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ABSTRACT

A north principal stress direction during the 
Pliocene produced tectonic blocks of basement rock by Late 
Pliocene time in the Santa Rosalia area. The development 
of these basement blocks controlled the emplacement of 
Pliocene intrusions and the distribution of volcanic rocks 
to form the circular La Reforma volcanic structure.

On this faulted basement of Cretaceous batholith 
and Miocene terrestrial sediments, Pliocene tuffs and marine 
formations of the Boleo basin extend north from Santa 
Rosalia to correlate with terrestrial sediments, volcanic 
rocks, and igneous intrusions which form the La Reforma 
volcanic complex. Only five tuff beds exist in the marine 
sediments of the Pliocene Boleo basin and within each tuff 
unit a chalcocite ore body is developed. Glass shards are 
suggested as a mechanism of transportation for copper from 
the volcanic complex into the Boleo basin where precipita
tion and concentration of copper into ore bodies is 
attributed to sedimentary processes.

Two distinct magmatic cycles are defined by com
positional , temporal, and stratigraphic criterion in La 
Reforma volcanic rocks. Pliocene calc-alkaline volcanism

xii



is localized in the La Reforma volcanic complex and is 
followed by Recent Tres Virgenes tholeiitic volcanism 
which erupted throughout the Santa Rosalia area.

Plate tectonic hypotheses on the formation of Baja 
California are suggested to explain these abrupt struc
tural , stratigraphic, and magmatic changes in the geology 
of the Santa Rosalia area by an Early Pliocene opening 
of the Proto-gulf of California and differences in relative 
plate motions during Pliocene and Recent times.
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INTRODUCTION

Purpose and Scope of Investigation
During the Pliocene, a series of diorite stocks 

intruded the plutonic and volcanic basement rocks of the 
La Reforma volcanic basement rocks of the La Reforma vol
canic complex, erupted tephra over the Santa Rosalia area, 
and poured out lava flows to form the flanks of Cerro de 
La Reforma. Contemporaneous with these eruptions, tephra 
along with marine sediments were deposited in a shallow 
11 by 3 kilometer sedimentary basin centered 15 kilometers 
south of the volcanic complex. The volcanic sediments of 
this basin host the major copper and manganese ore deposits 
of the Boleo and Lucifer mining districts. The present 
geomorphic form of the La Reforma volcanic complex is the 
result of several periods of tectonic activity, plutonism, 
and volcanism. Erosion over the last 4 million years has 
further shaped the geomorphology of the complex and exposed 
the plutonic roots of volcanism.

The purpose of this investigation is to examine the 
geology of the La Reforma volcanic complex and the adjacent 
Boleo sedimentary basin, to study the petrology of vol
canism and ore deposition, and to relate the volcanic com
plex to the regional tectonic and petrologic setting.

1



2
Location

Cerro de La Reforma is one of several flat, shield- 
shaped mountains rising above the eastern coastal plain 
of central Baja California (Figure 1). The coastal plain 
is separated from the low-profile central massif of Cerro 
de La Reforma by a 1 kilometer wide topographic moat. On 
the north, west, and south of Cerro de La Reforma the 
coastal plain rises gently toward the central massif and is 
terminated by a series of steep cliffs. The moat is formed 
between the steep cliffs of the coastal plain and the 
abrupt face of the La Reforma massif. On the east, the 
Gulf of California truncates both the massif and the coastal 
plain in a series of six 15-25 meter high sea cliffs. The 
core of Cerro de La Reforma and the coastal plain are in
cised by 500-830 meter deep, steep-sided arroyos.

The specific area of investigation, centered on the 
La Reforma massif, is located 32 kilometers north-northwest 
of Santa Rosalia (Figure 2) and covers 110 square kilo
meters, Cerro de La Reforma is remote. There are no 
permanent residents, although temporary fishing camps may 
be found on the beaches and one small ranch is occupied 
during a portion of the year. An abandoned mine shaft and 
the ruins of a house exist in the upper reaches of Arroyo 
de los Palmitos in Localidad de Minitas. The peninsular 
highway is 14 kilometers south at its closest point.
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Figure 1. Photograph of Cerro de La Reforma viewed 
from the west.
The Boleo deposits and Santa Rosalia lie south or to the 
right, the Gulf of California lies beyond the mountain 
itself to the east.
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Figure 2, Location map of the area studied. 
Modified from Wilson, 1955.
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The lack of habitation in the area is due to the 
extreme dryness and rugged relief. September and December 
are the wet months of the year, although it may or may not 
rain. The September rains are due to the tropical influence 
of the mainland of Mexico, while the December rains come 
westerly from the Pacific coast (Wilson, 1955). Rainfall 
is generally scant and highly erratic in amount. For 
several months after rain, tinajas or natural catchment 
basins in the rock of arroyo bottoms may contain drinkable 
water (Figure 3). The amount of water present, the thick
ness and type of vegetation, and animal life varies mar
kedly with elevation. At the base of La Reforma, especially 
on young lava flows and tuffaceous rocks, only barren 
desert exists. At higher elevations and on weathered 
flows, the flora thickens to an impenetrable thicket of 
desert shrubs, In north facing valleys near the top of 
Cerro de La Reforma are forests of palm trees, palo blancas, 
and ivy.

Cerro de La Reforma is 1350 meters high and the 
highest point in the La Reforma complex. The most abrupt 
changes in relief occur along the 600 meter west face of 
Cerro de La Reforma, the 30-450 meter arroyo walls of 
Canyon Diablo, and the 600 meter cliff along the southeast 
side of Arroyo de Punta Arena.

Climatef Vegetation, and Topography
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Figure 3. Photograph of a tinaja in biotite 
quartz monzonite.
Located on the west side of Cerro de La Reforma (see 
Figure 4 for exact location).
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Accessibility

The area is most accessible by boat from Santa 
Rosalia and by mule from the peninsular highway. Once in 
the area the combination of arroyos and obscure borrego 
paths afford the best access. The terrain is youthful, 
exceedingly rugged, and deceptive, tinajas are scarce and 
sometimes empty, and arroyos are frequently blocked by 
20-200 meter high cliffs.

I



REGIONAL TECTONIC SETTING

Baja California is divided by the 28th parallel 
into two political divisions, the northern state of Baja 
California and the southern territory. Although the state 
of Baja California is mapped thoroughly at a 1/250,000 
scale (Gastil and Rodriguez-Torres, 1972) , little of the 
regional geology of the southern territory of Baja Cali
fornia is mapped. The only regional map of Baja California 
is a 1/1,000,000 scale, general reconnaissance map by Beal 
(1948) which groups the La Reforma volcanic complex with 
the underlying Comondu volcanics.

In spite of the lack of regional geologic mapping 
in the territory of Baja California, a tectonic setting 
for the La Reforma volcanic complex is provided by Atwater 
(1970) in her tectonic analysis of western North America 
and by Gastil and Rodriguez-Torres (1972) in the Mesozoic 
reconstruction of California.

The tectonic history of Baja California and its 
separation from the mainland of Mexico is complex. Atwater 
(1970) suggests that the opening of the Gulf of California 
was due to the interaction of the North American and Pacific 
plate boundaries as the Farallon plate was subducted under

8
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North America. Two triple junctions migrating in opposite 
directions along the west coast of North America changed 
the relative amount of exposure and direction of movement 
of the plates interacting along the California coast be
tween Late Cretaceous time and the present. The actual 
separation of Baja California from the mainland of Mexico 
was the result of increased exposure of the northwest 
moving Pacific plate to the relatively stationary American 
plate.

On the basis of regional mapping and geophysical 
evidence, Gastil and Rodriguez-Torres (1972) analyzed the 
details of the northwest movement of mobile California 
as a response to the interaction of the Pacific and American 
plates. Mobile California is defined by Gastil and 
Rodriguez-Torres (1972) as the northwest moving mass of 
Southern California and Baja California west of the San 
Andreas fault system and the deep dilational basins of 
the Gulf of California. ^

The northwest movement of mobile California as a 
unit and the opening of the Gulf of California began 4 to 
6 million years ago (Gastil and Rodriguez-Torres, 1972) 
when the peninsular block of Baja California became solidly 
obstructed by sialic blocks to the north. As northwest 
movement continued and faults of the San Andreas fault 
system were activated and connected to the newly formed



dilational basins in the Gulf of California, mobile 
California moved northwest as a unit forming the Gulf of 
California.

During the various movements of the blocks com
prising Baja California, volcanism and marine transgres
sions mark its geologic history (Gastil and Rodriguez- 
Torres, 1972). The La Reforma volcanic complex is situated 
on the eastern coast of Baja California. Within the tec
tonic setting of Atwater (1970) and Gastil and Rodriguez- 
Torres (1972) , the La Reforma volcanic complex is situated 
on the extreme east side of the penninsular block of Baja 
California at the northwest head of a deep dilational 
basin in the Gulf of California (Rusnak, Fisher, and Shepard, 
1964) ,

10



STRATIGRAPHY

The basement rocks throughout the Santa Rosalia 
area are comprised of Cretaceous biotite quartz monzonite 
and Miocene terrestrial conglomerates and basalts. The 
Cretaceous and Miocene rocks are broken into fault-bounded 
and tilted blocks, one of which was uplifted to produce 
Cerro de La Reforma. Overlying the basement, Pliocene 
sedimentary and volcanic rocks fill the Boleo basin and 
make-up the circular rim around Cerro de La Reforma to 
form the gulf coastal plain in the Santa Rosalia area. A 
period of erosion at the close of the Tertiary period pre
ceded the deposition of recent volcanic rocks over the 
irregular topography of the La Reforma volcanic complex.

The Stratigraphy of the Boleo 
and Lucifer Mining Districts

The following stratigraphic section for'the Boleo 
and Lucifer mining districts is a summary of work done by 
Wilson (1949, 1955). One of the considerations of this 
investigation is to correlate the volcanic rocks of the 
Boleo and Lucifer mining districts with igneous intrusions 
and volcanic rocks of the La Reforma volcanic complex in 
order to establish the history of volcanism in the area. 
For this reason, the stratigraphy of the Boleo mining

11
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district (Wilson, 1955) and the Lucifer manganese district 
(Wilson, 1949) is examined in order to establish a basis 
for comparison and possible correlation with the stratig
raphy of the La Reforma volcanic complex.

Quartz Monzonite
In the Lucifer manganese district quartz monzonite 

forms three small outcrops in Arroyo de Las Palmas. The 
rock is similar in age and appearance to other similar 
Cretaceous outcrops exposed by erosional windows over much 
of central Baja California. Cretaceous plutonic rock of 
similar composition forms the San Pedro Martir batholith 
of northern Baja California and occupies the southern tip 
of Baja southeast of La Paz bay.

Comondu Volcanics
The type locale for the Comondu formation is at 

exposures near the town of Comondu, 150 kilometers south of 
Santa Rosalia (Figure 2). There the formation consists of 
terrestrial sediments and grades into basaltic breccias in 
the Sierra de la Giganta to the east. The rocks extend 
continuously northwest from Sierra de la Giganta along the 
east coast of Baja through Santa Rosalia 288 kilometers to 
Barril. At Barril, the formation consists of andesitic 
conglomerates, coarse sandstone, clays, agglomerates, and 
mud flows (Beal, 1948), The Comondu formation at Santa
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Rosalia outcrops on low hills which rise above the coastal 
plain and consists of non-marine tuffs, breccias, agglom
erates , volcanic conglomerates, and tuffaceous sandstones 
of basaltic and andesitic composition.

No fossils are present in the Comondu volcanic 
rocks. The age of the formation is bracketed by fossil 
evidence from the overlying Boleo formation and underlying 
Isidro formation. An angular unconformity separates the 
Comondu rocks from the underlying Isidro formation at 
Tembabichi, 96 kilometers south of the town of Comondu 
(Beal, 1948) . Fossil evidence indicates the Isidro formation 
to be Middle Miocene in age. At Santa Rosalia, Boleo vol
canic sediments disconformably overlie the Comondu forma
tion. Fossil evidence indicates the Boleo formation to 
be Early Pliocene. The age of the Comondu formation is 
therefore Middle to Late Miocene.

Boleo Formation
Pliocene marine sediments outcrop along both 

coasts of Baja California and are mapped as "Salida forma
tion and other marine Pliocene deposits" by Beal (1948).
In the Santa Rosalia area, the marine Pliocene deposits are 
stratigraphically broken out into Early Pliocene inter- 
bedded tuffs and conglomerates of the Boleo formation,
Middle Pliocene fossiliferous sandstones of the Gloria 
formation, and Late Pliocene interbedded fossiliferous



14
sandstones and conglomerates of the Infierno formation.
The Boleo formation is named for its type locality, the 
Boleo mining district. The formation contains all mineable 
copper mineralization in the district. Boleos, locally, 
are copper-bearing, bluish-green nodules or concretions 
of carbonate and oxide minerals which led to the discovery 
of the district.

Over the extent of its outcrop from the La Reforma 
volcanic complex to the San Bruno plain, 15 kilometers 
south of Santa Rosalia, the Boleo formation extends inland 
6 to 10 kilometers to Sierra de Santa Lucia (Figure 2).
The volcanic rocks and sediments of the formation dis- 
conformably overlie Comondu volcanics and biotite quartz 
monzonite and are disconformably overlain by the Gloria 
formation.

In the Boleo mining district, the Boleo formation 
is 50 to 250 meters thick. Variation in thickness results 
from non-deposition due to irregularities in the Comondu 
surface. The Boleo formation consists of tuff and tuf- 
faceous conglomerates of andesite to latite composition 
and a persistent basal limestone unit. Scattered lenses 
of conglomerates and gypsum also outcrop along the base 
of the formation.

At the base of the Boleo formation is a 0 to 10 
meter thick non-marine conglomerate. The conglomerate is
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local and lensoid against steep slopes on the pre-Pliocene 
erosion surface. Poorly sorted angular to sub*-angular 
clasts of Comondu volcanic rocks make up the rock. Above 
the conglomerate is a persistent 1 to 5 meter thick impure 
limestone bed. The limestone overlies the irregular 
Comondu surface. The unit is impure, being manganiferous 
ferruginous, and containing abundant detrital material.
A calcareous tuff and a thin chert layer are locally 
intercalated with the limestone.

Thick gypsum lenses are found at the base of the 
Boleo formation in two widely separated areas: (1) north
west of Santa Rosalia through the Lucifer manganese district 
to Arroyo del Infierno (Wilson, 1949) and (2) southeast 
of Santa Rosalia in Arroyos Montado and Santa Agueda 
(Wilson, 1955). Both areas of gypsum are northeast of any 
mineable copper deposits. Thicknesses of the gypsum 
lenses range from 14 to 80 meters. These beds finger out 
rapidly into tuff and are intercalated. The gypsum is 
massive in part and also distinctly banded. Beds are vari
colored green, red, brown, orange, and purple. Bedded 
gypsum is cut by 1 to 3 meter wide coarsely crystalline 
gypsum bands.

Above the basal marine sediments, 5 cycles of inter- 
bedded ore-bearing tuff and unmineralized conglomerate 
make up the main thickness of. the Boleo formation. At the
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base of each tuff horizon is 0.1 to 1.0 meter of clayey 
tuff. An ash fall tuff unit overlies each clayey tuff and 
is thoroughly altered to montmorillonite and mineralized 
with chalcocite. Each tuff horizon is 5 to 8 meters thick 
and consists of detrital grains of volcanic rock, glass 
fragments, and crystal fragments of andesine, biotite, 
hornblende, clinopyroxene, and magnetite in a montmoril
lonite matrix. Quartz is rare. Above each ash fall tuff 
unit 5 to 26 meters of sandy tuff is overlain by 0 to 4 
meters of tuffaceous sandstone. Each tuff horizon is 
overlain by conglomerate.

The conglomerates are poorly sorted and made up 
of sub-angular to sub-rounded, pebble to boulder-sized 
fragments of Comondu volcanics. The tuffaceous matrix of 
the conglomerates is tuffaceous sandstone. Conglomerate 
beds in the Boleo formation change laterally from fine
grained tuffaceous sandstone at the Gulf to a marine 
boulder conglomerate and finally to a coarse-grained, 
unsorted non-marine conglomerate inland. The conglomerates 
themselves range from 0 to 16 meters in thickness. The 
thickest portion of the conglomerate marks the locus of 
sedimentation which migrates gulfward and to the southeast 
in progressively younger beds along the present Gulf of 
California shore. The locus of sedimentation migrates 
away from La Reforma with time.
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In the Lucifer manganese district, the basal marine 

sequence of the Boleo formation is overlain first by 0 to 
5 meters of conglomerate, then by 0 to 15 meters of tuff, a 
25 to 30 meter thick conglomerate, a 0 to 15 meter thick 
tuff, and finally a 20 meter thick conglomerate unit. The 
total thickness of the formation reaches 85 meters. The 
units present and the total thickness are highly variable, 
with units thinning and pinching out to the west of Arroyo 
del Infierno. The rocks of the Boleo formation in the 
Lucifer manganese district correlate directly with those 
of the Boleo mining district. However, as expected with a 
southeast shift in the locus of sedimentation, only the 
lower units of the Boleo formation outcrop in the Lucifer 
mining district. The lowest tuff unit occurs between con
glomerate layers and contains the manganese mineralization 
of the Lucifer mining district. The manganese bearing 
tuff and conglomerate horizons rest on a Pliocene bench 
cut in Comondu volcanics where the Boleo tuff thins out.

Gloria Formation
The Middle Pliocene Gloria formation is inter

mediate in age between the Early Pliocene Boleo formation 
and the Late Pliocene Infierno formation.

In the Boleo mining district, at the type locality 
in Canada del Gloria, the Gloria formation is 25 to 185 
meters thick and consists of lensoid basal conglomerate,
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fossiliferous sandstone, and conglomerate. The fossil- 
iferrous sandstone thickens gulfward, grading into silt- 
stones and clays, and wedges out inland into the overlying 
conglomerate bed. As the sandstone thins out inland, it 
becomes highly fossiliferous indicating a shoreline environ
ment. Conglomerate tops the Gloria formation, thickening 
landward from a thin marine conglomerate into a non-marine 
sedimentary breccia.

Infierno Formation
In the Boleo mining district and the Lucifer man

ganese district, fossiliferous sandstones and conglomerates 
of the Infierno formation overlie the Gloria formation 
with slight unconformity. The Infierno and Gloria forma
tions are distinguished on the basis of slight basal an
gular unconformity and the presence of Late Pliocene fossils 
in the younger Infierno formation. The only differences 
in the lithology of the two formations are that the In
fierno formation is highly fossiliferous, the sandstone 
is highly calcareous, and the conglomerate is not cemented.

Santa Rosalia Formation
A thin fossiliferous sandstone and conglomerate 

unconformably overlie the Infierno formation and are the 
youngest sedimentary formations in the Boleo district.
The formation outcrops on the south side of Arroyo de las



Palmas near the town of Santa Rosalia. The formation is 
not widely exposed, there or in the Boleo district.

Tres Virgenes Volcanics
The Tres Virgenes volcanics cover small areas 

northwest of Santa Rosalia in the Lucifer manganese dis
trict, There the volcanic rocks consist of basaltic pumice 
fall and welded tuffs overlain by olivine basalt flows, 
volcanic breccia, and cinder cones.

Lava flows and cinder cones, probably of the same 
age as the Tres Virgenes volcanics, are scattered over 
central Baja California being conspicuous in the areas of 
La Purisma, Tortuga island, and on the east side of San 
Marcos Island. Two eruptions of the Tres Virgenes volcanoes 
are reported to have occurred in recent times, one in 1746 
by Grenwingh (1848) and another in 1857 by Russel (1897).
A hot spring still exists in the area of the easternmost 
cone of the Tres Virgenes volcanoes.

Terrace, Gravel Deposits, 
and Alluvium

Arroyo terraces and mesa tops are covered by late 
gravels of Quaternary age. The gravel consists of poorly 
sorted boulders and pebbles, some of which are well-cemented 
by calcite. Marine terraces of coarse, unsorted gravels, 
and thin layers of shells outcrop along the coast. Alluvium 
in the Boleo and Lucifer mining districts consists of sand
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and gravel of arroyo bottoms, beach sands, and dry lake 
beds of sand and silt.

The Stratigraphy of the 
La Reforma Volcanic Complex

The stratigraphy exposed in the La Reforma volcanic 
complex consists of igneous intrusive and extrusive vol
canic rocks, and sediments (Figures 4, 5, in pocket, and Fig
ure 6). .In the moat surrounding the La Reforma volcanic com
plex, 6 igneous intrusions correlate with the volcanic 
stratigraphy exposed in the encircling rim. The volcanic 
units extend from the rim of the volcanic complex into the 
Boleo basin, decreasing in number and thickness as they 
approach the basin. Terrestrial sediments, interbedded 
with the volcanics in the La Reforma volcanic complex, 
thicken and grade into tuffaceous marine sandstone upon 
reaching the Boleo basin. These features of the stratig
raphy in the Santa Rosalia area indicate that the La 
Reforma volcanic complex was a major source of volcanic 
debris and detrital material deposited in the Boleo basin.

Biotite Quartz Monzonite
The oldest rock in the La Reforma volcanic complex 

is Cretaceous biotite quartz monzonite (Figures 3 and 6) 
dated by the K-Ar method at 91.2 ± 2,1 m.y. Biotite quartz 
monzonite outcrops as a series of low, red brown hills in 
the moat southwest of Cerro de La Reforma (Figure 4).
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A fresh hand specimen is characterized by abundant biotite 
flakes and stubby plagioclase laths surrounded by variable 
amounts of quartz, microcline, and hornblende. All of the 
grains are 6 to 8 millimeters in size and have equigranular 
grain relationships.

Biotite quartz monzonite has a holocrystalline, 
coarse-grained, hypidiomorphic, equigranular texture and 
compositionally borders on biotite quartz monzonite, biotite 
monzonite, or biotite diorite, depending upon its quartz 
and microcline content. Andesine (•̂n3 3 _4 ô  occupies 45-50% 
of the rock and occurs as stubby laths with good albite, 
pericline, and Carlsbad twinning. The mafic minerals are 
biotite and hornblende, Biotite makes up 25-35% of the rock 
and is characterized by irregular shaped flakes, good 
cleavage, parallel extinction, and birds-eye structure. 
Hornblende is minor in amount. Quartz comprises 10-15% 
of the rock, while microcline perthite occupies a volume 
of 5-25%. Both quartz and microcline perthite are inter
stitial to biotite and andesine. Quartz is grey, of low 
relief, and strained. Microcline has well developed qua 
drille structure. The accessory minerals are apatite, 
ilmenite, sphene, and leucoxene. Sphene and leucoxene are 
anhedral blebsleucoxene being opaque and white. The brown 
color and high relief of sphene are distinctive. Apatite
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occurs as clear, moderate relief rods in andesine. Skeletal 
crystals of ilmenite are distinct from eguant octahedra of 
magnetite.

Near Localidad de Minitas on the northwest end of 
the biotite quartz monzonite outcrop, patchy areas of pro- 
pylitic alteration occur. Chlorite is developed in biotite 
along cleavage traces; calcite patches and minute epidote 
grains mottle the cores of plagioclase crystals. Horn
blende is rimmed by epidote. Magnetite blebs dot the edges 
of biotite and hornblende grains. Ten to 15 centimeter 
thick aplite dikes cut biotite quartz monzonite. The 
aplite dikes weather to form ribs in the biotite quartz 
monzonite, and in hand specimen are fine-grained and 
sugary. Under the microscope the aplites are holocrystal- 
line, phaneritic-fine grained, allotriomorphic granular 
textured. They consist mainly of irregularly shaped dis
continuous microcline crystals with well-rounded quartz 
grains interstitial to the microcline. Some oligoclase, 
biotite, and epidote grains are scattered about in the 
rock.

The contact between Cretaceous biotite quartz 
monzonite and Tertiary Comondu volcanics is an unconformity 
of high relief. This is apparent because biotite quartz 
monzonite underlies 235 meters of Comondu volcanics as 
well as the basal limestone of the Boleo formation and yet
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outcrops stratigraphically above both of these formations. 
This high relief'unconformity is also noted by Wilson 
(1955) in Arroyo de las Palmas just north of the Boleo 
district.

Comondu Volcanics
In the La Reforma volcanic complex, the Comondu 

volcanics comprise Cerro de La Reforma, the northern wall 
of Canyon Diablo, and a portion of an unnamed valley north
west of Cerro de La Reforma (Figure 4). The volcanic 
rocks are faulted into massive graben and horst blocks 
which tilt 20° NE. The best representation of the Comondu 
section lies due NE of Cerro de La Reforma from the main mass 
of biotite quartz monzonite to the north-facing dip slopes 
of the upper end of Canyon Diablo (Figure 5). In Canyon 
Diablo, the Boleo tuffs unconformably overlie Comondu 
volcanics (Figure 6). The total thickness of Comondu 
volcanics is 360 to 650 meters.

Interbedded basalt-andesite flows and terrestrial 
conglomerates generally make up the Comondu volcanics, with 
flow breccia, tuff, sandstone,and agglomerate beds present 
in the section. Across the thickest portion of the Comondu 
volcanics, 42 units averaging 14 meters in thickness were 
measured. Each unit consists of a basal tuff or conglom
erate and an overlying basalt flow.
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Near the base of the ComondiS volcanics, welded ash 

flows and ash fall tuffs are interbedded with massive, 
vesicular basalt-andesite flows. The tuffs quickly change 
up-section to terrestrial conglomerates while the basalt- 
andesite flows become more vesicular. At the top of Cerro 
de La Reforma, high in section, the basalt flow breccias 
and the basalt-andesite beds become 25 meter thick scoria 
flows. At the top of the section, thin, 1 to 2 millimeter 
sandstone units are interbedded with thin, 1 to 2 milli
meter red-brown weathered basalt flows.

The upper contact of the Comondu volcanics is 
exposed in Localidad de Minitas where thin basal units of 
the Boleo formation nonconformably overlie both biotite 
quartz monzonite and Comondu volcanics. The thinning of 
the basal units and their superposition upon biotite quartz 
monzonite rather than Comondu volcanics suggest a Plio
cene high along the southwest side of Cerro de La Reforma.

