges from the gulf depression.
The Laguna Salada is a closed basin that extends from the international

border _ southeast.150 km between the main gulf escarpment and the Sierra de
los Cucapas, it is slightly below-mean sea level, and is at present being
flooded by water from the Colorado River and the agricultural areas south of
Mexicall to establish an extensive lake to attract waterfowl to allow for
fish stocking, and the deve!apment of a tourist spcrtsman's resort.

The western portion of the Gulf of California depression is a topographi-
cally complex area. The altitudes of the piedmont surfaces ranges from 30 m
or more below sea level' to more than 500 m above sea level. Spurs and '

outilers of the main Peninsular Ranges includc the Fish Creek, Coyote, and
Jacumba mountains and the Superstitions,20 miles northwest of El Centro.

The new aqueduct-siphon system is being constructed to assure a water
supply to the cities of Tijuana and Ensenada from the Colorado River. The
main line is over 2 m in diameter.

Miles
522.8 Return to Mex. Highway 2 and turn wes t (right).
529 7 Turn north (right) Just west of La Rumarosa and continue up the hill

to the quarry.
530.0 Stop 29 Blue magnesian marble, and view ci regional geology.

Stop 29. The pinon-and pine-covered La Rumarosa plateau is characteristically
1,400 to 1,500 m in elevation. Many of the ridges are capped with fluviatile
conglomerate (Minch,1970) similar to that found farther west. About 10
kilometers to the south, two small peaks rise to I,600 m. They are capped by
a thin layer of conglomerate over which is a cap of basalt. This is the only
relict of volcanic strata known on the La Rumarosa plateau. Drainage across
this province is predominately southwest, but some streams have been captured
by arroyos draining into the gulf depression.

The quarry in the hill above La Rumarosa is being operated to obtain the
bluish magnesium marble which is burned to lime.

Miles
530.4 Return to Mex. Highway 2, and turn west (right).
569 7 Turn north (right) at stoplight on Calle Pte. Lazaro Cardenas at west

end of Miguel Hildago Park, Tecate.
569.9 International border. Return to San Diego on California State highway

94.
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