Boleo Formation
The Boleo formation outcrops along the south wall 

of Arroyo de Punta Arena in the La Reforma volcanic com
plex (Figure 7) and is continuous under later volcanic 
units around the west side of Cerro de La Reforma to 
Localidad de Minitas. Tuff units in Canyon Diablo are 
mapped by stratigraphic position with some uncertainty as 
Boleo formation (Figure 4).
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Figure 7. Photograph of tuff of the Boleo formation 
facing south at the base of the Arroyo de Punta Arena.
The photograph shows the thinly bedded, iron-stained nature 
of the formation.
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The basal units of the Boleo formation in Localidad 

de Minitas overlie biotite quartz monzonite and Comondu 
volcanics and consist of a basal sandstone, a limestone 
unit, a thick sequence of siltstone and a tuffaceous 
sandstone unit (Figure 6). The basal sandstone is yellow, 
medium-grained, sub-rounded, moderately sorted and 10 to 
30 meters thick. In places the sandstone is massive and in 
others thinly stratified and crossbedded. Where the sand
stone is massive, abundant specimens of the Pliocene age 
pelecypod Chama are present. The sandstone is the oldest 
marine unit encountered in the stratigraphic section of 
east central Baja California.

Above the sandstone is a non-fossiliferous brown- 
sandy limestone 1 to 35 meters thick. The limestone 
weathers readily and seldom crops out except in the walls 
of arroyos. In the Boleo mining district, the Lucifer 
manganese district, and in the La Reforma volcanic complex, 
this limestone unit crops out consistently at the' base of 
the Boleo formation. The widespread area of outcrop, the 
singularity of occurrence in the stratigraphic column, 
the ubiquitous presence, the distinctive brown color, and 
the consistent ferruginous and manganiferous impurities 
make the limestone unit a good marker bed in the coastal 
Pliocene formations of east-central Baja California.



Only in Localidad de Minitas does 95 meters of 
siltstone overlie the limestone bed. The rock is dark 
gray, dense, interbedded, finely-laminated siltstone and 
very fine-grained, crossbedded sandstone.

Tuff caps the Boleo formation in Localidad de 
Minitas, The rock is thinly-bedded, ash fall tuff and re
worked pumice fall tuff. The ash fall unit consists of 
interbedded very fine-grained and fine-grained shards and 
crystals. The pumice fall unit bears rounded and altered 
cobble-sized pumice fragments in a fine-grained tuffaceous 
sandstone matrix. Both tuffs are bleached, probably having 
been altered to montmorillonite. A conglomerate unit out
crops in the unnamed valley north of Cerro de La Reforma 
overlying siltstone. The rock is dark gray and poorly 
sorted, consisting of well-rounded, boulder-sized clasts 
of Comondu volcanics in a dark gray siliceous aphanitic 
matrix. As conglomerate overlies siltstone and is in close 
proximity to tuff, the unit may be a conglomerate in the 
Boleo formation.

Alteration and severe faulting in Localidad de 
Minitas obscure the texture of the rock and complicate the 
stratigraphy within tuff and sandstone units of the Boleo 
formation. Later volcanic rocks cover much of the Boleo 
formation on the west side of La Reforma. However, tuff 
units crop out above the basal units of the Boleo formation

28



29
in Localidad de Minitas and an older weathered tuff and 
sandstone unit is distinguishable in several arroyos from 
younger volcanics on the west side of La Reforma. The 
undifferentiated lower tuff and sandstone units of the 
Boleo formation are correlated by tracing their outcrop 
to the tuff unit at the base of the Arroyo de Punta Arena 
section (Figure 8). In Arroyo de Punta Arena, tuff units 
of the Boleo formation comprise half of the cliff bounding 
the southeast portion of the La Reforma volcanic complex.

Forty-seven meters of a thinly-bedded, reworked 
pumice and ash fall tuff bearing angular cobble-sized 
fragments of vesicular andesite and some shell fragments 
crops out at the base of the Boleo section in Arroyo de 
Punta Arena. In hand specimen, the tuff is rusty orange 
and composed entirely of very fine-grained to micro
crystalline glass shards which are altered to montmoril- 
lonite.

The reworked tuff is disconformably overlain by 
a fossiliferrous sandstone unit one to two meters thick. 
The sandstone is orange, very fine-grained, poorly bedded 
and composed of crystal fragments, rock fragments, and 
shards. Pliocene Aqueipectin and Tetraclida are two of 
the more abundant fossils.

In turn, fossiliferous sandstone is disconformably 
overlain by 12 meters of reworked pumice fall tuff. The
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Figure 8. Photograph of the cliff south of Arroyo 
de Punta Arena.
The south facing cliff is 600 meters high. Symbols repre
senting formation names and geologic contacts are indicated 
in white. Tbt = Boleo tuff, Tgs = Gloria formation, Tra = 
Reforma volcanics, Tpc = Palmas terrestrial conglomerate, 
Toa = Aro volcanics, Qtv = Tres Virgenes lava flow, and 
Qal = landslide.
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rock is orange, weathered, contains up to 30 percent ande
site fragments, and lacks distinct bedding planes. The 
rounded clasts of pumice and weathered appearance of the 
rock distinguish the tuff from younger pumice fall tuffs 
and underlying thin-bedded ash fall.

In thin-section, the reworked pumice fall tuff 
consists of cobble and pebble-sized, well-rounded pumice 
clasts and sub-angular andesite fragments in a silt, shard, 
and crystal matrix. The andesite fragments, as well as 
crystals in the matrix, consist of oligoclase, augite, and 
magnetite. The crystals are badly broken and weathered 
and are altered to montmorilIonite, and hematite stains the 
tuff red-orange. A one to two meter thick fossiliferous 
sandstone lies disconformably above the reworked pumice 
fall tuff. The unit is similar to the sandstone described 
previously, lacking only pumice fragments.

Sedimentation in the Boleo formation is generally 
characterized by a basal transgressive marine sequence of 
sandstone, limestone, and siltstone overlain by tuffaceous 
sandstones and conglomerates of a beach environment. The 
tuffaceous sandstones result from the interruption of marine 
sedimentation by the periodic flooding of the depositional 
environment by air fall tephra.
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Gloria Formation

A terrestrial sandstone constitutes the middle 45 
meters of the cliff on the south side of Arroyo de Punta 
Arena (Figure 8). The formation generally overlies Punta 
Arena andesite flows, although locally it is disconformable 
over the Boleo formation (Figures 4, 5, and 6). The sand
stone bears boulder-sized, angular fragments of vesicular 
andesite and scoria and is locally cut and filled by 
channels of marine fossiliferous sandstone.

The lack of tuffaceous and pumiceous units or 
their reworked equivalents in this formation suggests that 
Boleo volcanism had terminated prior to its deposition.
The slight erosion along the top of the Boleo formation 
suggests an inconsequential hiatus before sandstone depo
sition began.

Reforma Andesite Flows * .
Four hypersthene andesite flows totalling 66 

meters in thickness lie conformably on sandstone of the 
Gloria formation (Figures 4, 5, and 6). The flows are 
restricted in outcrop to the cliff on the south side of 
Arroyo de Punta Arena (Figure 8). No such units are 
present further south in either the Boleo or the Lucifer 
districts. The andesitic volcanic rocks are overlain with 
marked angular unconformity in the cliff south of Cerro 
de La Reforma by the Late Pliocene Palmas terrestrial
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conglomerate. As the andesite flows are conformable with 
the Middle Pliocene Gloria formation and unconformable 
with the overlying Late Pliocene Palmas terrestrial con
glomerate, the Reforma andesites are also thought to be 
Middle Pliocene in age. The flows may be distinguished 
from each other in hand specimen by subtle textural and 
compositional differences.

Punta Arena Andesite Flows 
and Dikes

Two 18 meter thick hypersthene andesite flows lie 
adjacent to each other along the disconformity at the top 
of the Boleo formation in Arroyo de Punta Arena (Figure 8). 
Breccia flow tops are present along the tops and sides of 
each columnar-jointed flow. Feeder dikes cut the Boleo 
formation and join with the flows (Figures 4, 5, and 6).

Both flows and dikes are dark brown to black 
aphanitic andesites. In thin section, the Punta Arena 
andesite flow is a holocrystalline, panidiomorphic, amyg- 
daloidal, porphyritic rock consisting of fine-grained 
plagioclase phenocrysts in a microcrystalline plagioclase, 
pyroxene, and olivine groundraass. The plagioclase pheno
crysts make up 15% of the rock and are composed of oligo- 
clase CAn^2 1 cores intergrown with wormlike augite grains. 
The phenocrysts are oscillatorily zoned, first by more 
calcic oligoclase (An^g) then by more sodic oligoclase
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Ân12^ ' Fortyr-two percent oligoclase laths, 36% augite 
grains, 2% subhedral augite crystals, 1% subhedral 
aegirine-augite crystals, and 1% anhedral chrysolite grains 
constitute the matrix. Amygdules of glass occupy 3% of 
the rock and are surrounded by augite crystals which are 
locally altered to calcite.

The red-orange stain characteristic of the Boleo 
formation in Arroyo de Punta Arena intensifies to red-brown 
approaching the margins of the dikes and the bottoms of 
the flows. The tuff and sandstone units are baked along 
the contacts of the dikes and flows.

Above the basal andesite flow is a 16 meter thick 
brown, hypocrystalline, porphyritic, pyroxene andesite 
flow. The flow is distinguishable on the outcrop by its 
brown color, sub-trachytic arrangement of plagioclase 
laths, and columnar jointing. Phenocrysts in the rock are 
medium-grained and composed of 20% andesine (An^) , 9% 
augite, and 1% aegirine-augite. Andesine phenocrysts are 
oscillatory zoned from to An^g. Minute apatite rods
are visible in the plagioclase. The groundmass is aphanitic 
microcrystalline and made up of an intergranular arrange
ment of 31% augite and 34% plagioclase crystals. Five 
percent magnetite is disseminated in the groundmass.

Next in the andesite flow sequence is a six meter 
thick, dark gray, porphyritic vesicular pyroxene andesite
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flow. The rock is the first of the andesite sequence that 
is vesicular and hypocrystalline. Four percent plagioclase 
and 3% pyroxene with 45% aphanitic crystals and 10% glass 
compose the rock. Vesicles make up the remaining volume 
of the rock. In thin section, the plagioclase phenocrysts 
are oscillatory zoned and of two sizes. Four percent of 
the rock consists of phaneritic, fine-grained, 1 milli
meter sized phenocrysts and 45% is aphanitic, microcrystal
line, 0.03 by 0.04 millimeter-sized crystals. Composi- 
tionally both plagioclase phenocrysts are on the oligoclase- 
andesine boundary (A^g - An^) . Augite and aegirine- 
augite phenocrysts comprise 3% and a trace respectively. 
Magnetite, in trace amounts, is observed in augite crystals 
as reaction products. Vesicles make up 10% of the rock.

The basal flow in the sequence is a 23 meter thick, 
light gray, holocrystalline, trachytic, and glomeropor- 
phyritic-textured pyroxene andesite. The flow is distin
guishable by its basal position in the sequence >• its light 
gray color, and its abundant glomeroporphyritic plagioclase 
laths. In thin section, the phenocrysts are medium-grained 
consisting of 6% andesine (An^), 2% augite, and 1% magnetite. 
The andesine phenocrysts are oscillatorily zoned between 
An^2 and An4Q.

The groundmass is microcrystalline, composed of 
68% andesine microlites (An32) and 18% augite crystals



36
with a trace of aegerine^augite. Five percent glass is inter 
granular in the groundmass and vesicles are "-free of an# vapor 
phase crystallization products. A baked zone alters the 
top 0.5 to 1 neter of the flow top breccia.

At the top of the Reforma andesites is 20 meters 
of black, hypocrystalline, trachytic textured, vesicular 
porphyritic pyroxene andesite flow. In hand specimen the 
rock is dense and black with 3 to 4 millimeter, well-rounded 
vesicles and 0.8 to 2 millimeter-sized phenocrysts. The 
phenocrysts of the black andesite, in thin section, con
sist of 20% oscillatory zoned andesine (An^’-Angg) , 3% 
augite, and 1% each of pigeonite and olivine in a ground- 
mass of 60% glass and 15% vesicles. These vesicles are 
also free of any vapor phase crystallization products.

The two top andesite flows in the Reforma andesite 
sequence are distinguishable in hand specimen by lighter 
gray color, smaller collapsed vesicles, and the two dis
tinct phenocryst sizes. The rugged brecciated flow top of 
the Reforma volcanics is buried in thin-bedded sand of 
the overlying terrestrial sandstone and lava jclows.

Canyon Diablo Diorite Porphyry
The geology of the eastern half of the La Reforma 

volcanic complex consists of a central massif of Comondu 
volcanics intruded by two irregularly shaped igneous 
plutons, 2 h by 1 kilometer and 1% by h kilometer in size'
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(Figure 4), Both the Comondu volcanics and the igneous 
masses are deeply incised by two canyons, Arroyo de Punta 
Prieta and Canyon Diablo (Figure 5). Each pluton is ex
posed either by Canyon Diablo or Arroyo de Punta Prieta.

The relative age of intrusion of these apparently 
contemporaneous stocks is bracketed stratigraphically and 
structurally as Early and Middle Pliocene. The Canyon 
Diablo stocks intrude Comondu volcanics along N 30° E 
trending faults which cut Miocene Comondu volcanics and 
the basal marine units of the Boleo formation (Figures 4 
and 5). Tuffs of the Early Pliocene Boleo formation 
overlie faults of this trend throughout the Santa Rosalia 
area (Wilson, 1949 and 1955) but nowhere do the tuffs 
overlie Canyon Diablo diorite porphyry (Figures 4 and 5). 
The faults are Early Pliocene in age and therefore the 
Canyon Diablo stocks intruded after this faulting. A 
N 55° W trending fault cuts and displaces one of the Canyon 
Diablo stocks. Faults of this trend are overlain by Aro 
volcanics K-Ar dated at 1,09 ± 0.11 million years and are 
thus Late Pliocene in age. Further structural evidence 
for the ages of intrusion in the La Reforma volcanic 
complex is presented in the Geologic Synthesis chapter 
below. Unfortunately the deeply weathered nature of 
plutonic rock outcrops prevents samples of surface rock 
from being used in potassium-argon age determination.



Canyon Diablo diorite porphyry is named for highly 
weathered and fractured outcrops of green, holocrystalline, 
medium-grained, porphyritic rock in Canyon Diablo. In 
both Canyon Diablo and Arroyo de Punta Prieta, outcrops 
of the two separate plutons are quite similar in appearance 
although they change locally in composition from diorite 
porphyry to quartz diorite porphyry. Thin sections show 
the rock to be a holocrystalline porphyry comprised of 
hypidiomorphic phenocrysts and groundmass microlites. The 
phenocrysts are 45% medium-grained, oscillatory zoned 
oligoclase (A^g) and andesine (An^q) laths with calcic 
cores and 10% medium-grained, euhedral augite crystals. 
Plagioclase and augite phenocrysts total 55% of the rock. 
Cryptocrystalline microlites of andesine (An^q) are the 
major component of the groundmass and comprise 30% of the 
rock. Other minerals in the groundmass are 10 to 30% 
fine-grained graphic intergrowths of quartz in orthoclase,
0 to 5% fine-grained subhedral biotite flakes, and 0 to 2% 
corroded anhedral hornblende grains.

The classification of the Canyon Diablo stocks as 
diorite porphyry is thus dependent on the highly variable 
mineralogy of the groundmass. Generally as the amount of 
quartz increases, the number and size of the augite pheno— 
crysts decrease with biotite and hornblende becoming the 
predominant mafic minerals in the groundmass. A rock
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bearing 15% quartz and having biotite and hornblende as 
mafic minerals is classed as a quartz diorite porphyry.

One percent euhedral microcrystalline apatite as 
rods and hexagonal cross-sections, and microcrystalline 
anhedral zircon grains appear in plagioclase phenocrysts 
and are the dominant accessory minerals. Sphene, leucoxene, 
and rutile grains are observed disseminated in the matrix.

Canyon Diablo diorite porphyry in general is lightly 
but pervasively propylitically altered to calcite, epidote, 
magnetite, ilmenite, pyrite, and chlorite. The calcic 
cores of plagioclase microlites in the groundmass are 
blotched by irregular-shaped patches of calcite. Crypto
crystalline euhedral grains of epidote speckle plagioclase 
laths and rim hornblende and augite grains. Microcrystal
line blebs of magnetite, cubes of pyrite, and skeletal 
ilmenite crystals are disseminated in most mafic minerals. 
Only minute amounts of chlorite are present along cleavage 
traces in biotite. Quartz-calcite-pyrite-epidote veinlets 
0,1 to 0.5 millimeters wide locally cut Canyon Diablo 
diorite porphyry. Adjacent to these veinlets, propylitic 
rock alteration increases slightly in intensity and as many 
as three sheaths of pyrite cubes are developed parallel to 
the veinlets.

In weathered samples of diorite porphyry, limonite 
dominates the mineralogy of the rock. Brown to red—brown
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aphanitic specks appear on cleavage traces and as a light 
dusting adjacent to opaque grains of magnetite, pyrite, 
and ilmenite. In thoroughly weathered specimens, red-brown 
specks obscure the mineralogy of the rock. Plagioclase 
twinning and zoning and granophyric intergrowths may be 
faintly visible, but the mafic minerals and the opaques 
are not identifiable. Such severe weathering is common 
on all outcrops with fresh samples obtainable only where 
cliff faces have recently slabbed off. Fresh rock is 
encountered 3 to 5 meters beneath the surface. The 
weathering susceptibility of this rock type accounts for 
the positions of Arroyo de Punta Prieta and Canyon Diablo, 
each traversing a stock of diorite porphyry lengthwise.

To the southwest of Arroyo de Punta Prieta, high 
above the canyon bottom, a gradational transition is ob
served from diorite porphyry upward into vesicular, 
porphyritic andesite and welded andesite tuff. Because 
the three rock types are aphanitic and quite weathered, 
and the contacts separating these units are indistinguish
able in the field, the three units were grouped together 
during mapping as Canyon Diablo diorite porphyry.

Thin sections of lightly weathered samples show 
the andesite flow to be a holocrystalline, vesicular, 
porphyritic and glomeroporphyritic rock with a finely- 
developed trachytic texture, while the welded tuff is a 
hypocrystalline, eutaxitic, devitrified ash flow tuff.
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The vesicular, porphyritic andesite flow consists 

of 6% phenocrysts of andesine (An^g), trace amounts of 
broken augite crystals, and 7% euhedral magnetite grains.
In the groundmass, microcrystalline andesine (An^g) micro- 
lites make up 70% of the rock. Both phenocrysts and micro- 
lites of andesine are mildly propylitized with calcite and 
epidote. Broken epidote crystals also occur in trace 
amounts in the rock matrix. Apatite rods are visible in 
plagioclase phenocrysts. Well-rounded, fine-grained empty 
vesicles comprise the remaining 17% of the rock.

Overlying the andesite flow is the welded ash flow 
tuff. Chipped crystals of andesine (An^), epidote, and 
magnetite make up a total of 7% of the rock, with andesine 
making up 6% of the total. The andesite rock designation 
is based on the plagioclase composition. The crystals are 
aligned parallel to an interbedded flow texture of glass 
and fiamme (welded pumice fragments) and give the rock its 
eutaxitic texture. Sixty percent of the rock is glass and 
20% is divitrified fiamme. The tuff is cut by several 
gypsum veinlets that constitute 3% of the rock and is 
stained red-brown by hematite.

These units are similar in appearance and min
eralogy to the Reforma volcanics. Both the Reforma vol- 
canics and the volcanics units grouped with the Canyon 
Diablo stocks dip 10°S. Both volcanic units are specially
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restricted with the stocks to the southeast side of Cerro 
de La Reforma. Stratigraphic evidence indicates that the 
stock and the Reforma volcanics were emplaced during the 
Middle Pliocene. Thus the Canyon Diablo stocks correlate 
with the Reforma volcanics.

Borrego Intrusive Sequence
In the moat surrounding the northeast and north

west sides of Cerro de La Reforma, small stocks and dikes 
ranging compositionally from diorite to granodiorite 
intrude Pliocene volcanics and sediments along N 30° E 
trending faults (Figures 4 and 5). On the basis of the 
intrusive position of the igneous bodies on Late Pliocene 
faults and a 1.34 ± 0.45 million year K-Ar date on a 
hornblende granodiorite stock, the age of intrusion is set 
at Late Pliocene, Intrusive activity is focused in two 
areas. In Localidad de Minitas at the foot of the north
west corner of Cerro de La Reforma, a granodiorite dike- 
stock complex intrudes along northwest and northeast 
trending fault zones. The second locality is in the major, 
west-trending, unnamed arroyo branching off Canyon Diablo. 
Here a stock and two dikes, all of diorite-quartz diorite 
composition, intrude along major northwest-southeast trend
ing faults which mark the front of Cerro de La Reforma 
(Figure 4),



In Localidad de Minitas, Cretaceous biotite quartz 
monzonite, Miocene Comondu volcanics, and the basal units 
of the Pliocene Boleo formation are cut by major faults and 
then locally shattered by small fractures. Unaffected by 
the major period of faulting, a group of biotite andesite 
dikes cut the Cretaceous and Tertiary formations only to 
be cut by younger minor fractures (Figure 4). These dikes 
produce a locus of shallow dipping sheets and vertical 
walls about the Localidad de Minitas hornblende grano- 
diorite pluton at the base of the northwest shoulder of 
Cerro de La Reforma. This hornblende granodiorite stock 
intrudes at the intersection of major faults, cutting the 
alteration halos around the biotite andesite dikes and 
truncating the local shatter pattern. Extending from the 
stock on a major fault zone are three porphyritic hornblende 
dacite dikes which are compositionally identical to the 
stock. Galena veins lead away from the stock into the 
maze of fractures in the area of shattering. The age of the 
Localidad de Minitas hornblende granodiorite is Late 
Pliocene (K-Ar age date 1.34 ± 0.45 m.y.). Adjoining the 
lenticular stock of hornblende granodiorite is a small 
vertical lens of igneous breccia bearing fragments of 
Localidad de Minitas hornblende granodiorite (Figure 5).
The breccia is therefore younger than the adjacent stock.
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The early biotite andesite dikes cut both Cretaceous 

biotite quartz monzonite and Pliocene siltstone of the 
Boleo formation. Both host rock types are pyritized ad
jacent to the dikes, although each is altered differently. 
Biotite quartz monzonite is propylitically altered with 
epidote on joints and dusting feldspars. Chlorite in 
lesser amounts changes biotite flakes from brown to green, 
penetrating the flakes on cleavages and producing magnetite 
blebs within the flakes. The siltstone is also propylit
ically altered but to chlorite rather than epidote, its 
dark brown color changing to blotchy green adjacent to the 
dikes where hornfels is developed. The dikes themselves 
are uniformly composed of biotite andesite. They are 
holocrystalline, hypidiomorphic, and porphyritic in tex
ture, bearing 25% phenocrysts of andesine (An^g) in an 
aphanitic, microcrystalline groundmass. In the groundmass, 
51% andesine (An^g) and 16% biotite and traces of horn
blende and orthoclase comprise the primary mineralogy. 
Accessory minerals are 20% ilmenite, 4% rutile, and 8% 
sphene. Wall rock alteration is propylitic with epidote 
and calcite after andesine. Chlorite and magnetite attack 
biotite and hornblende, and sphene is altered to leucoxene. 
In order of abundance, the alteration minerals are 6% 
epidote, 3% chlorite, and 1% leucoxene. Approximately 5% 
pyrite is disseminated in the groundmass.



Porphyritic hornblende dacite dikes intrude 
along major N 55° W faults which cut both Comondu volcanics 
and the basal sediments of the Boleo formation and form 
the southwest side of Cerro de La Reforma. These faults 
terminate against a major N 30° E trending fault. At the 
intersection of these faults a lenticular stock of horn
blende granodiorite and quartz andesite breccia intrude 
the older biotite quartz monzonite and basal units of the 
Boleo formation (Figure 4).

Outcrops of porphyritic hornblende dacite dikes are 
thin, elongated, rubbly mounds in the sandy soil of the 
southwestern foothills of Cerro de La Reforma. Although 
the dikes weather as rapidly as the friable sandstone they 
intrude, thicknesses of 2 to 8 meters are suggested. The 
rapid weathering of the dikes is a clue to the high per
centage of alteration minerals making up the rock. Pheno- 
cryst shapes and remnant patches of primary minerals are 
used to estimate the composition of the rock. In thin 
section the rock is holocrystalline porphyritic with medium
grained, panidiomorphic phenocrysts set in a cryptocrystal
line groundmass. Twelve percent of the rock phenocrysts 
are altered andesine (An^g) phenocrysts, 6% hornblende 
pseudoraorphs and 2% orthoclase crystals. Twenty percent 
of the groundmass is andesine microlites (Anas),
10% hornblende laths, and 12% quartz. The lone accessory
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mineral is sphene which makes up 4% of the rock. Altera
tion products of the porphyritic hornblende dacite com
prise the major portion of the rock. Calcite with or 
without epidote alters plagioclase. Magnetite, calcite, 
chlorite, and epidote attack hornblende. Leucoxene and 
ilmenite rim sphene. In total abundance, the rock con
sists of 18% calcite, 6% magnetite, 2% epidote, and traces 
of chlorite, ilmenite, magnetite, leucoxene, and pyrite.

The lenticular pluton of Localidad de Minitas 
hornblende granodiorite, elongate N 30° E, is 300 meters 
by 75 meters in outcrop. A 250 meter by 30 meter lens of 
igneous breccia adjoins the southeast border of the pluton. 
These rocks are resistant to weathering, forming a fresh 
crystalline cliff in marked contrast to the vegetated, 
brown, weathered surface of older biotite quartz monzonite 
which the stock intrudes.

Hand specimens of hornblende granodiorite are green 
to greenish white, showing medium-grained, epidotized 
hornblende phenocrysts, unaltered plagioclase laths, and 
quartz grains. Magnetite and pyrite blebs are disseminated 
throughout the rock. Laths of hornblende and plagioclase, 
clustered according to size, give the rock a clotty ap
pearance. The clots are 10 to 50 centimeters in diameter, 
gradual crystal size changes producing gradational contacts 
between clots. In thin section, the texture of hornblende
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granodiorite is holocrystalline hypidiomorphic consisting 
of a jackstraw arrangement of fine to medium grained sub- 
hedral hornblende and plagioclase crystals with granophyric 
medium grained growths of quartz and orthoclase inter
stitial to the lath framework. Plagioclase laths, zoned 
from andesine (An^g) cores to thin oligoclase (An2 g) rims, 
make up 45% of the rock. Hexagonal apatite cross-sections 
and rods are visible in the plagioclase laths in plane 
light. Corroded hornblende crystals, identified by x-ray 
diffractometry as fluoredenite, constitute 15% of the rock 
volume. Orthoclase, constituting 20% of the rock, coats 
the hornblende and plagioclase lath framework. The inner 
orthoclase boundary is a granophyric intergrowth of ortho
clase and quartz. Quartz, interstitial to orthoclase, is 
10% of the rock. Medium-grained, unaltered hornblende 
veinlets 0.15 to 1.6 millimeters thick cut the hornblende 
granodiorite. Only hornblende and plagioclase laths forming 
the framework texture of the rock are altered. Hornblende 
is rimmed by sphene and magnetite with epidote and traces 
of chlorite present internally. Plagioclase cores are 
altered to calcite. Alteration minerals, by order of 
abundance, are 5% magnetite, 4% calcite, 2% epidote, and 
traces of chlorite and pyrite.

Adjacent to the lens-shaped hornblende granodiorite 
stock is a similarly shaped, lenticular,60 by 280 meter
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intrusion of quartz andesite breccia. The intrusion is 
25 to 45% angular breccia fragments of hornblende andesite 
50 to 250 centimeters wide. The quartz andesite is a light 
gray, holocrystalline, hypidiomorphic, porphyritic textured 
rock consisting of 19% medium-grained phenocrysts of oligo- 
clase (An24-.28̂  f Quartz, biotite, and hornblende in a 
microcrystalline pseudodiabasic groundmass of oligoclase 

' Quartz, biotite, and hornblende. In order of 
abundance the phenocrysts are 10% oligoclase '
5% biotite, 3% quartz,and 1% hornblende. Plagioclase 
phenocrysts are glomero-porphyritically arranged about 
altered hornblende phenocrysts with 3% chlorite, 2% sphene, 
2% calcite, and 1% magnetite present as the alteration 
minerals. Biotite and quartz phenocrysts with, alteration 
calcite are interstitial to the plagioclase laths. The 
center of the hornblende phenocrysts is altered to chlorite 
and rimmed by opaque blebs of magnetite. The groundmass 
is 28% oligoclase (An24_28), 25% quartz, 5% biotite, 2% 
hornblende, and 3% accessory minerals. The texture of the 
groundmass appears somewhat diabasic with optically con
tinuous medium sized grains of quartz including micro- 
crystalline grains of oligoclase (An24__28) and biotite. 
Biotite, for the most part altered to chlorite,makes up 25% 
of the rock. Plagioclase grains are partially altered to 
calcite which accounts for another 2% of the rock volume.
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Dark brown to black sheaths or streamers enclose 

breccia fragments and curl away from these rock fragments, 
decreasing into the quartz andesite. The sheaths are com- 
positionally identical to quartz andesite except that the 
propylitic chlorite-carbonate alteration is restricted to 
the phenocryst aggregations. The groundmass of quartz 
andesite changes from 5 to 24% biotite, and from 0 to 15% 
magnetite with groundmass quartz and chlorite decreasing 
to 15 and 0% of the rock respectively. The dark brown to 
black color of the sheaths is due to the increased magnetite 
and biotite in the groundmass.

The hornblende andesite breccia fragments are em
phasized by their dark brown to black sheaths and because 
they weather to produce punky greenish indentations in 
the rock. The texture of the breccia fragments is holo- 
crystalline, hypidiomorphic, and porphyritic with medium
grained plagioclase phenocrysts and coarse grained pheno
cryst aggregates set in an aphanitic microcrystalline 
groundmass. The total rock volume of phenocrysts consists 
of 3% unzoned euhedral andesine (An^) laths, 5% anhedral, 
corroded hornblende grains and a trace of anhedral corroded 
augite (?) crystals. Glomeroporphyritic arrangements of 
plagioclase laths about hornblende phenocrysts again 
orders the appearance of phenocrysts. The groundmass
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consists of subhedral interlocking grains of 40% andesine 
(An^) / 20% hornblende and 6% quartz.

The breccia fragments are propylitically altered 
much as is the quartz andesite of the matrix. Glomero- 
porphyritic phenocryst aggregates bear calcite, sphene, 
and spherulites of orthoclase interstitial to lightly epi- 
dotized phenocrysts of plagioclase. Chlorite, epidote, 
and magnetite alter the centers of hornblende phenocrysts. 
The alteration minerals are 11% calcite, 5% sphene, 3% 
epidote, 3% orthoclase spherulites, 2% chlorite, and 1% 
magnetite.

In summary, the sequence of intrusive events in 
Localidad de Minitas began with the emplacement of biotite 
andesite dikes, continued with the intrusion of the 
Localidad de Minitas stock and associated hornblende 
dacite dikes,and terminated with the formation of a quartz 
andesite breccia pipe adjacent to the Localidad de Minitas 
stock.

The second focus of Borrego intrusive activity is 
in the Unnamed Arroyo branching west from Canyon Diablo 
(Figure 4). The intrusion in Unnamed Arroyo consists of a 
zoned stock and andesite-quartz andesite dikes of two 
ages. No direct field evidence distinguishes the relative 
ages of the two widely separated intrusion centers in 
Unnamed Arroyo and at Localidad de Minitas.
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Unnamed Arroyo is developed along a large N 55° W 

fault. The fault cuts Comondu volcanics and Boleo tuff 
and bounds the northeastern front of Cerro de La Reforma.
A vesicular porphyritic pyroxene andesite lava flow is 
restricted in outcrop to the fault valley and is incised 
by post-flow arroyo cutting. The excellent exposures thus 
produced reveal the flow to be folded and intruded by 
andesite-quartz andesite phases of the Unnamed Arroyo 
stock as well as andesite and biotite andesite dikes. The 
flow consists of holocrystalline, allotriomorphic granular, 
porphyritic to glomeroporphyritic flow banded rock, light 
gray in color and bearing fine-grained phenocrysts of 
plagioclase and augite in a cryptocrystalline groundmass 
of plagioclase, augite, quartz, and magnetite. In thin 
section, plagioclase phenocrysts are A ^ g  to A n ^  and occur 
as individual fine-grained anhedral laths, or medium-grained 
glomeroporphyritic arrangements of anhedral laths radiating 
from augite or rounded plagioclase crystals. Sub-parallel 
plagioclase grains form a sub-trachytic arrangement of 
laths which occupies 10% of the rock. Apatite rods are 
present as clear grains in the plagioclase laths. The 
matrix of the rock is composed of 60% andesine (An32) 
grains, 15% rounded augite crystals, 7% rounded quartz 
eyes/ and a trace of augite. The rock is 3% magnetite as 
cryptocrystalline blebs in augite and biotite grains. The
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remaining 5% of the rock is composed of lenticular, 
parallel vesicles with medium and fine-grained sphene 
crystals radiating internally into the empty cavities from 
the vesicle walls.

Intruding and folding the pyroxene andesite flow 
is a 0.75 by 1.5 kilometer east-west elongate stock of 
porphyritic quartz andesite (quartz keratophyre). Gen
erally both zones of the stock are holocrystalline, hypidio- 
morphic to allotriomorphic porphyritic rock having 
phaneritic, fine to medium-grained phenocrysts in an 
aphanitic, microcrystalline groundmass. The stock ad
jacent to the contact with Comondu volcanics consists 
of holocrystalline, allotriomorphic to hypidiomorphic 
porphyritic quartz andesite with 30% medium-grained 
anhedral oligoclase (Angg) phenocrysts and 5% rounded, 
medium-grained quartz phenocrysts set in a microcrystalline 
equigranular allotriomorphic groundmass. The groundmass 
is composed of 38% anhedral, stubby, oligoclase'"(An25) 
laths, 20% anhedral quartz grains, 3% shreds of biotite, 
and 1% each of sphene and magnetite grains. Locally 
biotite, sphene, and magnetite are spatially closely . 
associated in the groundmass, Calcite veinlets with 
minor magnetite 0,8 to 1.2 millimeters thick cut the rock 
at irregular intervals. Further from the contact, magnetite



veinlets with quartz follow thin shattered zones in the 
rock,

Porphyritic quartz andesite grades into porphyritic 
andesite over a distance of 5 meters. In places f por
phyritic andesite directly intrudes Comondu volcanics; in 
other places the gradational contact between the phases 
of the stock occurs 400 meters from Comondd volcanics.
The contact between porphyritic quartz andesite and por
phyritic andesite is not distinguishable in the field due 
to the aphanitic character and similar color of the rock 
types. The rock types are distinguishable in thin section 
and are separated on that basis.

The texture of the inner porphyritic andesite unit 
of the Unnamed Arroyo stock is holocrystalline, hypidio- 
morphic, and porphyritic. The matrix is coarser-grained 
and more hypidiomorphic than that of the porphyritic quartz 
andesite border zone. The phenocrysts of porphyritic 
andesite are 5 to 10% fine-grained, subhedral oligoclase 
laths (Angg) and 2% anhedral augite grains. Rarely, 
phenocrysts of aegirine are present. The groundmass is 
equigranular and microcrystalline consisting of 65% oligo
clase (Angg)f 13% augite, 2% biotite, 3% sphene, and traces 
of magnetite. Light brown to clear shreds of biotite are 
rimmed by augite.
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At several 40 by 70 meter centers outcropping in 
porphyritic andesite, two distinct families of veinlets 
cut the rock. At irregular, widely-spaced intervals, 0.09 
to 0.20 millimeter thick sphene-magnetite-biotite veinlets 
cut the rock. These are cut and offset by 1 to 5.8 milli
meter thick veinlets of augite-aegirine-augite-magnetite 
which follow well-developed orthogonal fractures breaking 
out 10 to 20 millimeter square blocks of porphyritic 
andesite. Rock adjacent to the veinlets for 2 to 5 centi
meters is altered to cryptocrystalline augite grains de
veloped interstitially in the groundmass and cryptocrystal
line euhedral epidote crystals dust, all plagioclase 
grains. On the inner border of the alteration selvages 
away from the pyroxene-magnetite veinlets, thin magnetite 
fronts border fresh rock. The magnetite also occurs 
interstitially in the groundmass.

Dikes of porphyritic andesite and porphyritic 
quartz andesite cut the outer porphyritic quartz andesite 
shell of the stock along the east contact of the stock 
with Comondu volcanics; flat lying dikes of porphyritic 
andesite, quite similar compositionally to the inner core 
of the stock, cut the porphyritic quartz andesite shell.

Porphyritic andesite dike rock in hand specimen is 
a dark gray aphanite bearing less than 5% phenocrysts.
Thin sections show the dike to consist of holocrystalline,
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hypidiomorphic, porphyritic textured rock, with 2% fine-
grained oligoclase (An^g) and 1% fine-grained hornblende 
phenocrysts in an aphanitic groundmass. The groundmass 
is 58% oligoclase (An2 g) , 10% biotite, 3% sphene/ and 1% 
apatite. Calcite veinlets with cryptocrystalline quartz 
crystals lining the veinlet walls and cryptocrystalline 
blebs of magnetite cut the dike rock. Wall rock alteration 
is pervasive but light, bearing no spatial relationship to 
calcite and quartz veinlets. Cryptocrystalline epidote 
crystals and patches of calcite dust oligoclase and horn
blende grains. Chlorite and magnetite alter biotite 
shreds.

Steeply dipping porphyritic quartz andesite dikes 
also cut the outer porphyritic quartz andesite shell of 
the stock. The dikes are distinguishable from rock of the 
pluton by their bleached white rather than light gray 
color and resistance to weathering. The dikes outcrop 
along the western contact of the stock in the upper 
reaches of the Unnamed Arroyo forming walls across the 
arroyo floor.

In thin section, porphyritic quartz andesite dike 
rock shows a marked similarity to that of the stock. The 
texture is holocrystalline, allotriomorphic,and porphyritic. 
Phenocrysts in the rock are medium-grained,consisting of 
25% anhedral oligoclase (An2g) laths, 10% anhedral quartz
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grains, and 5% subhedral augite crystals. The phenocrysts 
are set in a microcrystalline groundmass of 40% oligoclase 
(An2g) and 15% quartz, A trace amount of pyrite is dis
seminated in the groundmass. Thin quartz-pyrite veinlets, 
with quartz dominating the mineralogy of each veinlet, cut 
the dike rock at irregular intervals perpendicular to the 
walls of the dike. Weathering of pyrite and magnetite 
yields limonite staining which colors the dike and the 
adjacent wall rock. Boxwork structures are developed 
after pyrite in many veinlets.

The Borrego intrusive sequence is intruded and 
overlain in Unnamed Arroyo by dikes and flows of the Tres 
Virgenes volcanics. Columnar jointed basaltic flows follow 
the course of Unnamed Arroyo and overlie the intrusive 
sequence and arroyo gravels (Figure 4). No evidence of 
overlying units is preserved in Localidad de Minitas.

Gypsum
In Localidad de Minitas and Unnamed Arroyo, red 

to ocherous, weathered and crusty remnants of gypsum 
terraces form irregular, jagged micro—topographic surfaces 
of 5 to 10 meter long arroyos surrounded by miniature 
plateaus 3 to 10 meters high (Figures 4 and 5). The 
arroyos are narrow, steep-sided and deep. The gypsum is 
crusted and unvegetated, outcropping on hillsides to
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produce the color anomalies in the La Reforma volcanic com
plex. Terraces of gypsum overlie biotite quartz monzonite, 
Comondu volcanics, and the basal units of the Boleo forma
tion. In Localidad de Minitas, gypsum terraces are arranged 
peripherally around the stock of hornblende granodiorite 
(Figures 4 and 5). Gypsum occupies the older faults in 
the Localidad de Minitas district while the younger frac
tures, which shatter Localidad de Minitas, displace the 
gypsum terraces.

Outcrops of gypsum are varicolored red, brown, 
yellow, green, and orange and range from 2 to 10 meters 
thick. The rock generally consists of 3 to 10 millimeter 
thick bands of clear, crystalline to fibrous gypsum inter- 
bedded with hematite-stained, sandy gypsum layers. Ir
regular, coarse-grained lumps of aphanitic metallic hematite 
weather out of unstratified red to black weathered areas 
in the gypsum terraces, Fragments of angular bleached 
aphanitic material are common in both banded fresh and 
weathered zones. Veinlets of clear, crystalline gypsum 
follow fracture zones in Localidad de Minitas. The rock 
adjacent to these fracture zones is highly weathered and 
varicolored red, brown, green, yellow, and orange.

Only one gypsum terrace is present in the Unnamed 
Arroyo. The terrace is located on Comondu volcanics ad
jacent to the northwest contact of the porphyritic quartz



andesite stock. The stock, Comondu volcanics, and gypsum 
terraces are intruded by Tres Virgenes dikes.

Palmas Terrestrial Conglomerate
A terrestrial conglomerate or sedimentary breccia 

varying from 1 to 120 meters thick mantles the southwest 
side of the La Reforma volcanic complex. In the area 
drained by Arroyo de Las Palmas, the conglomerate overlies 
biotite quartz monzonite, the basal units of the Boleo 
formation,as well as gypsum terraces and is in turn overlain 
by pyroxene andesites of the Aro volcanics (Figures 4 and

i

6). Interbedded with the terrestrial conglomerate are 4 
to 5 meter thick ash fall tuff units encircling the southwest 
shoulder of Cerro de La Reforma and thickening in proximity 
to the quartz andesite breccia vent (Figure 5).

The cliff bounding the southeast side of the La 
Reforma volcanic complex also contains an outcrop of ter
restrial conglomerate overlying with angular unconformity 
Reforma volcanics and the Boleo formation (Figure 8). The 
conglomerate is conformably overlain by Aro volcanics.

Both conglomerates contain unsorted, angular to 
subangular boulders and cobbles of biotite quartz monzonite, 
Comondu volcanics and Boleo siltstone in a hematite stained, 
fine to coarse sand-sized matrix of crystal fragments, chips 
of volcanic rock, and tuffaceous material. Some well
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rounded clasts of basaltic rock, appear to be weathered out 
and transported boulders of Comondu volcanics. Approxi
mately 60 to 70% of the conglomerate is comprised of the 
boulder and cobble-sized material.

The similarity of texture, composition, and strati
graphic position between the two terrestrial conglomerate 
units suggests that they are continuous across the south
west side of La Reforma. The lack of continuous exposure 
results from the deposition of Aro volcanics over the 
formation and the erosion of Arroyo de Punta Arena bi
secting the outcrop of terrestrial conglomerate,

Aro Volcanics
The Aro volcanics encircle the La Reforma volcanic 

complex and dip gently away from the central massif to 
form the flanks of the volcanic center (Figure 1). A 
thick sequence of lava flows and volcanic sediments ex
posed in the cliff south of Arroyo de Punta Arena borders 
the La Reforma volcanic complex to the south (Figure 8).
The Aro volcanics outcrop at the top of this sequence, 
overlying Reforma volcanics and Palmas terrestrial con
glomerate (Figure 6). Rimming the western half of the La 
Reforma complex, a 30 meter high cuesta of Aro volcanics 
overlies Palmas terrestrial conglomerate. Northeast from 
Localidad de Minitas to Unnamed Arroyo, a 20 to 100 meter 
high cliff of Aro volcanics with underlying Boleo formation



and Comondu volcanics forms the northern bordering flank 
of the La Reforma complex (Figures 4 and 5).

In Arroyo Alta, south of Cerro de La Reforma, five 
5 to 50 meter thick dikes follow major northwest faults 
cutting the Boleo formation, Comondtl volcanics, and biotite 
quartz monzonite through the western foothills of the 
mountain and across the Unnamed Arroyo (Figure 4). In 
Localidad de Minitas, one such dike transforms directly 
into an Aro lava flow, the change in dip from vertical to 
horizontal being exposed by arroyo erosion. The Aro 
volcanics are K-Ar age dated at 1.09 i 0.11 million years.

The thickest complete section through the pyroxene 
andesites of the Aro volcanics is at the top of the cliff 
south of Arroyo de Punta Arena. There they are 158 meters 
thick and consist of four dark gray to black vesicular 
porphyritic pyroxene andesites and a thin terrestrial 
sandstone. The terrestrial sandstone is a well-stratified, 
poorly-sorted, two meter thick unit with a jagged lower 
contact. The unit overlies the rugged flow tops of the 
Reforma volcanics and the angular boulders of the Palmas 
terrestrial conglomerate. The sandstone consists of fine 
to coarse sand-sized, subrounded.volcanic fragments with 
occasional angular cobble-sized andesite fragments.

A 74 meter thick vesicular to scoriaceous, columnar 
jointed porphyritic andesite flow overlies the sandstone.
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Columnar jointing in the massive flow varies with the 
degree of vesiculation; thinly developed columns are present 
in the less vesicular portions of the flow, but massive 
non-columnar sections.are scoriaceous. Thin sections of 
the dark gray rock are hypocrystalline, hypidiomorphic, 
vesicular and trachytic textured. Phaneritic, medium
grained, subhedral hypersthene, augite, and andesine (An^) 
phenocrysts occupy 2, 6, and 8% of the rock respectively.
The groundmass consists of microcrystalline subhedral 
grains of 32% andesine (An^) , 22% augite, and a trace of 
magnetite in 26% opaque glass. Cryptocrystalline to medium 
grain sized vesicles occupy from 4 to 52% of the rock. As 
the rock becomes scoriaceous, the number of phenocrysts 
decreases and glass is the only constituent of the ground- 
mass. The vesicles are devoid of vapor phase crystalliza
tion products.

Above the massive basal pyroxene andesite flow is 
28 meters of porphyritic olivine pyroxene andesite flow.
The rock is holocrystalline, hypidiomorphic, porphyritic, 
and glomeroporphyritic textured with 3% augite, 4% fayalite 
and 3% andesine (An^g) as phenocrysts of medium grain size 
and subhedral shape in a cryptocrystalline groundmass of 
61% plagioclase and 30% augite. The glomeroporphyritic 
accumulations of plagioclase laths are centered about 
pyroxene and olivine crystals. Traces of zircon and



apatite are visible as clear, high to moderate-relief 
grains in plagioclase laths.

Twenty meters of red-brown, devitrified, andesitic 
welded tuff overlies the olivine pyroxene andesite flow.
The rock is hypocrystalline, with hypidiomorphic, medium
grained crystal fragments, opaque fiamme-structured glass, 
and lithic fragments constituting a eutaxitic texture.
Broken euhedral crystal fragments of 1% andesine (An^) 
and 1% augite with traces of apatite, fayalite, and magnetite 
comprise the phenocryst population of the rock. Lithic 
fragments of medium grain size and andesite composition 
comprise 1% of the rock. The rock is 45% elongate bands 
or streaks of devitrified, cryptocrystalline plagioclase 
microlites. Fifty-five percent of the rock volume is 
glass which surrounds the devitrified cryptocrystalline 
streaks.

The top 35 meters of the Aro volcanic section is 
vesicular andesite. The rock is hypocrystalline, hypidio
morphic, vesicular, and porphyritic to glomeroporphyritic 
textured. Phenocrysts are medium-grained consisting of 
3% andesine (An^) , 1% each of augite and fayalite, and 
traces of magnetite.

Recent Arroyo Sediments
Hematite-stained, unsorted, thinly-stratified con

glomerates outcrop along the walls of Arroyo de Punta Arena
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towering 40 to 60 meters above the present arroyo bottom 
The conglomerates consists of coarse sand-sized to boulder
sized, rounded to sub-angular clasts of all volcanic and 
igneous rocks along the steep sides of the arroyo. Over- 
lying the conglomerate in several places are lava flows 
(Figures 4 and 5),

Tres Virgenes Volcanics
Gypsum beds, pumice fall tuffs, and andesite lava 

flows are draped unconformably over the eroded landscape 
of the La Reforma volcanic complex (Figures 4 and 5). The 
center of this eruption is the prominent cinder cone west 
of Punta Prieta (Figure 9). Varicolored, thinly-bedded 
gypsum beds 5 to 10 meters thick crop out in close proximity 
to the cinder cone. The gypsum terrace extends from the 
mountainous valleys immediately southwest of the cone 
downslope parallel to Arroyo de Punta Prieta and across 
Arroyo de Punta Arena to the ocean (Figures 4 and 5).

Overlying the gypsum terrace is a less restricted 
tuff bed varying in thickness from 0 to 80 meters. Small 
thin patches of tuff are draped over Comondu volcanics of 
the central massif. The thickest section of tuff under
lies Arroyo Alta and borders the low white cliffs at the 
upper end of Arroyo de Punta Arena (Figure 10). At these 
localities, the tuff overlies Comondu volcanics and Boleo



Figure 9, Photograph of the Punta Prieta cinder 
cone facing south,
Arroyo de Punta Arena, near its mouth, cuts across the 
upper left corner of the photograph toward the Gulf of 
California, which is to the left of this photograph.

Figure 10. Photograph of Tres Virgenes tuff in 
Arroyo de Punta Arena.
Note the difference in color and bedding between Tres 
Virgenes tuff and Boleo tuff (Figure 6).
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Figure 10. Photograph of Tres Virgenes tuff in 
Arroyo de Punta Arena,
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formation, To the southwestf the tuff pinches out against 
the western rim of Aro volcanics forming a ramp for over- 
lying flows to breach the flanks of the complex. The rock 
is a distinctive white weathering pumice flow consisting' 
of 10 to 60% sub-rounded, cobble to boulder-sized, sub
rounded pumice fragments in a microcrystalline matrix of 
shards with a few broken crystals and foreign rock frag
ments. Plagioclase of unknown composition is the only 
type of crystal fragment observed. The rock fragments are( 
porphyritic aphanite consisting of andesine (An^) laths 
as phenocrysts in a cryptocrystalline groundmass.

Overlying the tuff are basalt flows radiating 
from dikes and a small cinder cone centered in the north
east portion of the complex. Flows follow Arroyo Alta, 
breaching the southern rim of Aro volcanics, and extend 
from midway in Arroyo de Punta Arena (Figure 8) to the sea 
to form Punta Prieta downslope from the cinder cone (Figure 
11). Typical aa type flow tops are common on all of the 
flows. Later arroyos cut the flows and reveal good columnar 
jointing and back-flow structures.

In hand specimen, the rock is black to brown vesi
cular porphyritic basalt. Texturally, thin sections of the 
rock are holocrystalline, hypidiomorphic, vesicular, and 
porphyritic, Medium-grained, subhedral phenocrysts consist 
of 16% labradorite (An^g) and 4% chrysolite and occupy on
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Figure 11. Photograph of columnar jointed Tres 
Virgenes basalt which forms Punta Prieta.

Photograph looks to the west from the Gulf of California. 
The Punta Prieta cinder cone lies beyond the flow to the 
west.
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the average 20% of the rock. Twenty"three percent micro- 
crystalline grains of andesine (An^) , 4% chrysolite, 3% 
magnetite plus traces of apatite and 43% glass constitute 
the matrix of the rock. The remaining 7% of the rock 
consists of well-rounded to flattened vesicles bearing no 
vapor phase crystallization products. Apatite rods are 
mainly visible in the plagioclase grains. Olivine is 
commonly found in porphyritic basalt adjacent to the ex
terior of vesicles. The rock is 80% glass and 14% fine to 
medium grained vesicles, Acicular crystals of unknown 
mineralogy constitute a large portion of the glassy matrix. 
Vesicles are devoid of vapor phase crystallization products.

The sources of the pyroxene olivine andesite flows 
are dikes of quartz andesite. In hand specimen the dike 
rocks are brownish and distinctly flow banded, consisting 
of thin, 1.5 millimeter to 6 centimeter thick laminae of 
rock separated by 1 to 3 millimeter wide, platy amygdules 
filled with quartz and orthoclase. The laminae are holo- 
crystalline porphyry with fine-grained phenocrysts in a 
cryptocrystalline groundmass. Phenocrysts are 3% andesine 
(An^g) plus traces of magnetite, pyrite, and augite. They 
are propylitically altered by trace amounts of epidote and 
calcite. The groundmass of the rock may be 40% plagioclase 
with 7% mafic minerals, although the fineness and alteration 
of the groundmass prevents recognition of the groundmass 
mineralogy.
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The platy amygdules causing the laminated flow banded 
appearance of the rock are overgrown by spherulites of 
quartz and orthoclase. Quartz occupies 17% of the rock 
and oligoclase (A^g) 35%.

The rim formed by the Aro volcanics is incomplete 
to the northeast where the ocean truncates the La Reforma 
volcanic complex. Six beach cliffs ranging in elevation 
from 10 to 35 meters cut the flanks of the complex at 
Arroyo de Punta Arena and southwest of Arroyo de Las 
Palmitas. The cliffs are not merely a local phenomenon 
occurring as they do at suitable exposures all along the 
northern coast of Baja California (Gastil, 1973).

Present Arroyo Sediment 
and Beaches

The present arroyo sediments consist of unsorted, 
unconsolidated coarse sand, cobbles, and boulders of vol
canic rocks deposited mainly in Arroyo de Punta Arena, 
Arroyo de Punta Prieta, Canyon Diablo and Arroyo de las 
Palmitas. The upper reaches of these arroyos traverse 
bedrock of Tres Virgenes lava flows which have interrupted 
arroyo sediment deposition.

At the mouths of the arroyos, a change from beach 
deposits to arroyo sediments is observed after every major 
storm. When arroyos flow, channels are cut in beach 
deposits and filled with arroyo gravels. Within several
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hours beach deposits are again observed along the shore at 
the arroyo mouth. The constant grain size of beach material 
at one locality and direct observation indicate that arroyo 
sediments are overlain by fresh beach material transported 
south down the coast by longshore currents.

Beach sediments are quite variable texturally along 
the coast. Beneath the Punta Prieta basalt cliffs, fallen 
columns of basalt form very large angular boulders. The 
beaches northwest of Canyon Diablo and southeast, of Punta 
Prieta to Punta Arena consist of pebble-sized fragments 
of volcanic rock. South of Punta Arena the beaches are fine 
to coarse sand. Quartz grains are rare. In the summer 
months, as opposed to winter months when this investiga
tion was conducted, the beach sediments are finer grained. 
This seasonal variation may be attributed to a higher wave 
energy in the winter months as the result of storms.

Locally overlying the beach deposits are 5 to 30 
centimeter sand dunes consisting of fine to very fine sand 
resulting from the persistent northerly winds. The dune 
deposits are 0 to 60 centimeters thick.

Regional Correlation of Stratigraphy 
m  the Santa Rosalia Area

Lithologic similarities between individual pyro
clastic and marine strata, comparable stratigraphic se
quences , and the identity of marker beds are the criteria
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used to correlate between rocks of the Boleo and Lucifer 
mining districts and the La Reforma volcanic complex.
Figure 12 presents two idealized cross sections correlating 
the stratigraphy of the Boleo and Lucifer districts with 
that of the La Reforma volcanic complex. A brief review 
and correlation of stratigraphy will be presented below.

At the base of the stratigraphic section in both 
the La Reforma volcanic complex and the mining districts 
is the Cretaceous biotite-rich quartz monzonite crystalline 
basement. These plutonic rocks are thought by Wilson 
(1955) to be similar to the Cretaceous biotite quartz 
monzonite of the San Pedro Martir batholith. Potassium- 
argon dates by Gastil (1973) range from 90 to 112 million 
year for the batholith in northern Baja California. 
Potassium-argon dates by the Geochronology Laboratory of 
the University of Arizona on the biotite quartz monzonite 
in the La Reforma volcanic complex give a Cretaceous, 91.2 
± 2.1 million year age.

Unconformably overlying biotite quartz monzonite 
in both mining districts and the La Reforma complex are 
Comondu volcanics, whose age is bracketed at Miocene 
(Wilson, 1955). The formation at both localities consists 
of 3 to 25 meter thick interbeds of basalt flows and 
breccias with terrestrial conglomerates, sandstones, welded
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tuffs, and ash falls. Red-brown color and resistance to 
weathering is noted at both localities.

As the Coraondu units are dominantly volcanic rock 
in the Boleo mining district, the units are named Comondu 
volcanics rather than Comondu formation (Wilson, 1955).
Due to the proximity of the Boleo mining district to the 
La Reforma volcanic complex, and the predominance of vol
canic rock in the formation at both localities, the forma
tion is similarly named the Comondu volcanics in the La 
Reforma complex,

A surface of rugged relief incised by beach cliffs 
and arroyos marks the top of the Comondu volcanics in the 
La Reforma volcanic complex. In the Boleo district, Wilson 
(1955) noted a similar disconformable surface at the 
Comondti-Boleo contact, Cerro de Juanita and Cerro del 
Sombrero M ntado being benched hills cut out of Comondu 
volcanics with the Boleo formation pinching out against 
their flanks . Wilson (1955) interprets this marked dis- 
conformity as a period of erosion carving the Comondti 
surface into topographic highs which were islands during 
Pliocene deposition of the Boleo formation.

At the base of the Boleo formation is fossiliferous 
sandstone and a ferruginous, manganiferous limestone unit. 
These are the first marine units appearing in the section 
and the only limestone outcrops in the Santa Rosalia area.
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The limestone makes; an excellent marker bed because of its 
stratigraphic position, lateral continuity, and consistent 
appearance.

A complete Boleo section is not present in the La 
Reforma volcanic complex. The rocks in Localidad de 
Minitas are the basal units of the Boleo formation. The 
tuff unit capping the Localidad de Minitas section is con
tinuous with the tuffs of the Arroyo de Punta Arena sec
tion. From these stratigraphic correlations, and because 
only the lower units of the Boleo formation are present 
in the Lucifer district, only the lower units of the Boleo 
formation are thought to be present in the La Reforma 
volcanic complex (Figure 12).

Facies changes are noted in the Boleo formation be
tween the Boleo district and the La Reforma volcanic com
plex. Gypsum units noted by Wilson (1955) at the base of 
the Boleo formation near Santa Rosalia are absent in the 
La Reforma area. The tuff units of the Boleo formation 
at Santa Rosalia are reworked pumice and ash fall tuffs 
coarsely intercalated with thick boulder conglomerate 
units. The conglomerates pinch out northward toward the 
Lucifer district (Figure 12). In the La Reforma volcanic 
complex, the tuffs are interbedded with reworked ash-pumice 
fall tuffs which become fossiliferous sandstones to the 
east. Toward penninsular Baja in Localidad de Minitas,
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the tuffs become pumice and ash fall tuffs and although 
altered by hydrothermal activity, they do not appear to 
be reworked by wave action. Against the northeast wall 
of Cerro de La Reforma, the Boleo formation dips 30° to 
the northeast. Between Arroyo de Punta Arena and Arroyo 
Alta and on the southwest side of Cerro de La Reforma, 
the Boleo formation dips away from the central massif and 
is severely eroded. Toward Santa Rosalia, southward from 
the mountain, a contact which may be a nonconformity 
exists between the top of the Boleo formation and the Punta 
Arena andesites. Here and at Santa Rosalia only minor 
erosion occurs at the top of the Boleo formation.

The terrestrial Gloria sandstone overlying the 
Punta Arena andesites in the La Reforma complex bears 
neither tuffaceous layer nor fossiliferous material. In 
the Boleo district, the Gloria formation consists of a 
gulfward siltstone and clay facies which wedge out westward 
into a fossiliferous sandstone. In the Lucifer district, 
the formation outcrops in only the eastern portion of the 
district and passes northwest under a mesa of Tres Virgenes 
volcanics, Aro volcanics, and Reforma andesites into the 
La Reforma volcanic complex where it correlates with ter
restrial sandstone stratigraphically positioned between 
the Punta Arena andesite and the Reforma andesites. The 
formation is exposed by Arroyo de Punta Arena on the
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northwest side of the mesa. The terrestrial sandstone 
bears no tuffaceous material but is in the correct strati
graphic position to be a landward facies of the Gloria 
formation.

The Reforma andesites overlie the Gloria formation
!

and are restricted in outcrop to the south side of Cerro 
de La Reforma in the mesa which separates the La Reforma 
complex from the Lucifer manganese district, Wilson (1949) 
grouped all volcanics overlying the Gloria formation in the 
Lucifer district as Tres Virgenes volcanics. The stratig
raphy and age dates in the La Reforma volcanic complex 
indicate three distinct units outcrop in the mesa? the 
Reforma andesites, the Aro volcanics, and only locally 
the Tres Virgenes volcanics.

The Reforma andesites conformably overlie the 
Middle Pliocene Gloria formation but are overlain with 
marked angular unconformity by Late Pliocene terrestrial 
conglomerate. Since a major stratigraphic break separates 
the Middle Pliocene Gloria formation from the Late Pliocene 
Infierno formation in the Boleo mining district (Wilson, 
1955) and a major angular unconformity separates the Re
forma andesites from the Late Pliocene Palmas terrestrial 
conglomerate in the La Reforma volcanic complex, a middle 
Pliocene age is also advanced for the Reforma andesite 
flows,



The Canyon Diablo stocks are stratigraphically 
and structurally bracketed as Early and Middle Pliocene 
in age. Similar relative ages of Early and Middle Pliocene 
are respectively established for the tuffs of the Boleo 
formation and lava flows of the Reforma andesites. The 
distribution of these Early and Middle Pliocene rocks 
together south of Cerro de La Reforma and the corresponding 
relative ages of these igneous rocks strongly suggest the 
Canyon Diablo stocks to be the source vents from which the 
Boleo tuffs and the Reforma andesites were erupted.
However, the lack of direct field relationships and the 
deeply weathered nature of the Canyon Diablo stocks pre
vent an unquestionable correlation by either field tech
niques or radiometric ages between the Early and Middle 
Pliocene intrusive and volcanic rocks of the La Reforma 
volcanic complex.

Several details of the Early and Middle Pliocene 
stratigraphy to the south of Cerro de La Reforma reinforce 
the suggested correlation between the Canyon Diablo stocks, 
the Boleo tuffs, and the Reforma volcanics. The Early 
Pliocene Boleo tuffs thicken as they approach the Canyon 
Diablo stocks and are not observed to overlie these intru
sions (Figures 4 and 5). Since the lowest relative age 
for the stocks is Early Pliocene and a major lithology 
change in the Boleo formation from marine sediments to ash
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fall tuff Is observed at this time (Figure 6) ,  the initial 
eruptions of the Canyon Diablo stocks may have produced 
the Boleo tuff units. Volcanic rocks grouped with Early 
to Middle Pliocene age Canyon Diablo diorite porphyry 
are correlated on the basis of similarities in relative age, 
spatial distribution, composition, texture, and orientation 
to the Reforma volcanics. Since only a gradational contact 
separates Canyon Diablo diorite porphyry from these Middle 
Pliocene andesitic rocks, the Reforma andesites may be vol
canic ejecta erupted during the emplacement of the Canyon 
Diablo stocks. The Canyon Diablo diorite porphyry which 
now forms the Canyon Diablo stocks probably crystallized 
after the eruption of the Middle Pliocene Reforma volcanics 
and is thus also Middle Pliocene in age.

Overlying the Reforma andesites in the La Reforma 
complex are the late Pliocene Palmas terrestrial conglom
erate and the Aro volcanics. The Aro volcanics crop out 
only on the extreme northern edge of the Lucifer district, 
and neither the Palmas nor the Aro units crop out in the 
Boleo mining district. A K-Ar date on the Aro volcanics 
indicates this volcanic unit to be 1,09 i 0.11 million 
years in age.

Fossiliferous sandstone of the Pleistocene Santa 
Rosalia formation was deposited on the Infierno formation 
and closes marine deposition in the Boleo mining district.
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Beach cliffs cut the entire east coast of Baja 

California (Gastil, 1973) during the Late Pleistocene to 
Recent times forming wave cut benches and depositing gravels 
along the coast in the La Reforma volcanic complex and the 
Boleo mining district.

The Tres Virgenes volcanics close igneous deposi
tion in the Boleo and Lucifer districts (Figure 12). The 
basal gypsum units of the Tres Virgenes volcanics indicate 
pre-eruption hot spring activity and are followed in the 
depositional sequence by lava flows and pyroclastics which 
comprise the main portion of this formation. The Tres 
Virgenes volcanics overlie the Aro volcanics and fill 
arroyos in both the Lucifer district and the La Reforma 
complex draping gypsum terraces, pyroclastic beds , and 
lava flows over the newly formed beach cliffs and rugged 
topographic surfaces of the Santa Rosalia area.



STRUCTURAL GEOLOGY

The La Reforma volcanic complex is tectonically 
situated on the extreme southeastern edge of the peninsular 
block of Baja California. The area has a complicated 
Tertiary structural history ranging from Early Pliocene 
time to the Pleistocene. Many details of the structural 
history are obscured by volcanic debris due to the con
temporaneous development of structure with the emplace
ment and eruption of igneous intrusions.

Cerro de La Reforma is a 3.5 x 5 kilometer block 
of Miocene Comondia volcanics. Other such blocks border 
the mountain to the northwest across Unnamed Arroyo and 
southeast of Arroyo Alta. Together these blocks form a 
tectonic basement which is mantled by tephra and lava 
flows from no less than 6 periods of Pliocene to recent 
volcanism.

A rigorous examination of the dynamic structural 
geology is not possible because of volcanic cover, the 
complicated nature of structural geology in the La Reforma 
volcanic complex, and the reconnaissance nature of mapping. 
However, a kinematic examination of the two directions of 
faulting, the movement of basement blocks, and the timing
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of igneous activity does provide a structural picture which 
agrees with the regional tectonic hypothesis suggested 
for Baja California by Atwater (1970) and Gastil and 
Rodriguez-Torres (1972).

Description of Structures 

Late Miocene Faults
The main massif of Comondu volcanics forming Cerro 

de La Reforma is cut by several high angle normal faults 
(Figure 4), The faults trend N 30° E and break the moun
tain into a graben and horst arrangement of steeply deeping 
normal faults. The N 30° E trend is cut and offset by two 
N 70° E trending faults, displacement along which ranges 
from 10 to 120 meters vertically. Both sets of faults are 
truncated by a younger northwesterly fault trend. The 
N 30° E fault trend cuts biotite quartz monzonite and 
Comondu volcanics but does not cut the Boleo formation; 
therefore,the N 30° E faults must be Late Miocene in age.

Middle to Late Pliocene Faults
The Boleo formation in Localidad de Minitas is cut 

by a major vertical N 55° W trending fault, which forms a 
steep 350 meter cliff that bounds Localidad de Minitas on 
the northeast (Figures 4 and 5). On the southwest side 
of Cerro de La Reforma, two large N 55° W normal faults
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of 600 meters displacement bound a % by 3% kilometer graben 
of Boleo sediments (Figure 4). The faults separate lower 
Boleo sediments from Comondu volcanics of the main Cerro 
de La Reforma massif and Boleo tuffs of the western moat 
area before disappearing to the northwest under Palmas 
terrestrial conglomerate (Figure 4). Since a N 55° W 
trending fault cuts the Middle Pliocene Canyon Diablo 
diorite porphyry and faults of this trend in the Boleo 
formation disappear with that formation under Late Pliocene 
Palmas terrestrial conglomerate west of Localidad de Minitas 
(Figure 4), the age of the N 55° W trend is stratigraphically 
bracketed between Middle and Late Pliocene.

Other N 55° W faults in the La Reforma volcanic 
complex bound the northern dip slopes of Cerro de La Reforma 
(Figure 12), cut Arroyo Alta, and cross the middle of 
Arroyo de Punta Arena. Aro volcanic dikes intrude along 
the N 55° W trending faults in Arroyos Alta and Punta Arena 
(Figure 4), The fault north of Cerro de La Reforma extends 
along Unnamed Arroyo west of the Punta Prieta cinder cone 
and disappears under Quaternary Tres Virgenes volcanics to 
the south. Over much of its course, the fault separates 
the Comondu volcanics of Cerro de La Reforma from Boleo 
tuff. The Unnamed Arroyo member of the Borrego intrusive 
sequence intrudes at the intersection of this fault with



82
a N 30° E cross-cutting fault in Unnamed Arroyo. These 
faults may also be of Middle to Late Pliocene age.

Another N 30° E trend of faulting constitutes a 
second period of Middle to Late Pliocene faulting. The 
northwesternmost faults of the younger N 30° E trend bound 
Localidad de Minitas and expose Comondu volcanics of the 
western rim and Cerro de La Reforma to Boleo sediments at 
Localidad de Minitas. As these faults continue northeast, 
they change slightly in strike to a N 50° E trend and join 
at the upper end of Unnamed Arroyo. The intersection of 
these faults produces a wedge-shaped block of Comondu 
volcanics (Figure 4) between the western rim of the complex 
and Cerro de La Reforma, The fault continues down Unnamed 
Arroyo becoming lost in the quartz andesite pluton of the 
Borrego intrusive sequence (Figure 4). Paralleling Arroyo 
Alta, two N 30° E faults cut Comondu volcanics to bound 
the Arroyo Alta block then disappear under Tres Virgenes 
volcanics. The faults separate Comondu volcanics of the 
Cerro de La Reforma and Arroyo Alta blocks, and Boleo tuff 
of the Punta Arena and Arroyo Alta blocks.

These younger N 30° E faults truncate all major 
and minor northwest faults, dip vertically, and displace 
250 to 400 meters of stratigraphic section. The trunca
tion of the northwest trend and the fact that N 30° E 
trending faults are overlain by Late Pliocene Palmas
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terrestrial conglomerate indicate that faults of this 
second N 30° E trend are also Middle to Late Pliocene in 
age and younger than the N 55° W trend.

Faults trending N 30° E are overlain by the Boleo 
formation on Cerro de La Reforma, but also cut the Boleo 
formation to bound the northwest and southeast sides of 
Cerro de La Reforma. All N 30° E faults are evenly spaced, 
regardless of their age, by a distance of approximately 
1 kilometer (Figure 4). The uniform trend and even spacing 
of these faults suggest that several older Late Miocene 
northeast faults were reactivated in Middle to Late Plio
cene time to produce the younger set of northeast faults.

Tectonic Blocks
Nine fault-bounded tectonic blocks comprise the 

basement of the La Reforma volcanic complex (Figure 13).
The Cerro de La Reforma block occupies a central position 
in the complex, strikes N 65° to 70° Wz and dips 15° to 
28° NW. The block is 3.5 by 5 kilometers and consists 
mainly of Comondu volcanics. The fault plane bordering the 
northwest side is marked by giant vertical slickensides 
100 to 150 meters high with grooves 3 to 8 meters across 
(Figure 14).

To the northwest, the Arroyo de las Palmitas block, 
of unknown size, is bowed around the north and northwest
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Figure 14. Photograph of slickensides on the 
Cerro de La Reforma block.
Photograph taken from the Localidad de Minitas block looking 
south at the Cerro de La Reforma block. The white barked 
Palo Blanco trees in the foreground stand 3 to 5 meters in 
height in contrast to the 200 meter high slickensided 
fault scarp in the background.
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sides of the La Reforma complex to form the west-northwest 
rim (Figure 12). The bowed southeast side of the block 
is bounded by a N 30° to 50° E fault. The strike of the 
upper surface of this block varies from N 30° E to N 50° E 
and dips 10° to 15° N to NW.

Between these blocks, the largest in the complex, 
lie the Localidad de Minitas graben and the Wedge block 
which form the moat on the northwest side of the complex 
(Figure 12). The flat-lying Boleo sediments in Localidad 
de Minitas are dropped 150 to 250 meters along the N 30° E 
boundary faults. The faults form high scarps to the south
east and northwest of Localidad de Mintas, which is a 1 
by 2 kilometer rectangular graben of Boleo sediments between 
the Comondxi volcanics of Cerro de La Reforma to the south 
and the Arroyo de las Palmitas block to the north.

The Wedge block northeast of Localidad de Minitas 
consists of Comondd volcanics folded into a large assymet- 
rical anticline trending N 45° E and plunging 40° NE 
(Figure 13). The limbs of the anticline increase in dip 
toward the broad Localidad de Minitas end of the Wedge 
block. The block is terminated to the southwest by a 
great cliff developed along a N 55° W fault in which a 
complete cross-section of the anticline is exposed and the 
limbs are shown to dip 28° NW and 20° SE. The base of 
the Boleo formation in Localidad de Minitas is down-dropped



100 meters from the crest of the anticline in the Wedge 
block. The Wedge block covers a 1 by 1.5 kilometer area.

To the east along the Gulf coast, a small sliver 
of Boleo tuff and presumably underlying Comondu volcanics 
forms a bench for the deposition of Tres Virgenes volcanic 
ejecta (Figure 13). The sliver separates the Cerro de La 
Reforma block from the deep abyss in the Gulf of California 
off Canyon Diablo (Rusnak et al., 1964). The fault 
separating Cerro de La Reforma from this sliver of rock 
trends N 45° W. The Punta Prieta cinder cone sits astride 
the faulty and volcanic ejecta from the cone cover much of 
it.

South and southeast of the massif the Arroyo Alta 
and Punta Arena blocks form huge steps down off the Cerro 
de La Reforma block. Each block is dropped a maximum of 
150 to 200 meters to the southeast from Cerro de La Reforma 
(Figure 13). The Arroyo Alta block is 2 by 5 kilometers 
at its broadest point, strikes generally N 65° W and 
dips 15° SW forming a ramp off the northwest end of Cerro 
de La Reforma down which Arroyo Alta flows. The northeast 
end of Arroyo Alta is missed with respect to Cerro de La 
Reforma as indicated by the offset of the Canyon Diablo 
diorite porphyry stock. Since the Cerro de La Reforma and 
the Arroyo Alta blocks tilt in opposite directions, the 
southwest end of the Arroyo Alta block is down approximately
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600 meters from the peak of Cerro de La Reforma. The Punta 
Arena block is almost totally covered by volcanic rocks. 
However, small outcrops of Comondu volcanics and fault 
scarps shrouded by volcanic ejecta indicate the downward 
displacement of the block. The flat-lying block is of 
unknown size as it disappears under volcanic cover and the 
Gulf of California to the southeast.

The small Venado block lies on the southwest flank 
of the Cerro de La Reforma block (Figure 13). Because the 
contact between biotite quartz monzonite of the Cerro de 
La Reforma block and the Comondtf volcanics of the Venado 
block is buried under scree it is not known whether the 
Venado block overrides the Cerro de La Reforma block or is 
merely a part of it which tilts to the southwest. The 
block occupies a % by 1 kilometer area striking N 80° W 
and dips 35° to the southwest.

South and southwest of the Cerro de La Reforma and 
the Venado block, lies a great unnamed valley covered by 
volcanic ejecta and sediments. The valley stretches 30 
kilometers southwest to the Santa Lucia mountains (Figure 
2) and truncates sharply against a great N 50° E trending 
fault scarp 300 to 400 meters in height, along which the 
Tres Virgenes volcanoes are developed. To the southeast 
the valley intersects the coast at Santa Rosalia and 
extends an unknown distance south.



The Middle to Late Pliocene age of block bounding 
faults, and textural changes from Middle to Late Pliocene 
terrestrial sediments, indicate a Late Pliocene age of base
ment block tectonics in the La Reforma volcanic complex.
N 30° E and N 55° W faults which.controlled block movement 
cut the Middle Pliocene Canyon Diablo stock and are overlain 
by Late Pliocene Palmas terrestrial conglomerate (Figures 
4 and 5). The Palmas terrestrial conglomerate contains 
angular boulders of biotite quartz monzonite and Comondu 
volcanics, as well as tuff beds probably formed by the 
eruption of the Localidad de Minitas stock (K-Ar age 1.34 
± 0.45 m.y.). The close proximity of angular boulders 
of basement rock types to the Cerro de La Reforma massif 
indicates that the mountain was the source for the Palmas 
terrestrial conglomerate. The uplift thus must have been 
underway if not complete by Late Pliocene time. Only fine 
sand constitutes the Middle Pliocene Gloria formation and 
the Late Pliocene Infierno formation. Since the Late 
Pliocene Palmas terrestrial conglomerate consists of huge 
angular boulders of basement material and overlies both 
fault directions, the mountain rose quickly during the Late 
Pliocene between the deposition of the Infierno formation 
and the Palmas terrestrial conglomerate.
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Late Pliocene Internal Deforma
tion of Tectonic Blocks

Two of the nine tectonic blocks which comprize the 
basement of the La Reforma complex bear structures which 
are restricted internally to the blocks themselves.
Localidad de Minitas is shattered by many, small, steeply 
dipping N 55° W trending fractures which displace rocks of 
the Boleo formation 1 centimeter to 3 meters (Figure 4). 
Shattering is truncated by major N 30° E and N 55° W faults 
which bound the Localidad de Minitas block. As these 
small fractures also control galena veins which are as
sociated with the Localidad de Minitas stock (K-Ar date 
1.34 ± 0.45 m.y.), they are post-block formation, pre
intrusion, and therefore Late Pliocene in age. Since 
major block bounding faults restrict folding to the Wedge 
block (Figure 12) and no post-Pliocene structural events 
are recognized anywhere in the Santa Rosalia area, the 
formation of the Wedge anticline is also post-block forma
tion probably contemporaneous with the Late Pliocene 
shattering of the Localidad de Minitas block.

Structural Interpretation
Four tectonic events were experienced by the rocks 

of the La Reforma volcanic complex (Figure 15). First, in 
Late Miocene time, N 30° E faulting cut the rocks of the 
basement. Then in Middle to Late Pliocene time the N 55° W
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trend formed and the N 30° E direction of faulting was 
reactivated forming tectonic blocks of basement rock. 
Thirdly, in Late Pliocene time individual tectonic blocks 
were either uplifted or downdropped producing grabens and 
tilting the Cerro de La Reforma massif. The last event, 
also Late Pliocene in age, was the shattering of Localidad 
de .Minitas block and' the folding of the Wedge block.

Application of Stress Ellipsoid
The orientation of the N 55° W and N 30° E fault 

directions immediately suggests the application of a 
stress ellipsoid to determine the direction of maximum 
stress which produced Pliocene faulting. However, features 
such as the lack of slickenside information due to volcanic 
cover, multiple movement on fault surfaces, and the exis
tence of older structures in the basement complicate the 
application of a stress ellipsoid and prevent a dynamic 
interpretation of kinematic observations. A general 
interpretation follows.

The N 30° E Late Miocene fault direction may have 
been inherited from joints in the Cretaceous biotite quartz 
monzonite basement or it may have formed independently 
during Late Miocene -time. This fault direction was re
activated after the deposition of the Boleo formation 
during Middle to Late Pliocene structural activity. The
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existence of this inherited fault trend may have changed 
the strain expressed by the N 30° E trend during the 
Pliocene.

Although the N 30° E trend may be inherited from 
the basement rocks, the N 55° W trend represents a new 
response to stress as no faults or joints of this trend 
are observed in the basement rocks (Figure 4). Figure 16 
uses the N 30° E and N 55° W fault trends as an approxi
mate conjugate set to suggest a north direction which 
may have formed and reactivated faults during Middle and 
Late Pliocene time.

Middle and Late Pliocene fault formation may be the 
result of compression produced by a north principal stress 
direction, but only east compression and north extension 
could have produced the northeast-southwest tilting of 
tectonic blocks and down dropping of grabens in the La 
Reforma volcanic complex.

The Late Pliocene internal deformation of the 
Localidad de Minitas and Wedge blocks must have been the 
result of horizontal forces, as vertical force would have 
merely lifted the Localidad de Minitas graben and not pro
duced the shattering restricted to this block. If hori
zontal forces caused this deformation, the orientation of 
the Wedge anticline suggests that a north stress direction 
•was necessary to fold the anticline. A north direction
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could also have shattered the Localidad de Minitas block 
which lies adjacent to the Wedge anticline. The fault 
pattern suggests a Late Miocene to Middle Pliocene north 
stress direction. Late Pliocene block movement indicates 
an east stress direction followed by a return to north 
stress to shatter and fold the Localidad de Minitas and 
Wedge blocks.

Structural Hypothesis
Three hypotheses may be advanced to explain Plio

cene block formation, movement, and internal deformation 
in the La Reforma volcanic complex: vertical stress,
east stress, and north stress. Vertical stress may explain 
the uplift of the southwest end of the Cerro de La Reforma 
block and the northeast ends of the Arroyo Alta and Venado 
blocks, but it does not explain the down dropped opposite 
ends of these blocks, the shattered Localidad de Minitas 
block, or the folded Wedge block. An east stress direction 
could not explain the faults bounding these blocks, but it 
could explain their Late Pliocene tilting. Only a north 
stress direction can explain the formation of the tectonic 
blocks, their movement, and internal deformation.

Since the Gulf of California, east of the La Re
forma volcanic complex, provides negligible confining 
pressure to restrict eastward block motion, one possible
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explanation of the complicated structure in the volcanic 
complex involves continued north stress throughout the 
Pliocene with east stress release toward the gulf during 
Late Pliocene time.

N 55° W faults intersected N 30° E faults by Middle 
to Late Pliocene time to isolate tectonic blocks of base
ment. The separation of these blocks may have provided 
stress release in late Pliocene time from north compression 
with apparent extension in the form of block movement 
toward the east and the Gulf of California. If such move
ment occurred, and since fault directions in the La Reforma 
volcanic complex are simple with trends of N 30° E and 
N 55° W varying respectively from N 20 to 35° E and 
N 40 to 60° W (Figure 4), east block movement toward the 
Gulf of California must have caused pinching and binding 
at irregularities along northeast trending fault planes. 
Rather than having been displaced into the Gulf of Cali
fornia, the central Cerro de La Reforma block appears to 
have been pinched against the N 30 to 50° E trending scarp 
bordering the north side of the La Reforma volcanic complex 
(Figure 12), obstructed from further east movement, and 
therefore tilted to the northeast by continued stress.
Other tectonic blocks in the volcanic complex were pinched 
or obstructed by either the central Cerro de La Reforma 
block or the northern boundary scarp.



The uplift of Cerro de La Reforma may have allowed 
a temporary relaxation of northwest stress in the rocks of 
the volcanic complex with the result that the Localidad 
de Minitas graben was down-dropped. Also the Arroyo Alta 
block may have been tilted to the southwest in response 
to temporary stress release.

Near the close of the Pliocene, the pinching and 
binding along northeast trending fault surfaces and block 
tilting or down dropping may have allowed tectonic blocks, 
which were separated in the Middle or Late Pliocene, to 
readjust against the northern boundary fault scarp of the 
volcanic complex and again permitted the rocks of the 
complex to accommodate north stress. As stress built-up, 
the last major structural event in the history of the La 
Reforma volcanic complex took place with the shattering of 
Localidad de Minitas and the folding of the Wedge block.
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PETROLOGY AND GEOCHEMISTRY

From reconnaissance mapping in the La Reforma vol
canic complex and subsequent correlation of igneous in
trusions with volcanic stratigraphy in the Boleo and 
Lucifer mining districts, three volcanic events are 
recognized in the Santa Rosalia area. Early and Late 
Pliocene volcanic episodes follow structural events and are 
centered around the Cerro de La Reforma block in the La 
Reforma volcanic complex (Figure 4). The Tres Virgenes 
volcanic episode is of Recent age and erupted from vol
canoes and cinder cones randomly distributed over the Santa 
Rosalia area. In order to establish the initial chemical 
nature of the magma and the evolution of volcanism in 
Pliocene and Recent rocks of the Santa Rosalia area, the 
petrologic and geochemical studies described below were 
conducted on intrusive units and their extrusive equiva
lents, The atomic absorption spectrophotometer, the X-ray 
fluorescence spectrometer, and the petrographic microscope 
were used in this study to establish the mineral assemblages, 
major elements, and minor elements composing Pliocene and 
recent igneous rocks of the La Reforma volcanic complex.
The freshest, least weathered surface specimens were col
lected for chemical analysis. The freshness of
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ferromagnesian minerals provided the only criterion for 
freshness during sample collection. The altered nature of 
the rocks comprising the Borrego intrusive sequence pre
cluded collection of completely fresh samples. Samples of 
approximately h kilogram were collected in the field.
Seventy thin sections were made of rock samples representa
tive of lithologic types. Of these 70 samples, 20 were 
selected for chemical analysis. Table 1 provides a correla
tion of stratigraphic formation names, rock types, and 
sample numbers used for data presentation. The rock 
classification system used in petrographic analysis is 
that of Williams, Turner, and Gilbert (1954).

The 20 samples for chemical analysis were crushed 
in a jaw crusher which was cleaned before and after each 
use. About k of the sample was used to precontaminate 
the crushing apparatus. Pea-sized samples and fines from 
the jaw crusher were pulverized to 200 mesh in iron crucibles 
in a Spex shatterbox. After each run the crucibles were 
washed with water, dried, and washed again with acetone.
Such treatment prevents rusting which is the major source 
of iron contamination in the process (Eastwood, 1970; 
Scarborough, 1974), Further treatment of the samples by 
the lithium metaborate fusion technique, in preparation for 
major element analysis by atomic absorption,,was done



Table 1. Stratigraphic formation names, rock types, and sample numbers

Name of
Stratigraphic Formation Rock Type and Form of Body Sampled

Sample
Number

Symbol Used 
for Chemical 
Analysis

Top

Tres Virgenes Volcanics

pyroxene andesite pumice fall tuff 
pyroxene .andesite pumice fall tuff 
pyroxene andesite pumice fall tuff 
vesicular olivine basalt

Wll-69 
T10-56 
AD 5-6 
94-74

<s><s>
none

Volcanic vesicular olivine andesite flow Wl-61 ©Rocks
Aro Volcanics devitrified andesite welded tuff W2-62 ©

porphyritic olivine pyroxene andesite flow W3-63 ©
vesicular porphyritic andesite flow W4-64 ©

Unnamed Arroyo Flow porphyritic andesite flow AD6-1 A
vesicular porphyritic andesite flow W5-65 13

Reforma Volcanics vesicular porphyritic andesite flow W6-66 0
porphyritic pyroxene andesite flow W7-67 0
porphyritic pyroxene andesite flow W8-68 0

Punta Arena Andesites porphyritic pyroxene andesite flow BFI-73 none

Bottom Boleo Formation reworked pumice fall tuff TC3-70 none

Aro Volcanics (dike) quartz andesite dike 79-72 0
Intrusive porphyritic andesite stock 108-44 ik
Rocks Unnamed Arroyo Stock porphyritic quartz andesite stock 123-51

porphyritic quartz andesite stock 109-45 ZK
Localidad do Minitas Stock hornblende granodlorito stock 40-18 w

hornblende granodiorite stock 45-24 w
porphyritic quartz diorite stock PA4-60 52Canyon Diablo Stock porphyritic quartz diorite stock PA2-7 Ssl 100



according to the method described by Med1in, Suhr, and 
Bodkin (.1969) .

Trace element analyses of 17 rock samples by x-ray 
fluorescence spectrometer were run by Eric Nupen following 
the methods outlined by Reynolds (1963). Mass absorption 
coefficients for rubidium and strontium analysis were cal
culated from data obtained using the molybdenum tube.
United States Geological Survey standards Granite G-2, 
Granodiorite GSP-1, Andesite AGV-1, and Basalt BCR-1 were 
used to construct working reference curves. The standards 
in all cases bracketed the granodiorite to diorite com
position of the thesis rock samples. Analytical precision 
and accuracy of the various techniques established by 
Livingston (1969), Eastwood (1970), and Fouts (1974) were 
equaled or exceeded in the chemical analyses reported 
below.

101

Petrographic Analysis

Description of Rocks
Petrographic description of individual rock samples 

has been given in the Stratigraphy section above. A petro
graphic summary of the Pliocene and Recent igneous rocks 
is presented in Table 2, Only a brief summary will be 
given here prior to the textural discussion below.



Table 2• Petrographic descriptions and associations of 
Pliocene igneous rocks.

Aro Volcanics (dikcl
Quartz Andesite
Oligoclase
Orthoclase
Quartz
Augite
Others

INTRUSIONS

79-72 
68 (hi 10 
19 
2 1

)

Texture:, porphyritic plagioclase and augite crystals, 
amygdaloidal (30%) planar vesicles filled with quartz 
grains with orthoclase and oligoclase (An^) spherulites.
Unnamed Arroyo andesite-quartz andesite stock
Porphyritic Andesite Porphyritic Quartz Ande-
Core Zone site Border Zone

108-44 123-51 109-45
Oligoclase 75 (An,,*) 70 (An-,) 68 (An,g)
Biotite 5 28 _ 3 26
Hornblende 1 - -
Quartz - 19 25
Other 19 11 4 '
Texture: porphyritic oligoclase, porphyritic oligoclase
hornblende phenocrysts, abundant phenocrysts, allotriomorphic 
hypidiomorphic quartz and calcite magnetite with quartz in 
veinlets cutting hornblende magne- veinlets 
tite veinlets
Localidad de Minitas hornblende granodiorite
Hornblende Granodiorite

45-24
Andesine(40) 40 
Hornblende 10 
Orthoclase 5 
Oligoclase (An9Q) 12 
Quartz 16 
Other 12
Texture: Altered andesihe and 
stitial granophyric orthoclase 
banded cavity fillings. Laths 
cm clots.
Canyon Diablo diorite porphyry

40-18 
45.10 .5
10 
19 11

hornblende laths with inter 
and quartz intergrowths as 
form intergradational 10-40

Quartz Diorite Porphyry

Andesine (An,-) 70
Augite . 40 3Biotite -
Hornblende 5Orthoclase 5Quartz 12Other 5

PA2-7 
55 ‘ 
5 

58
5

1512
Texture: Porphyry of 45% andesine and 5% augite in a 
groundmass of biotite, hornblende, orthoclase, quartz 
and other minerals.

Aro Volcanics (flows)
VOLCANICS

Pyroxene Andesite
W4-64 W5-63 W2-62 Wl-61

Andesine 40 (An..,) 64 (An.,) ! 33 (An^,) 5 (An
Clinopyroxene 28 36 34 35 1 35
Orthopyroxene 2 - - -
Other • - 2 - 1
Vesicles 26 - - 79
Glass 4 - 66 15
Texture: Porphyritic to glomeroporphyritic, hypocrystalline
and holocrystalline, hypidiomorphic andesine and augite 
phenocrysts in glassy or microcrystalline aphanitic ground- 
mass, vesicular.
Unnamed Arroyo porphyritic andesite flow
Porphyritic Andesite
Andesine
Augite
Orthopyroxene
Quartz
Other
Vesicles
Glass

AJD6-1 68 (An.,.) 
15 31
73
7

Texture: glomeroporphyritic, holocrystalline, allotrio
morphic andesine laths around augite grains forming glomeroporphyritic 
ohenocrysts in fine-grained groundmass, eutaxitic vesicles 
aligned and flattened, amygdaloidal with sphene crystals in 
the flattened vesicles.
Thin ash fall tuffs interbedded with Palmas terrestrial 
conglomerate

Reforma Volcanics 
Pyroxene Andesites

Andesine
W8-68
74 (An..)

W7-67 
64 (An,,)

| W6—66 
' 49 (An,-)

W5
20Clinopyroxene 20 33 31 35 3 32 8Other 1 5 1Vesicles - ~ 10 15Glass 5 - i 38 56

Texture: Porphyritic hypocrystalline hypidiomorphic ande
sine and augite ± pigeonite, aegirine-augite phenocrysts 
in glassy to aphanitic microcrystalline matrix, vesicular.
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Thin sections of Pliocene and Recent age igneous 

rocks in the La Reforma volcanic complex show distinct 
mineralogic and textural variations which are systematic 
between plutonic rocks and their volcanic products. Plio
cene intrusions of the Canyon Diablo stocks, the Borrego 
intrusive sequence, and the Aro dikes range compositionally 
from diorite to granodiorite. The mineralogy of the Plio
cene age rocks consists of 40 to 70 volume % plagioclase 
ranging from andesine (An^g) to oligoclase (A^g) , 5 to 
10 volume % biotite and hornblende, 5 to 20% orthoclase 
and 12 to 25% quartz. Minor amounts of augite appear as 
phenocrysts. Only the Unnamed Arroyo stock contains no 
orthoclase. Apatite and sphene are common in all plutons 
as accessory minerals. Pyrite is only rarely present, 
magnetite and ilmenite being the characteristic accessory 
minerals. Variations in the mineralogy of Pliocene and 
Recent intrusions and flows are shown in Figure 17.

The Pliocene intrusions are texturally dissimilar 
to one another, ranging from hypidiomorphic to allotrio- 
morphic with aphanitic microcrystalline to phaneritic 
fine-grained groundmasses, and varying in the percent of 
phenocrysts from 5 to 50%. Each pluton also has a dominant 
individual textural character. The Canyon Diablo diorite 
porphyry is a porphyry. The Localidad de Minitas hornblende 
granodiorite is a jackstraw pile of plagioclase and
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Sample Stratigraphic Plagio- Clino- Ortho Horn Ortho-
Number Unit clase pyroxene pyroxene Olivine Biotite blende Quartz clase Opaques
Volcanics 0 % 80 0 % 40 0 % 2 0 % 10 0 % 10 0 % 10: 0 % 25 0 % 20 0 % 5
94-74
Wll-69
T10-56
AD5-6

Tres Virgenes 
Volcanics

Wl—61 1 
W2-62 2 
W3-63 3 
W4-64 4

Aro
Volcanics s x IS

AD6-1 10 Unnamed 
Arroyo Flow • . .

W5-65 5 
W6—66 6 
W7-67 7 
W8—68 8

Reforma
Volcanics x x /

BFI-73 Punta Arena 
Andesites • *

TC3-70 Boleo
Formation #

Intrusions
79-72 Aro Dike # * • #
108- 44 18
123-51 9
109- 45 19

Core Zone 
Unnamed 
Arroyo Stock 
Border Zone

• < / •

40-18 14
45-24 15

Localidad de 
Minitas Stock 1 1 / \ /

PA4-60 17
PA2-7 16

Canyon Diablo 
Stock / \ \ \ 1 ■ /

Figure 17. Variations in mineralogy between intrusive and volcanic rocks
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hornblende laths arranged into 10 to 40 centimeter sized 
clots each of equal grain size. Oligoclase (An2 g), ortho- 
clase, and then quartz were sequentially deposited as banded 
cavity fillings between clots of crystals and interstitial 
to the crystals of each clot. The Unnamed Arroyo stock is 
distinctly zoned, containing allotriomorphic crystals in 
its border zone and calcite-magnetite veinlets in its 
inner hypidiomorphic zone. The Aro andesite dikes are 
amygdaloidal with planar vesicles filled by quartz, albite, 
and orthoclase spherulites.

Lava flows and crystal flow tuffs constitute the 
Reforma volcanics, the Unnamed Arroyo flow, and the Aro 
volcanics. The mineralogy of these formations is shown in 
Figure 17. The flow rocks are mineralogically and tex- 
turally similar to one another. The plagioclase phenocryst 
composition closely approximates andesine (An^) and augite 
phenocrysts are the common mafic mineral. The only excep
tion to the compositional uniformity of these rocks is the 
presence of quartz in the Unnamed Arroyo flow.

Texturally, all lava flow rocks are holocrystalline, 
hypidiomorphic, and porphyritic. The groundmass is either 
holocrystalline or hypocrystalline, the amount of glass in 
the groundmass being directly proportional to the volume 
percent of vesicles in the rock.
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Sample W2-62 (Figure 17) is a crystal flow tuff, 

which is texturally different from the lava flow rocks.
The rock is a devitrified welded crystal flow tuff with a 
eutaxitic textured arrangement of fiamme and plagioclase 
and augite phenocrysts.

As no plutonic source rocks for the Tres Virgenes 
volcanics have yet been exposed by erosion, only the 
labradorite (An^g), clinopyroxene, and orthopyroxene 
phenocryst mineralogy of the basalt flows suggest the mafic 
composition of this volcanic episode.

Interpretation of Petrography
Pliocene and Recent rocks of the La Reforma volcanic 

complex show these differences and variations in mineralogy 
and texture:

1. Intrusions bear quartz, oligoclase (Angg), and 
orthoclase with biotite and hornblende as mafic minerals, 
while flow rocks, even when holocrystalline, lack quartz, 
oligoclase, and orthoclase and bear augite as a mafic 
mineral.

2. The Unnamed Arroyo stock is enriched in quartz 
and albite, contains fewer mafic minerals than other Plio
cene intrusions, and"lacks orthoclase altogether.

3. The Pliocene volcanics are andesitic in com
position while the Recent Tres Virgenes volcanics are • 
basaltic.
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The Pliocene intrusions of the La Reforma volcanic 

complex are directly connected to lava flows, except for 
the Localidad de Minitas stock which bears no association 
to flows. The intrusions all contain quartz, oligoclase 
(An2 g_2 g), and orthoclase while quartz and alkali feldspars 
are absent from the associated lava flows. The absence of 
these minerals from the lava flows suggests that K, Na, Si, 
and Al, the elemental components of these minerals, were 
lost during eruption of the Pliocene magmas. The differences 
in the mafic mineralogy between near surface Pliocene in
trusions containing biotite and hornblende and their vol
canic equivalents bearing augite can be accounted for by 
examining conditions controlling the stability of mafic 
minerals at low pressures.

Holloway (1973) uses pargasite, an Mg end-member 
amphibole, as a model to determine the crystallization 
conditions of amphiboles. Pargasite is used in this ex
perimental work because it lacks variable-valence cations 
and thus its stability is independent of oxygen fugacity.
The results of Holloway’s mineral melting experiments in 
the system pargasite-^O-CC^ are presented in Figure 18.
At 1000°C pargasite is stable above 1 kilobar total pres
sure with a high mole fraction of water present in the vapor 
phase (XH Q = 1.0). When the water content of the vapor 
phase is lowered (Xy q = 0.3) at constant temperature, a
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Figure 18. Mafic mineral stability with varying 
amounts of water.
From Holloway, 1973
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higher pressure of 2.8 kilobars is required to maintain 
the stability of the mineral. A liquid in this hydrothermal 
system cooling at low pressures with a low water content 
crystallizes pyroxene, olivine, spinel, nepheline, and 
anorthite.

If the pargasite model for amphibole stability 
applies to the nearsurface crystallization conditions of 
the La Reforma volcanic complex, lava flows which crys
tallized augite as the mafic mineral contained little water, 
while intrusions forming hornblende required a higher 
water content. Figure 19 (Burnham and Jahns, 1962) shows 
that solubility of water in granite, andesite, and basalt 
melts varies directly with pressure.• From this diagram 
it is apparent that an erupting hydrous melt must produce 
a vapor phase as the solubility of water approaches zero 
near the earth's surface. Water loss during eruption thus 
provides one explanation for the different mafic minerals 
observed in the Pliocene intrusive and extrusive igneous 
rocks of the La Reforma volcanic complex.

The anhydrous mafic minerals present in flows and 
the occurrence of vesicles and amygdules in Pliocene igneous 
rocks of the La Reforma volcanic complex, together with 
experimental evidence indicating water insolubility in 
silicate melts at surface pressures, all suggest the 
separation and loss of a vapor phase during the eruption
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Figure 19. Solubility of water in igneous melts.
Modified after Burnham and Jahns, 1962
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of Pliocene magma. If K, Na, Si, and Al are soluble in the 
vapor phase given off during eruption, the compositional 
differences between Pliocene intrusions and volcanic rocks 
may also be explained by vapor phase loss. Burnham (1967) 
has shown that the elements K, Na, Si, and Al fractionate 
into an aqueous vapor phase in equilibrium with a grano- 
diorite melt and that the controls on solubility are pH, 
the activity of chlorine ions in the vapor phase, the 
fugacity of CO2 in the vapor phase, and the lithostatic 
pressure on the system. The presence of K-Na minerals in 
Pliocene intrusions and their absence from Pliocene lava 
flows, and experimental work showing the solubility of 
K, Na, Si, and Al in the granodiorite vapor phase, indicates 
that one possible means of K, Na, Si, and Al loss during 
the eruption of Pliocene lava may have been with the vapor 
phase.

The border zone of the Unnamed Arroyo stock is 
compositionally distinct from all other igneous rocks in 
the volcanic complex in that it contains Ca-poor plagio- 
clase (Angg), is deficient in biotite and hornblende, 
and lacks orthoclase. If the original composition of the 
Unnamed Arroyo magma approached the composition of other 
Pliocene melts, as is suggested by the comparable min
eralogy of its core zone, either the Unnamed Arroyo melt 
or the resulting rock was in part depleted in the elemental
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constituents of the granodiorite-diorite parent magma.
Since only minor wall rock alteration occurs in the Unnamed 
Arroyo stock, these elemental constituents must have been 
removed during its crystallization.

Rock melting experiments in the granodiorites and 
tonalites of the Wallowa batholith by Piwinskii and Wyllie 
(1968) show that plagioclase, hornblende, and biotite 
crystallize at higher temperatures than do quartz and ortho- 
clase (Figure 20). Bowen (1928) showed that calcic plagio
clase crystallizes at higher temperatures than sodic 
plagioclase.

Zoning in the Unnamed Arroyo stock (Figure 4) 
consists of a core zone comprised of oligoclase (An2 g) 
and minor biotite while the outer zone is oligoclase 
(Angg) and quartz (Table 2). The core zone of the stock 
thus bears more Fe, Mg, and Ca bearing minerals than does 
the border zone. A progressive depletion in elements from 
the core zone outward would also explain this mineralogic 
zonation, with Na and Si combining with the remaining Ca 
and Al to form oligoclase (A^g) and quartz of the border 
zone at low temperature. One possible explanation for the 
mineralogic deficiencies which produced the distinctly 
different mineralogy observed only in the outer zone of 
the Unnamed Arroyo stock may be that during the high
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Figure 20. Mineral stabilities in rocks of 
granodiorite composition.
From Piwinskii and Wyllie, 1968.



temperature stage of crystallization, a loss of K, Ca,
Fe, Mg, and Al occurred, resulting in a concentration of 
Si and Na.

Petrographic data indicate a marked difference 
between the composition of Pliocene and Recent volcanic 
rocks in the La Reforma volcanic complex. The Pliocene 
rocks are andesites consisting of andesine (An^) and 
augite phenocrysts in glassy to cryptocrystalline matrix 
of plagioclase and pyroxene. The Recent Tres Virgenes 
basalts consist of labradorite (An^g), augite, hypersthene, 
and olivine phenocrysts in a glassy to cryptocrystalline 
matrix of plagioclase and pyroxene. This distinct com
positional difference in phenocryst mineralogy and the 
Pleistocene to Recent period of inactivity separating these 
periods of magmatism suggest that two distinct periods of 
magmatic activity occurred during the history of the La 
Reforma volcanic complex. Since no source for the Tres 
Virgenes volcanics is yet exposed for sampling, no min- 
eralogic comparison of Pliocene and Recent intrusions is 
possible.

114

Whole Rock Analysis

Presentation and Discussion 
of Data

A compositional evolution of magma erupted through
out the Pliocene is exhibited in the major element
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variations obtained from analyses of igneous rocks in the 
La Reforma volcanic complex. Previously discussed tech
niques produced 2 0 chemical analyses of major elements listed 
in Table 3. Ratios of elements and norms were calculated 
with the aid of computer program PETRO written at The 
University of Arizona by D. Lynch, V. Smith, and J. Pouts. 
Norms were calculated according to the rules of Barth 
(1952).

Chemical analyses established major element varia
tions in samples of the Canyon Diablo diorite porphyry, 
the Reforma volcanics, the Borrego intrusive sequence, 
the Unnamed Arroyo flow, the Aro dikes, and the Aro volcanics 
(Tables 1 and 3). The tuffs of the Boleo formation were 
not analyzed because these fossil bearing pumice fall tuffs 
were reworked and chemically modified by sea water. No 
samples of the Tres Virgenes intrusions were available 
for sampling.

Figure 21 shows the major element chemistry of 
volcanic and intrusive rocks plotted against their age.
SiOg values appear to increase while AlgO^ values appear 
to decrease with time and the variation of I^O, Na20/ and 
CaO is erratic. CaO generally decreases except in horn
blende granodiorite, samples 14 and 15, which are high in 
CaO. KgO also decreases except in sample 20 of Aro dike 
rock which bears high K^O values. NagO generally does not



Table 3. Major element composition of Pliocene and Recent igneous rocks. 
All numbers are weight percents unless otherwise indicated.

Sample
Number Si02 M 2°3 MgO CaO FeO Fe2°3 K2° Na2° Ti02

MnO
(ppm)

CuO
(ppm) Total

Wll-69 65.2 13.9 1.73 2.20 1.24 2.81 3.89 1.18 0.50 57 33 92.7
T10-56 66.2 14.1 1.63 1.82 1.79 2.26 3.10 3.27 0.66 85 25 94.9
AD5-6 65.8 12.0 0.30 0.81 1.75 1.11 4.40 2.80 0.25 57 33 89.3
Kl-61 1 67.9 13.8 0.29 1.70 2.06 3.95 3.50 5.40 0.54 110 17 99.5
W2-62 2 67.5 13.5 0.27 1.82 1.59 4.33 3.48 4.82 0.54 105 14 98.0
W3-63 3 69.9 13.8 0.24 1.84 3.03 2.80 3.14 4.84 0.57 110 23 100.3
K4-64 4 56.3 15.8 2.22 6.32 0.39 7.42 1.43 4.48 1.28 123 23 95.8
AD 6-1 10 74.4 15.9 0.99 1.72 0.52 1.14 0.02 7.50 0.39 43 29 102.6
W5-65 5 57.3 16.3 3.82 6.82 5.89 3.55 1.34 4.48 1.60 143 26 101.2
W6-66 6 64.8 14.8 1.93 3.94 3.17 3.30. 1.93 5.03 1.04 123 17 100.1
W7-67 7 58.0 16.0 3.76 6.91 5.81 3.14 1.53 4.36 .1.60 134 34 101.2
W8-68 8 64.8 14.1 1.52 3.40 3.12 3.95 1.93 5.52 1.30 143 29 99:8
79-72 20 74.8 12.9 0.05 0.40 1.50 1.45 3.56 4.73 0.27 67 33 99.7
108-44 18 59.7 14.8 2.72 4.83 2.62 5.08 0.17 6.89 1.78 48 33 98.6
123-51 9 75.6 13.6 0.99 0.63 0.66 2.12 0.01 6.90 0.29 43 32 100.8
109-45 19 68.8 11.3 0.70 1.11 1.25 4.83 0.05 5.51 0.25 33 25 93.9
40-18 14 59.1 15.1 2.42 4.66 3.00 2-.60 1.13 5.22 1.12 76 25 94.4
45-24 15 63.3 13.9 2.54 4.76 3.37 1.23 1.42 4.43 1.01 85 33 96.8
PA4-60 17 57.3 14.7 2.12 2.20 3.48 2.42 2.12 4.63 1.33 444 25 90.7
PA2-7 16 60.2 14.8 2.58 1.95 3.74 2.78 2.51 4.51 1.38 452 25 94.9
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Sample
Number Formation Name Age Si02 M 2°3 MgO CaO

Total
Iron FeO Pe2° 3 K2° Na2° Ti02

Volcanic Rocks 1 0 0 wt % 20 wt % 5 wt % 10 wt % 10 wt % 10 wt % 10 wt % 5 wt % 10 wt % 2 wt %
Wll-69
T10-56
AD5-6

Tres Virgenes 
Volcanics

young )y / ) / () )
Wl-61 1 
W2-62 2 
W3-63 3 
W4-64 4

Aro Volcanics
young

/ ( I
AD6-1 10 Unnamed 

Arroyo Flow
# ♦ # # #

: # # e

W5-65 5 
W6 - 6 6 6 
W7-67 7 
W8 - 6 8 8

Reforma
Volcanics

old I 1 < $ 5 ! 1
Intrusive Rocks
79-72 20 Aro Dike young • • m 9 » # • e # #
108- 44 18
123-51 9
109- 45 19
40-18 14
45-24 15

Core Zone 
Unnamed 
Arroyo Stock 
Border Zone
Localidad de 
Minitas Stock

these
units
were
probably
contempo
raneously
emplaced < < 5 /

PA4-60 17 
PA2-7 16

Canyon Diablo 
Stock
(equivalent to 
Reforma Volcanics)

old \ 1 \ / \ 1 V \ 1 \

Figure 21. Major element variations in Pliocene and Recent igneous rocks



vary through time, but reaches abnormally high concentra
tions only in samples 9, 19, and 18 from the Unnamed Arroyo 
stock. FeO, and MgO are unpredictable in their
variation in both intrusions and flows.

The plot of weight percent AlgO^ against weight 
percent SiOg in Figure 22 shows variations of these ele
ments in Pliocene igneous rocks. The slope of the line 
defined by the distribution of sample plots in Figure 22 
suggests an AlgO^ : SiOg variation pattern typical of 
magmatic differentiation (Harker, 1909). However, further 
consideration of the age of each rock sample and the bi- 
modal distribution of intrusive rock plots reveals a non
temporal relationship between these data points. Samples 
14 and 15 from the Localidad de Minitas stock are grouped 
with samples 16 and 17 from the Early Pliocene Canyon 
Diablo stocks. Samples 9 and 19 of the quartz andesite 
border zone of the Unnamed Arroyo stock form a second group 
with sample 20 of the Aro dike at the silica rich, alumina 
poor end of the diagram. Not all samples from the Unnamed 
Arroyo stock plot on the Si rich-Al poor end of the dia
gram; porphyritic andesite sample 18, from the core zone of 
the Unnamed Arroyo stock plots with the Si poor-Al rich 
samples.

Other samples on Figure 22 consist of volcanic rocks. 
These show a less systematic distribution of points. The
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samples of volcanic rock are instead distributed randomly 
with respect to their age along the line of points defined 
by samples from Pliocene intrusions.

A ternary variation diagram, Figure 23, presents 
the relative amounts of KgO, NagO, and CaO in Pliocene 
intrusive and volcanic rocks from the La Reforma volcanic 
complex. Figure 23 shows the soda-rich character of samples 
9 and 19, from the border zone of the Unnamed Arroyo stock, 
sample 10, from the lava flow which follows Unnamed Arroyo* 
the calcium-rich-potassium-poor nature of samples 14 and 
15 of the Localidad de Minitas hornblende granodiorite, 
and the potassium-rich-calcium-poor chemistry of the Aro 
dike sample 20, all relative to samples 16 and 17 of the 
Canyon Diablo stock. Figure 23 also illustrates the ratio 
of NagO, KgO, and CaO in Standard Mean Ocean Water (SMOW) 
(Ross, 1970) and the progressive increase in NagO, decrease 
in CaO, and total depletion of I^O spatially from the core 
to the border zone of the Unnamed Arroyo stock toward the 
SMOW value.

Interpretation of Major 
Element Analysis

Whole rock analysis for major elements in Pliocene 
igneous rocks show three chemical variation patterns.

1. An 18 weight percent increase in SiOg values and 
a 2 weight percent decrease in AlgO^ values with time in 
plutonic rocks.
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Figure 23. K20-Na20-Ca0 variations.
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2. A bimodal development of A^O^-SiC^ ratios; a 

low Si-high A1 group consisting of the Canyon Diablo por
phyry , the Localidad de Minitas hornblende granodiorite, 
and the core zone of the Unnamed Arroyo stock, and a high 
Si-low Al group consisting of the border zone of the Un
named Arroyo stock and the Aro dikes.

3. A random scattering of the alkali-lime ratios of 
the Pliocene intrusions relative to the Canyon Diablo 
stocks, while five samples of volcanic rock
are I^O and NagO depleted, and CaO enriched with respect 
to the "parent" magma composition. The distribution pattern 
of volcanic rock sample data on Figure 22 near or sloping 
away from the "parent" SiOg-AlgO^ composition of the Canyon 
Diablo stocks and the variation of KgO-NagO-CaO in Figure 
23 demand a loss of alkali and alumina during the eruption 
of lava flows. The loss of these cation oxides during 
eruption would have enriched the remaining lava in SiOg 
and CaO relative to the "parent" magma composition.

In Figure 23, three types of variations away from 
the KgO-NagO-CaO composition of the Canyon Diablo stocks 
(samples 16 and 17) occur in the Late Pliocene intrusions. 
Samples 14 and 15 of .Localidad de Minitas hornblende 
granodiorite are KgO depleted and CaO enriched. The Aro 
quartz andesite dikes represented by sample 20 are K20  

enriched and CaO depleted. Samples 9, 10, and 19 show
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KgO and CaO depletion and are the only samples significantly 
enriched in NagO.

Petrographic analysis of these samples indicates 
the causes of these compositional differences. Thirty per
cent of the total rock volume of Aro dikes consists of 
amygdules filled with 10 volume percent quartz grains, 10 

volume percent orthoclase spherulites, and 1 0 volume percent 
oligoclase spherulites. The K^O rich nature of the Aro 
dikes as shown by sample 20 (Figure 23) is the result of 
the abundant orthoclase spherulites. As 10 volume percent 
of the Aro dike rock consists of oligoclase (An2 g) spheru
lites, the NagO enriched nature of the dikes is attributed 
to the spherulite plagioclase content. The CaO poor nature 
of sample 20 is due to the Ca poor composition of the plagio 
clase (Angg).

The basal andesite flow in the Aro volcanics con
tains 64 volume percent andesine (An^g) as glomeropor- 
phyritic phenocrysts. Sample 4 on Figure 22 shows the CaO 
rich nature of this basal flow. A possible explanation for 
the absence of Ca-rich plagioclase in only the Aro dikes 
could be that early crystallized andesine (An^g) pheno
crysts floated in the Aro magma and were poured out with 
the first andesite flow leaving a CaO poor melt to produce 
the Aro dikes.
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In the Localidad de Minitas stock, interstitial 

spaces between andesine (An^g) laths are filled from the 
outside inwards by concentric bands of oligoclase (A^g) , 
orthoclase, and quartz (Table 2). Filled cavities occupy 
33% of the rock volume and consist of 12 volume percent 
oligoclase (Angg), 5 volume percent orthoclase, and 16 
volume percent quartz. The I^O poor, NagO rich nature of 
hornblende granodiorite samples 14 and 15 relative to the 
Canyon Diablo "parent" magma is the result of the oligo
clase (Angg) rich-orthoclase poor character of these 
interstitial cavity fillings. The CaO rich nature of 
samples 14 and 15 is the result of the andesine (An^g) 
composition of the plagioclase laths which comprise 40% of 
the rock, and the presence of 1 0 % epidote and calcite 
as alteration minerals in the rock.

That Late Pliocene intrusions at La Reforma in
truded a near-surface environment is evidenced by flows 
which can be traced from the Unnamed Arroyo stock and the 
Aro dikes, and the breccia pipe form of,and encircling 
tuff rings near, the Localidad de Minitas stock.

The SiOg-AlgOg variation diagram (Figure 22) 
indicates two separate groups of points from Pliocene in
trusive rocks connected by volcanic rock plots to form a 
negatively sloped curve. Magmatic differentiation is trad- 
tionally indicated by such a slope if the SiOg-AlgO^



variations are produced in successively younger plutons 
(Carmichael, Turner, and Verhoogen, 1974).

Barker (1909) defined magmatic differentiation 
generally by a variation of cation oxides against increasing 
Si0 2 values with time in a crystallizing igneous melt.
This definition is still generally accepted, although such 
igneous processes as crystal flotation, crystal settling, 
vapor phase element loss, wall rock alteration, and ground 
water interaction can arbitrarily modify the effects of 
magmatic differentiation by adjusting the quantities of 
elements in a melt.

A close examination of the bimodal distribution of 
samples in Figure 22 reveals that the separation of points is 
not a function of the order of intrusion. The high weight 
percent AlgO^-low weight percent SiC^ group consists of 
samples 16 and 17 from the Canyon Diablo stocks, samples 
14 and 15 from the Localidad de Minitas stock, and sample 
18 from the core zone of the Unnamed Arroyo stock. The 
samples of this group are centered in close proximity about 
the 55-60 weight percent SiOg-lS weight percent AlgOg 
values of samples 16 and 17 of the Canyon Diablo stocks.
The samples in this group represent both the Early and 
Late Pliocene episodes of andesitic volcanism and repre
sent three of the four Pliocene intrusions in the volcanic 
complex, indicating little magmatic differentiation to
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have occurred during Pliocene magmatism. If little mag
matic differentiation occurred during Pliocene magmatism, 
the compositional differences must result from the re
distribution of elements by near surface volcanic processes.

To examine the net chemical variations in the 
Pliocene intrusions of the La Reforma volcanic complex, a 
compositional starting point is necessary to observe the 
gain and loss of elements. The tectonic position of the 
Canyon Diablo stocks in a block of Comondd volcanics up
lifted in the Late Pliocene, the stratigraphic level of the 
stocks beneath approximately 1 kilometer of volcanics at 
the time of intrusion, the apparent depth of erosion ex
perienced by the stocks, plus the coarse grain size, 
lack of veinlets, hypogene alteration, and recrystalliza
tion in the stocks/ all suggest the Canyon Diablo stocks 
crystallized at a greater depth than the late Pliocene 
Borrego and Aro intrusions. Because of the greater depth, 
younger age, and grouping of SiOg-AlgO^ analyses about the 
composition of the Canyon Diablo stocks, sample 16 and 17 
of Canyon Diablo diorite porphyry may more closely approxi
mate the "parent11 melt composition of Pliocene magmatism 
than other igneous intrusions of the volcanic complex. The 
composition of the Canyon Diablo diorite will therefore 
serve as a reference point for consideration of the gain 
and loss of elements.
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Points in the low weight percent A^O^-high weight 

percent SiOg group consist of sample 20 of Aro dike rock, 
and samples 9 and 19 from the Unnamed Arroyo stock. This 
group of points is diffuse when compared to the high A^Og- 
low SiOg group, ranging from 1 1 to 16 weight percent AlgO^ 
and 68 to 76 weight percent SiOg. Petrographic analysis 
of samples 9, 19, and 20 from this group reveals 10 to 20 
volume percent quartz occupying veinlets or vesicles in 
the rock (Table 2). This indicates that quartz was at 
least in part introduced to the rock following its crys
tallization and explains why these chemical analyses do not 
represent the "parent" magma composition. The composition 
of these samples is enriched in SiOg and proportionally 
depleted in other cation oxides relative to the parent 
magma composition because of quartz veining following 
crystallization of the rock.

The alkali-lime patterns (Figure 23) indicate that 
three volcanic rock samples plot in close proximity to 
samples 16 and 17 from the Canyon.

The existence of a vapor phase in the rocks of the 
La Reforma volcanic complex is indicated by the clotty, 
altered, and brecciated texture of the Localidad de Minitas 
stock, cavities filled and concentrically banded with quartz 
orthoclase and oligoclase (An^g), vesicles filled by quartz, 
orthoclase amygdules and oligoclase (An^g) spherulites, and
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galena veins and propylitic wall rock, alteration encircling 
the Localidad de Minitas stock. Experimental studies by 
Burnham and Jahns (1962) demonstrate the insolubility of 
water in silicate melts at surface pressures. Goranson's 
(1931) and Burnham’s (1967) work further show that Na, K,
Si, and Al comprise 95 weight percent of the solute in 
equilibrium with granodioritic rocks. If such a fluid 
phase was present at La Reforma/ the scattering of ^ O -  
HagO values for the Localidad de Minitas stock and the Aro 
dikes, as well as Na, K, Si, and Al losses during the em
placement of lava flows may result from element loss with 
gaseous emanations during the late stage near surface 
eruption or crystallization of the Pliocene intrusions.

Only the Unnamed Arroyo stock, which intruded in 
a submarine environment, bears a distinct border zone 
different in its KgO^agO-CaO ratios from its core zone as 
well as from other Late Pliocene intrusions. I^O-CaO 
depletion and NagO enrichment, and the AlgO^ depletion and 
SiOg enrichment between core zone sample 18 and border 
zone samples 9 and 19 on Figures 22 and 23, begins at the 
core of the Unnamed Arroyo stock and continues progressively 
to the border zone. The NagO-KgO-CaO variation terminates 
its compositional progression at the NagO-KgO-CaO values 
of SMOW. This compositional variation suggests a diffusion 
relationship between the crystallizing melt and sea water.
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One possible explanation may be an initial element loss 
from the melt into sea water with the vapor phase. As 
cations were progressively flushed from the border zone, 
silica may have been concentrated in the border zone as 
quartz. The final sodic composition of the border zone 
may have resulted from cation re-addition to the melt from 
sea water or buffered cation loss from the melt with either 
hypothetical mechanism controlled by the relative activi
ties of the individual elements in the melt and sea water.

Trace Element Analysis

Presentation and Discussion 
of Data

The partitioning of trace elements into crystalline, 
liquid, and vapor phases during magmatic activity suggests 
processes which affected the compositional evolution of 
igneous rocks at La Reforma. The trace elements Rb, Sr,
Y, and Zr analyzed by X-ray fluorescence are shown with Ti 
values from atomic absorption analysis in Table 4.

The most immobile or lithophile elements are Ti,
Y, and Zr since they are partitioned into silicate phases 
during crystallization (Livingston, oral communication,
1974). Thus with magmatic differentiation, melts are 
depleted in these elements with time. A ternary diagram 
of Y, Zr, and Ti values in La Reforma igneous rock samples
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Table 4. Trace element composition of Pliocene and Recent 

igneous rocks.

Sample Numbers in Parts Per Million
Number Rb Sr Y Zr Ti

Wl-61
1

1 2 . 8 182.9 16.5 91.7 3240.

W3-63
3

75.4 113.6 64.7 534.6 3400.

W4-64
4

2 2 . 0 367.9 34.7 239.3 7700.

AD6-1
1 0

-4.3 17.6 79.3 398.8 2300.

W5-65
5

29.1 307.5 41.9 270.1 9600.

W7-67
7

30.9 306.5 41.6 247.3 9600.

W8 - 6 8
8

38.0 218.8 60.4 364.5 7800.

79-72
2 0

106.6 14.0 97.6 694.7 1600.

108-44
18

7.5 44.0 48.0 281.0 10700.

123-51
9

-1 . 0 9.8 47.6 510.9 1700.

109-45
19

-2 . 2 2 1 . 0 30.3 378.8 1500.

40-18
14

-5.6 302.1 32.7 167.4 6700.

PA4-60
17

53.4 157.0 43.8 278.1 8000.

PA2-7 63.2 137.4 49.6 302.7 8000.16
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defines two groups of points (Figure 24). The two groups 
consist of a Ti-rich and a Ti-poor group. Petrography 
indicates that samples in the Ti-rich group bear hornblende, 
skeletal ilmenite, magnetite, or combinations thereof. 
Samples 16 and 17 from the Canyon Diablo stocks have horn
blende and magnetite in their groundmass, while samples 
5, 7, and 8 of the Reforma volcanics and samples 1 and 4 
of the Aro volcanics bear 1 to 5 volume percent magnetite 
and skeletal ilmenite. The Localidad de Minitas stock 
samples 14 and 15 bear altered hornblende crystals rimmed 
by ilmenite and magnetite. The Ti poor group, with no 
hornblende or opaque oxides, consists of samples 9, 10, 
and 19 from the Unnamed Arroyo stock border zone and flow, 
and sample 20 from the Aro dike.

Sr and Rb are more mobile in the melt than are Y,
Zr, and Ti, following Ca and K respectively in their 
chemical behavior, and remain with the melt during magmatic 
differentiation. Figure 25 is a plot of Rb/Sr ratios 
against parts per million Sr. Two distinct trends are 
exhibited in the plot. Samples of the Canyon Diablo 
stocks, the Localidad de Minitas pluton, the Aro dikes, 
and the volcanic equivalents of each show a decreasing 
Rb/Sr ratio with increasing Sr. SHOW and samples from the 
Unnamed Arroyo stock form a second trend in which the Rb/Sr 
ratio decreases as Sr decreases. This trend varies on the
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diagram away from the values for the Canyon Diablo stocks, 

with decreasing Rb/Sr ratio and Sr values from the core of 
the Unnamed Arroyo stock to the border zone, terminating 
at the SHOW value. Figure 24 shows the same development 
of groups as in the KgO-NagO-CaO variation diagram (Figure 
23). In both figures, the Unnamed Arroyo stock samples 
and the SHOW value form a separate trend, having low I^O 
and Rb values and progressively decreasing CaO and Sr 
values away from values for the Canyon Diablo stocks.

Interpretation of Trace 
Element Analysis

The two groups of samples developed on the Y-Zr-Ti 
variation diagram (Figure 24) are the result of Ti varia
tion as the ratios of Y to Zr remain constant. The high Ti 
group of samples results from the crystallization of the early 
formed Ti-bearing minerals hornblende, sphene, magnetite, 
and ilmenite. The Y-Zr-Ti values of samples in this group 
plot in close proximity to the "parent" magma ratios of the 
Canyon Diablo stock. In the Localidad de Minitas hornblende 
granodiorite, sphene-bearing plagioclase and Ti-bearing 
hornblende are crystallized early in the history of the 
stock, but were later subject to general propylitic al
teration. Alteration of the plagioclase and hornblende 
did not affect the Ti content of the rock because leucoxene,



magnetite and ilmenite rims which formed' around the 
altered minerals stabilized the Ti.

The low Ti group of samples bears little horn
blende , opaque oxides, or sphene. In the Unnamed Arroyo 
flow, sphene is present as well developed crystals coating 
vesicle walls, and thin hornblende plus magnetite veinlets 
locally cut the core zone of the Unnamed Arroyo stock.
The crystallization of Ti-bearing minerals in amygdules and 
veinlets indicates Ti redistribution in a fluid or vapor 
phase; the fact that Ti is absent in samples from the 
border zone of the stock may be explained by fluid loss.

The lack of opaque oxides and mafic minerals in 
the Aro dikes cannot be explained by gas loss, as no Ti- 
bearing minerals are present in the amygdules which con
stitute up to 30% of the rock. Sphene, in calcic plagio- 
clase phenocrysts along with skeletal ilmenite present in 
the Aro volcanics,suggests that Ti was removed from the 
Aro melt early in volcanism together with sphene-bearing 
calcic plagioclase phenocrysts and opaque.oxides.

Thus petrographic analysis indicates that the forma
tion of two Ti-Zr-Y groups of data points in the intrusions 
of the La Reforma volcanic complex is the result of crystal 
flotation and fluid loss of Ti from Pliocene melts which 
initially approached the composition of the Canyon Diablo 
diorite porphyry.
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Two Rb/Sr trends are present on Figure 25. From 

the "initial" Rb/Sr composition of the Canyon Diablo stocks, 
the first Rb/Sr trend varies to the inner zone, then the 
border zone of the Unnamed Arroyo stock and terminates at 
the SHOW Rb/Sr-Sr value. This trend coincides with the 
KgO and CaO variations observed in Figure 23. These varia
tions from the "initial" magma value to SMOW, again suggest, 
the migration of elements out of the melt into the sea water 
from a crystallizing stock whose composition of mobile 
elements may have been buffered by sea water.

The second Rb/Sr trend consists of samples from the 
Aro dikes, the Localidad de Minitas stock, the Canyon 
Diablo stocks, and all volcanic products of these intru
sions. The absence of calcic plagioclase from the Aro 
dikes, the low Ca content of the dikes, and the lack of 
Ca-bearing minerals in amygdules suggest that Ca and Sr 
were removed from the dikes by other means than fluid 
transfer. The presence of glomeroporphyritic calcic plagio
clase phenocrysts in the Aro volcanics and not in the Aro 
dikes suggests that plagioclase was separated early from 
the melt possibly by crystal flotation.

Conclusions
Petrographic and chemical data, suggest several 

magmatic and volcanic processes to explain the distribution 
and occurrence of mineral assemblages, major, and trace 
elements in Pliocene and recent igneous rocks from the La
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1. Variations in the amounts of AlgOg and SiC^ 
with time suggest that little magmatic differentiation 
occurred during the Pliocene and that one magma type em
placed at different times formed the Pliocene intrusions 
of the La Reforma volcanic complex.

2. Major and trace element variations show en
richment and depletion in the various Pliocene igneous 
bodies. Field evidence, petrography, and experimental 
work indicate several magmatic processes as possible ex
planations for these chemical variations. Vapor phase 
loss during eruption of the Reforma and Aro flows, volcanic 
emanations from the near-surface Late Pliocene intrusions, 
and crystal flotation in the Aro lava flows are suggested 
as magmatic processes which produce compositional dif
ferences between the Pliocene igneous bodies.

3. In the Unnamed Arroyo stock mineralogic zoning, 
the lack of wall rock alteration, plus major and trace 
element chemistry indicate a chemical variation distinctly 
different from the other Pliocene intrusions. Chemical 
ratio similarities between the Unnamed Arroyo stock and 
Standard Mean Ocean Water (SMOW), the lack of alteration, 
and the proximity of the stock to the ocean suggest a loss 
of elements or compositional buffering of the melt by sea 
water during crystallization. A distance-diffusion mechanism 
between the melt and sea water, controlled by the activities

Reforma volcanic complex. The processes indicated follow:
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of the elements in the melt and connate solutions, is sug
gested as one possible explanation for zonation, chemical 
variations, and the unusual composition of the Unnamed 
Arroyo stock.

4. Petrographic differences between Pliocene and 
Recent igneous volcanic rocks indicate two distinct magma 
compositions to have been present. These are a Pliocene 
andesite magma characterized by the composition of the 
Canyon Diablo diorite porphyry stocks and a recent basalt 
magma represented by the Tres Virgenes basalts.

These processes along with changing temperature and 
pressure are suggested as the controlling factors in the 
compositional evolution of Pliocene and Recent igneous 
rocks at La Reforma.



VOLCANOLOGY

The chemical characteristics of the common volcanic 
rocks, experimental work defining processes which control 
the formation of volcanic rocks, and the volcanic stratig
raphy in the Santa Rosalia area indicate that two distinct 
cycles of volcanism erupted during Pliocene and Recent 
time in the La Reforma volcanic complex.

Irvine and Baragar (1971) present a chemical 
classification of common volcanic rocks. The system con
siders classic locations, and petrographic and geochemical 
criteria to define subalkaline, alkaline, and peralkaline 
volcanic rocks. However, the classification advanced by 
these authors is primarily a geochemical one; peralkaline 
rocks are defined as those with a weight percent I^O plus 
^ 2© greater than the percent SiC^, while subalkaline rocks 
are distinguished from alkaline rocks by having lesser 
amounts of the alkalis as defined in Figure 26. Further 
subdivision of subalkaline volcanic rocks is made in 
Figure 27 on the basis of weight percent versus
the normative plagioclase composition.

Volcanic rocks of the La Reforma complex are 
classified on Figure 26 as subalkaline, with further sub
division (Figure 27) showing the Recent Tres Virgenes
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Figure 26. The classification of alkaline and sub- 
alkaline common volcanic rocks.
• = sample plot of igneous rock from the La Reforma volcanic 
complex. Figure modified after Irvine and Baragar, 1971.
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Calc-olkoline field

Tholeiile field

Normative Plagioclase Composition

Al2 °3

Figure 27. The classification of calc-alkaline and 
tholeiitic common volcanic rocks.
• = sample plot of Recent La Reforma basaltic rock, o = 
sample plot of Pliocene La Reforma andesitic rock. Figure 
modified after Irvine and Baragar, 1971.
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basaltic tuffs to be tholeiitic while Pliocene andesite 
flows and sub-volcanic intrusions are calc-alkaline in 
composition. The C.I.P.W. normative mineralogy necessary 
to plot points on Figure 27 is presented in Table 5. Only 
samples of basaltic tuff represent the Tres Virgenes 
volcanic event in this rock classification scheme (Figure 
27). However, Batiza (Elders and Biehler, 1975) reports 
Isla Tortuga, a Recent cinder cone which lies 4 kilometers 
east of the Punta Prieta cinder cone (Figure 2), to also 
be of tholeiitic composition. The volcanic rock classifi
cation system of Irvine and Baragar (1971) thus shows a 
change from calc-alkalic to tholeiitic magmatism during 
Pliocene and Recent time in the La Reforma volcanic com
plex.

Aside from compositional differences and the 
temporal separateness of these Pliocene and Recent volcanic 
episodes, a cyclic repetition of textures is observed in 
the volcanic stratigraphy of the La Reforma volcanic 
complex to further distinguish the individuality of each 
volcanic event. The Pliocene stratigraphy of the Arroyo 
de Punta Arena section (Figure 28) indicates a major change 
in volcanic textures from the ash and pumice fall tuffs of 
the Boleo formation to the vesicular lava flows of the 
Punta Arena, Reforma, and Aro volcanics. A similar transi
tion is exhibited in the Punta Prieta cinder cone section



Table 5. C.I.P.W. normative mineralogy of Pliocene and Recent igneous rocks

Sample Number
Mineral Wll-69 T10-56 ADS- 6 Wl-61
Quartz 37.16 28.49 31.26 18.95
Orthoclase 25.50 19.54 29.61 20.97
Anorthite 12.11 (An-,) 9.64 (An-.) 4.58 (An-14) 3.13 (An-)
Albite 11.76 31.33 24 28.64 JL4 49.18 b
Enstatite . 
Corundum

5.30 4.80 0.94 0.81
4.54 2.40 1.44 -—

Magnetite 2.04 2.52 1.32 3.71
Hematite .81 — — 0.32
Ilmenite .77 0.98 0.40 0.76
Wollastonite — —— — — 2.17
Ferrosilite — 0.30 1.81 —
Femic Minerals 8.93 8.60 4.47 7.77

W2-62 W3-63 W4-64 ADS- 6
Quartz 21.74 23.29 10.38 22.67
Orthoclase 21.23 18.73 8.91 0 . 1 1
Anorthite 5.09 (An,n) 6.73 (An--) 19.82 ( AH 0 9 ) 8.18 (An,,)
Albite 44.70 10 43.87 •LJ 42.42 J Z 64.57 ± X
Enstatite 0.77 0.67 6.47 2.62
Corundum — — — 0.44
Magnetite 2.65 2.96 — 0.38
Hematite 1.35 — 5.45 0.51
Ilmenite 0.78 0.80 0.64 0.52
Wollastonite 1.69 1 . 0 0 5.30 —
Ferrosilite — 1.97 — — — —
Femic Minerals 7.24 7.39 18.48 4.03 143



Table 5. C.I.P.W. normative mineralogy (Continued)

Sample Number
Mineral W5-65 W6 - 6 6 W7-67 W8 - 6 8

Quartz 5.81 16.57 6.51 16.37
Orthoclase 7.86 11.45 8.98 11.50
Anorthite 20.28 (An-.) 12.17 (An-.) 19.45 (An,-) 8.07 (An,.)
Albite 39.95 45.37 38.89 49.99 X
Enstatite 10.47 5.35 10.31 4.23
Corundum ---— —  —  — —  —  —
Magnetite 3.69 3.47 3.26 4.16
Hematite —  —  — • --- — — —  —  —
Ilmenite 2 . 2 1 1.46 2 . 2 1 1.83
Wollastonite 5.33 2.99 5.84 3.58
Ferrosilite 4,39 1.77 4.55 0.27
Femic Minerals 26.09 14.43 26.18 14.07

79-72 108-44 123-51 109-45
Quartz 30.18 7.27 29.76 33.14
Orthoclase 21.27 1 . 0 1 0.06 0.32
Anorthite 2 . 0 1 (An.) 9.02 (Ann) 3.08 (An,.) 5.95 (An.-)
Albite 42.95 *4 62.25 61.07 23 53.44 10
Enstatite 0.14 7.56 2.69 2.09
Corundum 0.60 — 1.18 0 . 2 0
Magnetite 1.53 2.38 0.91 2.57
Hematite —  —  — 1.97 0.85 1.92
Ilmenite 0.38 2.50 0.40 0.38
Wollastonite —  —  — 6.04 —  — — —

Ferrosilite 0.95 —  —  — —  —  — —
Femic Minerals 3.00 20.45 4.85 6.96
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Table 5. C.I.P.W. normative mineralogy (Continued).

Mineral
Sample Number

40-18 45-24 PA4-60 PA2-7
Quartz 11.72 18.00 13.71 15.02
Orthoclase 7.04 8.75 13.86 15.78
Anorthite 15.23 (An-,.) 14.46 (An-,) 12.08 (An-,) 10.26 (An,-)
Albite 49.44 ^ 1 41.51 26 46.01 21 42.96
Enstatite 7.05 7.32 6.48 7.56
Corundum — — 0.96 1.30
Magnetite 2.87 1.34 2.80 3.08
Hematite — — — — — —

Ilmenite 1.65 1.47 2.05 2.04
Wollastonite 3.66 4.07 —  —  — — — —
Ferrosilite 1.34 3.08 2.05 2.05
Femic Minerals 16.56 17.28 13.38 14.73
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Figure 28. The change of volcanic rock textures in the Arroyo de 
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(stratigraphic section B-Bl on Figure 5), where pumice and 
ash fall tuffs are overlain by columnar, jointed basalt 
flows.

In order to understand the formation of volcanic 
rocks, the processes controlling their formation must first 
be investigated. An examination of volcanic rocks in 
general shows the proportion of bubbles in these rocks 
ranges from trace amounts in vesicular flows to greater 
than one half the rock volume in scoriaceous rocks, to a 
point at which vesicles dominate the rock as in a pumice. 
Since glass shards, the main physical component of an 
ash fall tuff, are merely broken glass walls which separate 
gas bubbles, ash fall tuff may either be the product of 
the disruption of a froth by excessive gas expansion or 
the result of physical abrasion of pumice during eruption 
(Ross and Smith, 1961; McDonald, 1972). Thus a simplistic 
continuum of volcanic textures from vesicular flow rock to 
ash fall tuff suggests that an increase in the gas content 
of an erupting melt produces the variety of volcanic debris 
observed in nature (McBirney and Murase, 1963).

Goranson (1931) showed the effect of pressure on 
the solubility of water in a granite melt (Figure 19).
A pressure decrease, decreases the solubility of water in 
the magma, which vesiculates as a vapor phase to form the 
vesicles observed in volcanic rocks. The forces operating
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on gas bubbles in a melt and the changes produced in the 
viscosity of a melt by water loss are examined by McBirney 
and Murase (1963). The forces controlling the behavior 
of gas bubbles in a given magma consist of the volume of 
dissolved gas, the pressure exerted by the gas phase r the 
tensile strength of the liquid, and the surface tension 
at the gas-liquid interface. According to McBirney and 
Murase (1963), disruption of a magma to produce a tuff 
occurs when the force of the expanding gas phase exceeds 
the sum of the forces exerted by surface tension and tensile 
strength. Tensile strength is the important confining 
force on the vesicles when the proportion of bubbles is 
low. As the number and size of the bubbles increases, 
the proportion of liquid decreases. While the magma re
mains a viscous liquid, the surface tension at the liquid- 
gas interface then becomes the most important confining 
force acting on the vesicles (McBirney and Murase, 1963).

The exsolution and expansion of a gas phase changes 
the physical properties of a melt. As a magma cools and 
loses water, its viscosity increases as shown in Figure 29 
(Murase, 1962), Figure 30 shows the gas-liquid volume 
ratio and temperature as a function of water content and 
pressure. The figure shows that a large temperature drop 
and a sharp gas-to-liquid volume increase, occurs with only 
a slight pressure drop approaching the surface. Surface
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Viscosity of Basalt

Viscosity of 

Rhyolite

•eter eonttnt

Figure 29. Temperature and water pressure effect 
on viscosity in rhyolite and basalt magmas.
Modified after Murase, 1962.
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Wt % H20  in Magma

Figure 30. Changes in the gas-liquid ratio and the 
solubility of water with temperature and pressure in a 
rhyolite magma.
Modified after McBirney and Murase, 1963.
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tension is also shown to decrease with increasing silica 
(McBirney and Murase, 1963). Thus a water saturated melt 
approaching the surface vesiculates a vapor phase then in
creases viscosity, cools, and its surface tension drops. 
For example on Figure 30, a rhyolite at 2 kilometers depth 
bears approximately 1^ weight percent water. Approaching 
the surface, the solubility of water in the melt decreases 
to zero. The rhyolite at 1% weight percent water achieves 
saturation at 2 kilometers depth, and is cooled 250°C 
before reaching a surface temperature of 790°C. Figure 29 
shows that rhyolite with 1% weight percent dissolved water 
has a viscosity approaching that of ice. As the melt 
approaches the surface if no gas is lost the gas to liquid 
ratio shifts from 0 : 1 to 1 : 0 as the water in the melt 
exsolves as a vapor phase. The viscosity of the rhyolitic 
liquid is quite high under surface conditions after water 
loss approaching the viscosity of pitch.

Thus a melt at the surface during a volcanic 
eruption having the viscosity of pitch and in the form of 
pumice would be disrupted by any additional vapor phase 
pressure increase, a surface tension decrease, or the 
application of stress, such as pumice friction against 
vent walls or further expansion of the gas column.

Changes in the amount of water in Pliocene and 
Recent magma erupted in the La Reforma volcanic complex
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can account for the marked changes in volcanic textures 
observed in these volcanic rocks. As demonstrated by 
McBirney and Murase (1963) in order to produce glass 
shards and pumice fragments which comprise ash fall tuff , 

a magma must froth due to the vesiculation of a vapor 
phase. Viscosity changes allow internal forces to disrupt 
the cooling froth to produce glass shards. The water 
content of an erupting magma together with its composition 
provide the major controls on the vesicularity and vis
cosity changes in an erupting igneous melt. A water-rich 
magma would saturate nearer the surface than a water-poor 
melt, would have a lower gas-liquid ratio, and would yield 
a vesicular melt rather than a froth and thus produce 
lava flows rather than tuff beds.

The Pliocene volcanics in Arroyo de Punta Arena 
indicate an Early Pliocene period of gas-release to form 
the glass shards and pumice fragments of the Boleo tuffs.
The overlying Middle to Late Pliocene andesite lava flows 
complete the Pliocene cycle of andesitic volcanism and 
result from gas-poor eruptions.

The Recent basaltic tuffs and flows of the Tres 
Virgenes volcanics repeat the volcanic cycle noted in 
Pliocene andesites with a gas-rich tuffaceous eruption 
initiating volcanism and followed by gas-poor outpourings 
of basalt. A second texturally identical cycle of volcanism



is thus represented in the volcanic textures exhibited by 
the stratigraphy of the Tres Virgenes volcanics. Com- 
positionally, texturally, and specially the Recent 
tholeiitic period of Tres Virgenes volcanism is a second 
and separate event of magmatic activity distinct in the 
history of the La Reforma volcanic complex from the Calc- 
alkaline Pliocene period of andesitic volcanism.



ECONOMIC GEOLOGY

Description of Ore Deposits 
Metallic ore deposits in the Santa Rosalia area are 

of three types, the stratiform massive chalcocite deposits 
of the Boleo mining district, the stratiform manganese 
oxide deposits of the Lucifer mining district, and the 
small galena veins of Localidad de Minitas in the La Reforma 
volcanic complex. A description of all the ore deposits in 
the Santa Rosalia area is presented for the sake of com
pleteness. However, because of their economic significance 
and volcanic association, a mechanism of ore deposition 
is advanced only for the copper deposits of the Boleo 
mining district. The descriptions of the Boleo and 
Lucifer mining districts are summarized from Wilson (1949) 
and Wilson (1955) respectively.

In the Boleo mining district, conglomerate, tuff, 
and tuffaceous sandstone, the dominant rock types of the 
Boleo formation, occur as five cyclic groups varying from 
10 to 54 meters thick. Conglomerate is composed of poorly- 
sorted, sub-rounded to sub-angular cobbles and boulders 
of Comondu volcanics set in a tuffaceous sandstone matrix. 
An average of 1 to 16 meters of conglomerate abruptly 
underlies 5 to 8 meters of clayey ash fall tuff which
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contains substantial chalcocite mineralization. Clayey 
tuff grades upward into sandy tuff and finally into tuf- 
faceous fossiliferous sandstone. The thickness of the sandy 
tuff and sandstone unit averages from 5 to 30 meters. Con
glomerate overlies 2 meters of tuffaceous fossiliferous 
sandstone initiating the next cycle of sedimentation.

Primary ore minerals consist mainly of chalcocite 
with very minor amounts of chalcopyrite, bornite, and 
covellite. Ore grade varies considerably throughout each 
of five ore horizons, laterally averaging 4.81 weight 
percent copper over the district. Finely disseminated 
carbonaceous material makes up as much as 0 . 2 2 weight 
percent of the ore bed (Wilson, 1955). Plant fragments 
replaced by chalcocite have been found in the sandy tuff 
horizon.

Each of the five ore horizons bottoms sharply 
against conglomerate in the we1 1-cemented, finely-laminated 
clayey tuff unit. The grade of the ore decreases upward 
over an average range of 1 meter. The richest ore occurs 
in ribs parallel to facies changes in the conglomerates.
The ore beds migrate up section and seaward from northwest 
to southeast with the locus of sedimentation. The erosional 
surface of the Comondu volcanics controls the distribution 
of the Boleo formation and the chalcocite horizons. Not 
only do the Boleo tuffs and ore horizons pinch out to the
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west against "Pliocene highs" in the Coroondu volcanics, 
but the ore bodies also thin over buried irregularities 
in the Comondu surface. Ribs of ore % by 1 kilometer and 
elongate N 20° to 50° W consist of 7 to 20 weight percent 
copper. Between the high grade ribs, the ore horizon thins 
and decreases in grade, varying from 2 to 4 weight percent 
copper. The highest grade mineralization, at 20 weight 
percent copper, is located on the gulfward side of the 
Pliocene islands. Progressing toward the present Gulf of 
California, ore mineralization decreases in grade on a 
district wide scale gradually but consistently to a fraction 
of a percent copper.

The Lucifer manganese ore body is stratigraphically 
positioned in tuff and conglomerate on a Pliocene wave 
cut bench in the gulfward side of Cerro del Infierno. In 
contrast to the Boleo ore bodies, the Lucifer ore body is 
at the top of the basal tuff unit in the Boleo formation 
which is intercalated between 4 meter thick conglomerate 
beds. Toward Cerro del Infierno, the basal tuff pinches out 
and manganese ore rests directly on conglomerate. The 
conglomerate likewise wedges out against the Comondu vol
canics of Cerro del Infierno. Inland a short distance ore 
also pinches out against the Comondu volcanics. The pre
cise stratigraphic position of the Lucifer manganese de
posit in relation to the Boleo copper beds is not clear.
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The boundaries of the Lucifer ore are not sharply 

defined. At the base of the deposit, ore grades down into 
tuff which contains spots and pockets of manganese oxides. 
Where the ore rests directly on conglomerate or agglomerate 
of the Comondtl volcanics, manganese oxides extend down as 
veinlets which surround pebbles in the rock. Patches and 
veinlets of manganese oxide also extend into the overlying 
conglomerate. In many of the smaller deposits surrounding 
the Lucifer mine, ore is not a solid body but an irregular 
network of stringers, patches, and pockets of manganese 
oxides. Veinlets of manganese oxides, jasper, calcite and 
copper oxide minerals cut the tuff and conglomerate members 
of the Boleo formation in the surrounding area. Many vein- 
lets extend along faults but only one "vein-like" mass,
1 meter thick of jasper, manganese oxides, and copper oxide 
minerals, outcrops in ComondiS volcanics. Only one fault 
striking N 45° W and dipping 65° SW cuts the ore body 
displacing it down to the southwest. "

The Lucifer ore body is 1 to 6 meters thick, 
averages 2.4 meters in thickness, and covers 53,000 square 
meters. The ore minerals are mainly pyrolusite and crypto- 
melane, with lenses of siliceous ore ("hueso") and occa
sional hematite, limonite, and jasper lenses. Ore from 
the Lucifer ore body ranges from 37 to 57 weight percent 
manganese and averages close to 47%. The richest material
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is crystalline pyrolusite and the leanest is hard siliceous 
ore.

Metallic mineralization and wall rock alteration 
in the La Reforma volcanic complex consists of small galena 
veins and the propylitic alteration minerals calcite, epi- 
dote, and chlorite. Both mineralization and alteration 
are found restricted in the immediate proximity of Pliocene 
age igneous rocks. The Canyon Diablo diorite porphyry is 
lightly but pervasively propylitically altered as described 
in the Stratigraphy section above. The Comondtt volcanics 
adjacent to the stock are fresh. No base metal mineraliza
tion is noted with these stocks. In Localidad de Minitas, 
biotite andesite dikes are always pyritized and propy
litically altered and trace amounts of pyrite with propy
litic alteration minerals are found in both breccia and 
clotty units of the hornblende granodiorite intrusion.
The host rocks in Localidad de Minitas are fresh. Only 
adjacent to the hornblende granodiorite stock and biotite 
andesite dikes, as indicated in Figure 4, is there light 
propylitic alteration. Four 1 to 5 meter thick argenti
ferous galena veins crop out near the Localidad de Minitas 
hornblende granodiorite. The veins follow N 55° W fractures 
which trend away from the pluton N 55° W and dip from 10° 
to 40° SW. The veins consist of 85 to 95% galena, but 
several percent of sphalerite and pyrite are observed.



159
Small amounts of calcite, quartz, and native sulfur are 
present as gangue minerals. Malachite stain is present 
in some fractures. No alteration of wall rock adjacent 
to the vein was noted. The mineral causing the green cast 
of the Boleo tuffs in Localidad de Minitas was determined 
by X-ray diffractometry to be glauconite.

The blue-gray basal limestone of the Boleo forma
tion does not outcrop close to either the dikes or the stock 
in Localidad de Minitas. The intersection of the limestone 
with the intrusions at depth provides the only known ex
ploration target in the La Reforma volcanic complex.

Gypsum occurs as terraces in the La Reforma volcanic 
complex and is not correlatable with those occurrences in 
the Boleo and Lucifer districts. Near Santa Rosalia, 
gypsum outcrops beneath the basal marine units of the Boleo 
formation. Gypsum terraces in Localidad de Minitas overlie 
faults near hornblende granodiorite and bear no sedi
mentary association with the basal marine Boleo sediments 
which locally they overlie. The other gypsum occurrence 
in the Santa Rosalia area consists of a large terrace of 
gypsum exposed at the mouths of Arroyos de Punta Arena and 
Punta Prieta as the basal unit of the Tres Virgenes vol- 
canics. Because of their association with faults,the 
formation of gypsum terraces results from the boiling off 
of hydrothermal solutions which reached the surface along
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fault zones. Gypsum in the Santa Rosalia area is Early 
Pliocene and older than the Late Pliocene and Recent gypsum 
occurrences in the La Reforma complex. The origin of the 
gypsum in the Santa Rosalia area may either be a product 
of the sedimentary or hot spring environment (Wilson 1949 
and 1955).

Mechanism of Boleo Ore Formation— A Hypothesis
Any theory of ore deposition that seeks to explain 

the origin of the Boleo copper deposits must account for 
these aspects of the geology in the Santa Rosalia area.

1. Shallow igneous intrusions are located in the 
La Reforma volcanic complex 15 kilometers north of Santa 
Rosalia.

2. The Canyon Diablo diorite porphyry is the source 
for the Early Pliocene Boleo tuff and Middle Pliocene Punta 
Arena and Reforma andesites.

3. The Borrego intrusive sequence and the Aro 
dikes of the La Reforma volcanic complex are Late Pliocene 
in age (K-Ar age date 1.34 ± 0.45 ra.y. and 1.09 + 0.11 
m.y.) and intruded along N 55° W faults also of Late 
Pliocene age.

4. The volcanic stratigraphy of the La Reforma 
volcanic complex indicates that the Canyon Diablo stocks 
lost their volatiles during the Early Pliocene eruption of 
the Boleo tuffs.



161
5. In the Boleo district, no evidence of hot 

springs or fumarolic activity exists. The basement rock 
of Comondu volcanics and biotite quartz monzonite beneath 
the Boleo basin do not bear pervasive alteration common 
to hot spring areas.

6 . Marine sedimentary and tuffaceous rocks com
prise the Early Pliocene Boleo formation. Other formations 
in the Santa Rosalia area have neither copper ore deposits 
nor marine sediments or a tuffaceous component.

7. In the five units comprising the Boleo forma
tion, copper ore bodies are found only in the basal 
tuffaceous portion of each unit.

8 . The richest copper ore bodies of the Boleo 
mining district are found on the gulfward side of Plio
cene islands as ribs paralleling the Pliocene shore line. 
The ore grade decreases gradually toward the present Gulf 
of California.

9. Copper ore ribs migrate with the locus of sedi
mentation seaward and to the southeast up the stratigraphic 
section.

10. The ore mineral assemblage in the Boleo copper 
deposits consists of chalcocite, with minor amounts of 
chalcopyrite, bornite, and covellite.

11. The Boleo ore bodies have sharply defined 
lower contacts and gradational tops. The richest ore
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occurs along the base with decreasing grade upward to back
ground values. The top of the ore body coincides with the 
gradational changes from tuff to sandy tuff. The basal 
chalcocite ore body overlies pre-Boleo basement while 
subsequent units rest on conglomerate beds.

Previous theories of ore deposition explaining the 
origin of the Boleo copper deposits have been advanced by 
numerous authors. Bauglise and Cumenge (1885), Fuchs 
(1886), Saladin (1892), Krusch (1899) , and Weed (1907) 
advance a theory of cupriferous solutions erupting into 
the Boleo basin during Pliocene sedimentation. Nishihara 
(1957) suggests that background copper values were leached 
by ground water from Comondil volcanics and biotite quartz 
monzonite basement rocks and transported in solution into 
Pliocene tuffaceous sediments. The most complete treatment 
of the geology in the Boleo mining district by Wilson 
(1955) climaxes with a theory of hydrothermal replacement 
of tuff units in the Boleo formation by chalcocite deposited 
from magmatic fluids ascending along basement faults.

These theories of ore deposition consider two 
sources for the copper present in the Boleo ore bodies 
and three transport mechanisms to move the copper into the 
tuffaceous sediments of the Boleo basin. A deep magmatic 
source is suggested by Wilson (1955) for copper-bearing 
juvenile solutions. Nishihara (1957) suggests that
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background copper values were leached from pre-Pliocene 
basement rocks by ground water. Authors advocating the 
theory of fumarolic eruption suggest that copper was trans
ported by hot spring solutions into the Boleo basin, but 
do not specify a source for the copper.

Modern hot spring environments are characterized 
by a high degree of wall rock alteration. Since the base
ment rocks of the Santa Rosalia area are characteristically 
fresh,little hot spring activity could have occurred in the 
Boleo basin. Because the basement rocks are unaltered, even 
ground water solutions must have been in equilibrium with 
these rocks and therefore could not have leached minera- 
logically bound copper from the basement rocks. Thus the 
pre-Pliocene basement rocks in the Santa Rosalia area seem 
to be a questionable source for copper; and because no hot 
spring environment is observed in these basement rocks, a 
deep magmatic source below the basin is equally unlikely.

A possible source for Boleo copper which has not 
been previously considered is the Pliocene age tuffs of 
the Boleo formation. A volume calculation estimating the 
minimum content of copper in the Boleo tuffs following 
eruption indicates the tuffs to be a potential source for 
the copper ore bodies (Appendix A). The area covered by 
the Boleo tuff which drains into the Boleo basin is 10 by 
15 kilometers. The thickness of the formation over this
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area averages 300 meters. A rough calculation of this 
volume is 45 cubic kilometers. An accurate estimate of 
the copper content of the Boleo tuff is impossible to 
obtain, as the formation is reworked or altered. However, 
the Canyon Diablo diorite porphyry is the source for the 
tuff and provides a copper value of 25 parts per million.
The reworked and altered tuff where sampled also contains 
25 parts per million copper. Assuming these values repre
sent a maximum amount of leached copper, potentially 1.13 

12x 10 cubic centimeters of copper could have been present
in the Boleo tuff. Since pumice floats in water, a minimum
density for uncompacted tuff in the Boleo formation is 1

3 JL6gram/centimeter . Thus 4.5 x 10 grams of tuff are present 
in the basin. At a value of .000025 weight percent copper 
1.13 x 1 0 6 metric tons of copper are possible from this 
volume of tuff. The total production from the Boleo mining 
district as of 1972 was 600,000 metric tons of copper. 
Assuming a minimum 25 parts per million copper was present 
in the tuffs of the Boleo basin, any process of copper con
centration must have been only 53.3% effective to produce 
the Boleo copper deposits.

In the Boleo mining district, the stratigraphic 
association of chalcocite ore bodies internally within only 
tuff units of the Boleo formation provides further evidence 
that the Pliocene tuffs may be the copper source for the
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ore deposits. Sedimentary rocks in the Boleo formation 
are similar in lithology and depositional sequence to 
overlying Pliocene, Pleistocene/ and Recent formations in 
the Boleo mining district indicating similar sedimentary 
conditions to have persisted since the Early Pliocene.
Aside from fossil evidence^ the Boleo formation is dis
tinguished from younger sediments by the unique presence 
of ash fall tuffs and chalcocite ore bodies. The fact that 
chalcocite is not found in sediments but only within ash 
fall tuff units indicates that copper was either introduced 
into the basin with the tuffs or that it selectively re
placed portions of the ash fall unit after tuff deposition. 
Since the tuffs in the Boleo formation are andesitic com- 
positionally and have clay to fine sand grain sizes, but 
only the Boleo tuffs contain chalcocite, good evidence is 
present that selective replacement did not occur.

Taylor and Stoiber (1973) find that Cl, F, SO4 , Na, 
Ca, Mg, K, Mn, Zn, and Cu are leached by water from the 
surface of ash particles erupted from active Central 
American volcanoes. From Cerro Negro, an active andesitic 
volcano in Central Mexico,these authors estimate 2.1 x 10^ 
metric tons of soluble material to be contained in 17 x 
10^ metric tons of ash from the 1968 eruption of this 
volcano. Copper is commonly found in amounts ranging from 
0.1 to 50 parts per million adhered to glass shards erupted
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from those six Central American volcanoes. Thus glass 
shards are a possible means of copper transport into the 
Boleo basin.

Once in the basin, the rapid devitrification of 
glass shards and contact with sea water may have allowed 
the elements adhered to the surface of the shards to go 
into solution. Schreiber (oral communication, 1975) 
notes rapid devitrification of glass shards in contact 
with alkaline waters such as sea water. The deposition 
of Boleo tuff units in sea water and rapid devitrification 
may have liberated Cl, F, SO^, Na, Ca, Mg, K, Mn, Zn, and 
Cu adhered to the surface of shards and allowed these 
elements to dissolve in pore solutions and thus form an 
interstitial brine.

A direct association exists between the copper ore 
bodies of the Boleo basin and the pattern of sedimentation 
exhibited by the tuff units. Each ore body is stratibound 
in the base of a tuff bed, with the highest grades of copper 
ore resting directly on the impermeable clay base of the 
tuff (Figure 31). The ore grade decreases to background 
copper values upwards into each tuff unit. This decrease 
in ore grade corresponds to a gradation in rock type up
ward from basal ash fall tuff to sandy tuff. Although the 
ore deposits are stratiform within ash fall tuff units 
the distribution of ore bodies within the Boleo basin
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closely follows the pattern of sedimentation. Each layer, 
stratiform within a host tuff bed, lies beneath a sandstone- 
conglomerate facies change in overlying sedimentary rocks 
(Figure 32). The locus of sedimentation marked by this 
facies change migrates in progressively younger sedimentary 
units of the Boleo formation southeast away from the Plio
cene shoreline toward the Gulf of California. The geometry 
of the Boleo ore deposits is thus that of a stack of 
chalcocite beds progressively offset to the southeast 
shadowing the locus of sedimentation in the Boleo forma
tion.

In each tuff bedz the richest concentrations of 
chalcocite are found in two ore ribs which parallel the 
Pliocene shoreline. For example,in the basal tuff unit the 
nearshore ore rib is positioned within tuff on the fore
slope of wave cut benches in the Pliocene "highs" (Figure 
32). The offshore rib is lower grade and rests beneath 
the sandstone-conglomerate facies change. Other offshore 
ribs in the overlying tuff units migrate gulfward with the 
locus of sedimentation.

Because of the direct association of ore bodies 
with the pattern of sedimentation, sedimentary processes 
operating on each tuff unit are suggested to explain the 
concentration and distribution of ore bodies within the 
ash fall tuff units of the Boleo formation. Eh-ph conditions



Zone of Partial Reworking and Copper 

Concentration
Zone of

Complete Reworking 
and

Copper Mobilization
Pliocene

Island

Horizontal Scale 
Meters

o” Hbo

Vertical Scale

CisraaJa^Gsronr^i 0 30

Figure 32. Hypothetical cross section 
during Early Pliocene ore deposition. the Boleo mining district 169



170
in bottom sediments have been studied by Zobell (1946),
Bass Becking, Kaplin, and Moore (1960), and Krumbein and 
Sloss (1959). In present sub-depositional interface en
vironments, diagenetic processes begin operating soon after 
deposition (Krumbein and Sloss, 1959) . Zobell (1946) show
ed that under conditions of restricted circulation beneath 
the depositional interface oxygen is depleted by organic 
decay reducing the Eh markedly. Figure 33 shows these 
Eh-ph conditions as measured by Zobell at different depths 
beneath the depositional interface.

Chalcocite and trace amounts of bornite, chalco- 
pyrite, and covellite are the stable ore minerals in the 
copper ore bodies of the Boleo mining district. Magnetite 
crystals commonly found with the tuff unit are coated with 
hematite. Wisps of limonite and trace amounts of pyrite 
are also present in the ore. The Eh-ph conditions de
scribing the stability of these minerals at 25° and 1

-4atmosphere pressure with total dissolved sulfur at 10 

moles are presented in Figure 34.
Eh-ph conditions for bottom sediments measured 

across the depositional interface by Zobell (1946) and Bass 
Becking et al. (1960) are plotted on Figure 34 and reveal 
chalcocite, chalcopyrite, and bornite with either pyrite 
or hematite to be the mineral assemblage stable for these 
Eh-ph conditions. The copper and iron minerals found in



171

,0Rc3u;in9 ,sC3?;c.ty ia
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environments.
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the Boleo ore bodies would thus be the stable metallic 
mineral assemblage expected to form in the Eh-pH conditions 
beneath the depositional interface.

The formation of a reducing environment in the 
bottom sediments measured by Zobell (1946) and Bass Becking 
et al. (1960) is dependent on the restricted circulation 
of pore solutions with sea water and bacterial activity 
so that existing oxygen supplies in interstitial fluids 
may be depleted. Assuming the grains themselves are im
permeable, porosity, a function primarily of grain size 
and grain shape, controls pore solution interactions 
(Krumbein and Sloss, 1959) .

Thus glass shards and bottom mud plate-like mica 
grains being identical in shape but different in grain size 
may produce comparable porosities. The glass shards of 
the Boleo tuffs are very fine-grained on the Wentworth 
scale while the bottom muds of Zobell (1946) consist of 
silt-sized particles. The difference in grain size between 
such unconsolidated sediments means an oxidized zone would 
have extended further into the tuff units than bottom 
muds because of greater porosity and thus less restricted 
circulation. A reducing environment such as measured by 
Zobell (1946) would thus not form immediately beneath 
the depositional interface as in bottom muds but may form 
deeper within the tuffs due to increased porosity and
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circulation of pore fluids. The presence of 0.22 weight 
percent carbonaceous material in the Boleo tuffs provides 
the organic material for bacterial oxidation and would 
depress the Eh values. The young age of the rocks and the 
presence of very fine organic material also suggests that 
bacteria existed in this beach environment much as they do 
now in the sub-depositional environment.

If the tuffs were the copper and sulfur source for 
the Boleo ore deposits, then chalcocite could have formed 
by these sedimentary processes operating beneath the 
depositional interface within the tuffs of the Pliocene 
Boleo basin.

Further concentration and distribution of chalco
cite ore bodies in the Boleo basin may thus be closely 
related to post-sedimentation diagenetic processes re
sponding to changing wave energies and depositional con
ditions in the Boleo basin.

A sequence of events which may account for the 
concentration and distribution of the Boleo chalcocite 
beds begins with tuff deposition over the Santa Rosalia 
area in early Pliocene time. The redeposition of uncon
solidated air fall tuff into the Boleo basin formed the 
sandy tuff portion of each tuff unit as is evidenced by 
cross-bedding and terrestrial plant fragments within the 
units. Following tuff deposition and redistribution.
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bacterial oxidation of organic material killed by the ash 
fall and terrestrial plant matter carried into the basin 
with sandy tuff producing a reduced environment beneath 
the depositional interface. Sulfate on the glass shards 
was reduced to sulfide, and copper also on glass shards 
precipitated as chalcocite. The fine sand and clay-sized 
shards comprising the tuff may have restricted circulation 
between pore solutions and open ocean.

Tuff in nearshore areas above wave base was re
worked as evidenced by the fossiliferous sandstone portion 
of each tuff unit. As reworking proceeded, pore solutions 
beneath the level of reworking were exposed to the Eh-pH 
conditions of sea water and the reducing environment was 
destroyed. The bacterial layer retreated into the tuff 
to begin oxidizing organic matter in the newly exposed, 
deeper portion of the tuff. A reducing layer was again 
produced at some depth beneath the depositional interface.

The zone of oxidizing conditions produced by sea 
water may have allowed copper and other elements adhered 
to glass shards in the newly oxidized zone to go into solu
tion forming interstitial brines. The cupriferous pore 
solutions were more dense than the underlying interstitial 
fluids and thus settled deeper into the tuff bed. Chalco
cite precipitated as the solutions encountered the deeper 
reducing environment. Reworking affected only the top
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several meters of the tuff bed in the offshore areas con
centrating copper in the middle portion of the unit beneath 
the level of reworking.

In the nearshore environment where the level of 
reworking penetrated to the base of the tuffzmuch of the 
tuffaceous material was transported out of the high energy 
beach environment and the reducing zone was completely 
destroyed. With progressive reworking of tuff in the 
nearshore environment, copper migrated in pore solution . 
density-settling-incremental-oxidation-reduction steps to 
the clay layer at the base of the tuff unit. Here the solu
tion migrated down dip along the basal clay layer. Further 
offshore, where the level of reworking did not reach the 
base of the tuff unit, a permanent reducing environment 
below the maximum level of reworking may have existed 
(Appendix A). Chalcocite may have precipitated here to 
form the nearshore ore rib.

Below wave base in the offshore environment/tuff 
may have been reworked during storms. Storm action may 
have thus temporarily oxidized all sections of the tuff, 
which could again be reduced by bacterial action and 
organic decay when normal wave conditions returned. Copper 
transported in pore brines down dip during periods of 
temporary oxidation may have concentrated copper in the 
nearshore environment against the basal clay layer of the
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Bolep tuff unit and caused the offshore ore rib to form as 
these cupriferous solutions reached the storm wave base. 
Beneath the storm wave base, little reworking could have 
been experienced by the tuff. This may account for a 
gradual decrease to background copper values from copper 
ore gulfward from the offshore ore rib. The increased wave 
energy of cumulative seasons may have deposited conglomerate 
over the nearshore environment of ore deposition, preventing 
further reworking.

These two energy environments still dominate the 
Gulf of California coast of Baja California and have 
produced a cycle of sedimentary deposition which is 
stratigraphically represented continuously back to the 
Early Pliocene.

Such volcanic sedimentary conditions may have 
repeated themselves five times during the Early Pliocene, 
with the locus of sedimentation and ore deposition migrating 
further southeast at the beginning of each cycle.



GEOLOGIC SYNTHESIS

Geologic History and Conclusions 
About the Volcanic Complex

The geology of the Santa Rosalia area is the result 
of plate tectonic structural forces and the interaction 
of igneous, volcanic, and sedimentary processes. Early 
Cretaceous and Miocene rocks and structures were covered 
by later Pliocene tectonic and volcanic activity and are 
not fully understood. However, basaltic volcanics were 
erupted during a period of Miocene terrestrial sedimentation 
as exhibited in the Comondu volcanics which overlaid Cre
taceous biotite quartz monzonite (K-Ar date 91.2 ± 2.1 
million years). Following Miocene deposition. Late Miocene 
N 30° E faults broke biotite quartz monzonite and Comondu 
volcanics to produce an irregular topographic surface. A 
period of erosion deposited talus slopes against these 
Late Miocene highs.

The only marine transgression began in Early 
Pliocene time with the deposition of the basal units of 
the Boleo formation. Basal sandstone and conglomerate 
were overlaid by a marine limestone and local gypsum lens1 
in the Boleo basin and a siltstone unit representing a 
deeper water facies of sedimentation in the La Reforma
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volcanic complex. In the La Reforma volcanic complex, non
deposition -occurred during the remainder of the Early 
Pliocene at the present site of Cerro de La Reforma. At 
this time, the Canyon Diablo diorite porphyry magma erupted 
producing the first of five tuffaceous eruptions best ob
served in the cyclic interbedding of tuff with shallow 
water marine facies in the Boleo formation at Santa Rosalia. 
The tuffs of the Boleo formation are interbedded with con
glomerate and tuffaceous sandstone containing shallow water 
marine fossils in both the Boleo mining district and in 
the south rim of the volcanic complex. Copper ore bodies 
may also have formed at this time, being reworked and con
centrated by sedimentary processes in the Boleo tuffs 
between eruptions.

During the Middle Pliocene, the uplift of Cerro 
de La Reforma continued and the mountain began to erode 
producing terrestrial sandstone of the Gloria formation in 
the La Reforma volcanic complex. Marine sedimentation, 
similar to that of the Early Pliocene, continued during 
the Middle Pliocene in the Boleo mining district lacking 
only the tuffaceous component of sedimentation and chalco- 
cite ore deposits. The Canyon Diablo stocks again erupted, 
this time in the Middle Pliocene. But rather than a re
currence of the Early Pliocene tuffaceous eruptions, ande
sitic lava flows of the Punta Arena and Reforma volcanics
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poured out of the Canyon Diablo vents. The marked change 
in character of Canyon Diablo volcanism during the Middle 
Pliocene is attributed to an Early Pliocene vapor phase 
loss from the Canyon Diablo magma.

In the Late Pliocene^the Infierno formation was 
the only unit deposited in the Boleo district, again indi
cating the persistence of the marine depositional environ
ment throughout the Pliocene in the Boleo basin. No 
tuffaceous material was deposited in the Boleo mining 
district. However, in the La Reforma volcanic complex, 
tectonic and local igneous activity characterized the 
geologic environment, A N 55° W trend of faults cut the 
Santa Rosalia area during this period in response to a 
strong north direction of stress and old Late Miocene 
N 30° E faults were reactivated.

The two fault trends intersected to form tectonic 
blocks, which tilted and moved northeast toward the Gulf 
of California, releasing stress accumulated on the basement 
rocks. The uplift of Cerro de La Reforma reached its 
maximum altitude during this period. As stress was re
leased, the Localidad de Minitas graben was down dropped 
and the tectonic basement blocks were readjusted against • ■ 
the north-northwest rim of the volcanic complex. Stress 
again built up, shattering the Localidad de Minitas graben 
and folding the Wedge anticline.
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At 1,34 + 0,45 million years, the Borrego intrusive 

sequence was emplaced around the fault-bounded mass of 
Cerro de La Reforma. Between the main mass of Cerro de 
La Reforma and the down faulted Localidad de Minitas graben, 
a hornblende granodiorite stock intruded,first sending 
biotite andesite dikes radially into the wall rock. The 
shattered rock of the graben adjacent to the stock was 
propylitically altered, and galena was deposited as veins 
in and extending from the stock. Following the first stage of 
mineralization and alteration, dacite dikes were emplaced. 
These in turn, with adjacent wall rock, were pyritized 
and propylitically altered. Gypsum terraces overlying Late 
Pliocene faults in Localidad de Minitas indicate that 
fluids reached the surface and boiled off forming hematite- 
stained gypsum terraces. The intrusion vented at the 
southwest corner of Cerro de La Reforma, covering Localidad 
de Minitas with tuff and forming the Localidad de Minitas 
hornblende granodiorite and adjacent breccia lens. Three 
tuff layers are interbedded with the Palmas terrestrial 
conglomerate indicating that the vent erupted at least 
three times.

The deposition of the Late Pliocene Palmas terres
trial conglomerate west of Cerro de La Reforma occurred 
on the northwest side of the Localidad de Minitas graben.
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Debris in the formation indicates the unit to be the result 
of the uplift of Cerro de La Reforma.

Contemporaneously with the Localidad de Minitas 
activity, an andesite stock was emplaced below sea level 
in Unnamed Arroyo, erupting a lava flow which flowed down 
the Unnamed Arroyo. The stock was emplaced quite near the 
surface, deforming the overlying flow. The stock may have 
interacted with sea water as the border quartz andesite 
zone of the intrusion bears major and trace element ratios 
similar to those of sea water.

After the emplacement of the Borrego intrusive 
sequence and the termination of Palmas terrestrial con
glomerate deposition, the Aro dikes erupted 1.09 _+ 0.11
million years ago pouring andesite flows over the slopes 
of the complex and forming the outer rim.

The tectonic position of igneous intrusions pro
vides further evidence for their relative ages and shows 
that igneous intrusions and volcanic eruptions were 
directly controlled by structural events in the La Reforma 
volcanic complex. The Canyon Diablo stocks are positioned on 
the northeast end of the Cerro de La Reforma and Arroyo Alta 
blocks (Figure 12). The stocks intruded along Late Miocene 
N 30° E trending faults and are broken by Middle to Late 
Pliocene N 55° W and N 30° E block bounding faults. The 
age of the Canyon Diablo stocks is thus bracketed
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structurally from Early to Middle Pliocene, contemporaneous 
with the Early Pliocene Reforma andesites. Other intru
sions of Pliocene age, the Localidad de Minitas hornblende 
granodiorite, the Unnamed Arroyo stock, and the Aro dikes, 
intrude adjacent to basement blocks in the La Reforma vol
canic complex and are therefore younger than late Pliocene 
block tectonics. The Aro dikes of 1.09 ± 0.11 million 
year age were the last igneous bodies to be emplaced and 
closed the Pliocene period in the La Reforma volcanic com
plex. All Late Pliocene igneous bodies intruded along 
faults on the margins of the Cerro de La Reforma block and 
therefore used channelways opened by Late Pliocene faulting 
to attain the surface. As the Cerro de La Reforma block 
was the highest point in the La Reforma volcanic complex, 
lava erupted from Pliocene vents at the foot of the mountain 
and poured downslope to the margins of the volcanic com
plex.

The beginning of the Pleistocene is marked by re
gional uplift forming sea cliffs which follow the Gulf of 
California coast of Baja California discontinuously from 
one end to the other. Erosion and arroyo cutting began 
developing the major arroyos in the Santa Rosalia area 
during this period, Arroyo cutting and the pattern of 
erosion in the La Reforma volcanic complex were guided 
by fault trends and lava flows. The circular outline of
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the volcanic complex developed during Pleistocene to Recent 
times results from Pliocene lava distribution downslope 
from Cerro de La Reforma and the progressive downslope 
truncation of these lava flows by arroyos which drain 
toward the Gulf of California. The deep canyons incising 
the volcanic complex formed along fault zones in tuffaceous 
rocks underlying lava flows.

In Recent times, the Tres Virgenes volcanoes 
erupted. In the La Reforma volcanic complex the Tres 
Virgenes period of volcanism is represented by a gypsum 
terrace, ash and pumice fall tuff, and basaltic lava flows. 
The gypsum terraces are developed on the southeast side of 
Cerro de La Reforma southeast across Arroyo de Punta Arena 
to the sea. Thick tuff accumulation overlaid gypsum on 
the south side of the volcanic complex. Outpourings of 
basaltic lava erupted during recent times from numerous 
dikes and the Punta Prieta cinder cone. The flows formed 
Punta Prieta, flowed down Arroyo de Punta Arena, and 
breached the complex to the southwest overlying Aro vol- 
canics. Recent arroyos incised these lava flows along 
the courses of arroyos and deposited arroyo sediments.

The La Reforma volcanic complex is not a caldera. 
In spite of its circular geomorphic outline, the volcanic 
complex lacks structural features such as ring dikes, 
central subsidence, cone collapse, doming, and resurgence
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that are classically associated with calderas. The cir
cular form of this volcanic complex is produced by volcanic 
ejecta, which has been deposited around the central Cerro 
de La Reforma block and eroded downslope into its present 
circular outline.

Regional Interpretation
The plate tectonic concepts of Gastil and Rodriguez- 

Torres (1972) and Atwater (1970) are supported by the geo
logic history of the La Reforma volcanic complex. The 
timing of Late Miocene structural activity and the Early 
Pliocene deposition of basal Boleo marine sediments over 
Miocene terrestrial formations agree with the suggested 
12 million year opening of the proto-type Gulf of California. 
Late Pliocene faulting in the La Reforma volcanic complex 
indicates a major northwest stress direction at the 3 to 
4 million year age suggested by Gastil and Rodriguez-Torres 
(1972) for the opening of the Gulf of California and the 
north-northwest movement of Baja California.

Calc-alkaline andesite magmatism is commonly 
associated with a Benioff subduction zone (Carmichael,
Turner, and Verhoogen (1974). According to both Gastil 
and Rodriguez-Torres (1972) and Atwater (1970), however, 
no Benioff zone has existed under Baja California from 30 
million years to the present. Calc-alkaline andesitic
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volcanism is connnon on Baja during both. Oligocene and 
Pliocene time (Gastil, 1974, oral communication).

The Recent magmatic activity of the Tres Virgenes 
volcanoes and cinder cones throughout the Santa Rosalia 
area indicates a major shift from Pliocene calc-alkaline 
magma to Recent tholeiitic lavas. Calc-alkaline volcanism 
is commonly associated with continental and island arc 
magmatism, while tholeiites are associated with oceanic 
islands and the sea floor (Irvine and Baragar, 1971).
Thus as Baja California moved further from the mainland of 
Mexico calc-alkalic magmatism characteristic of continental 
margins was replaced by tholeiitic lavas common to oceanic 
islands and the sea floor.

The periodicity of magmatism in the La Reforma 
volcanic complex consists of Early and Middle Pliocene 
calc-alkaline volcanism following the opening of the proto- 
Gulf of California, a Late Pliocene period of calc-alkaline 
volcanism erupting at the time of maximum north-northwest 
movement of Baja California, and in recent times tholeiitic 
volcanism which occurred as plate motion decreased.

The timing of volcanism with plate movement suggests 
one possible relation between plate motion and magma gen
eration. With the passing of the East Pacific Rise under 
Baja and reversed plate motion Baja was slowly accelerated 
north-northwest. Frictional drag and down-warping of the
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Pacific plate under Baja California could have increased 
temperature and pressure conditions to melt the base of 
the crust and portions of the Pacific plate generating 
andesite during periods of rapid plate motion. Structural 
events which are a response to north stress may have pro
vided channelways for magma to reach the surface. By this 
hypothesis,decreased north-northwest differential velocity 
between Baja and the Pacific plate occurred when Baja began 
moving with the Pacific plate. As the differential velocity 
approached zero,crustal melting and therefore calc-alkaline 
andesite generation ceased. Thus during Recent times 
only tholeiitic magma reached the surface.



APPENDIX A
CALCULATION OF THE AMOUNT OF COPPER 

CONTAINED IN THE BOLEO TUFF
Size of the Boleo basin 10 x 15 kilometers
Thickness of the Boleo tuff 0.3 kilometers

150 Km2 x 0.3 Km = 45 Km3 
45 Km3 x 101 5 cm3/Km3 = 45 x 101 5 cm3 

The volume of Boleo tuff in the Boleo basin = 4.5 x lO-^ 
cm . The density of the tuff is a maximum of 1 gm/cm as 
it floats in water.
The mass of the tuff in the Boleo basin at most is:

4.5 x lO^G cm3 x 1 gm/cm2 = 4.5 x lO"*"̂  gm
2.5 x 10“5 weight percent copper is the minimum amount in 
the tuff (Canyon Diablo diorite porphyry source rock 
analysis)

4.5 x 1 0 ^  gm x 2.5 x 10”  ̂wt % Cu =
1.13 x 10^ 3 gm Cu minimum present in 

the Boleo tuff.
1.13 X 101 2 gm x 1. m.e.trl.c. =

1 0® gms
1.13 x 10® metric tons

CTotal production of the Boleo mining district = 6 x 10 
metric tons of copper.
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or 53.3%Therefore: 1.13 x ICT
6 x 1 0 5

Any process operating on the tuff need he only 53.3%
effective to concentrate the copper ore bodies.
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