
The following file is part of the 

James Doyle Sell Mining Collection 

ACCESS STATEMENT 

These digitized collections are accessible for purposes of education and research. We 
have indicated what we know about copyright and rights of privacy, publicity, or 
trademark. Due to the nature of archival collections, we are not always able to identify 
this information. We are eager to hear from any rights owners, so that we may obtain 
accurate information. Upon request, we will remove material from public view while we 
address a rights issue. 

CONSTRAINTS STATEMENT 

The Arizona Geological Survey does not claim to control all rights for all materials in its 
collection. These rights include, but are not limited to: copyright, privacy rights, and 
cultural protection rights. The User hereby assumes all responsibility for obtaining any 
rights to use the material in excess of “fair use.” 

The Survey makes no intellectual property claims to the products created by individual 
authors in the manuscript collections, except when the author deeded those rights to the 
Survey or when those authors were employed by the State of Arizona and created 
intellectual products as a function of their official duties. The Survey does maintain 
property rights to the physical and digital representations of the works. 

QUALITY STATEMENT 

The Arizona Geological Survey is not responsible for the accuracy of the records, 
information, or opinions that may be contained in the files. The Survey collects, catalogs, 
and archives data on mineral properties regardless of its views of the veracity or 
accuracy of those data. 

 

CONTACT INFORMATION 
Mining Records Curator 

Arizona Geological Survey 
416 W. Congress St., Suite 100 

Tucson, Arizona 85701 
520-770-3500 

http://www.azgs.az.gov 
inquiries@azgs.az.gov 



Rom The State Of Afizona

Vol . 9, No. 3 Earth Sciences and Mineral Resources in Arizona September 1979

Photos : R .B. Scarborough

A 10,000 ft . thick
eastward-dipping clastic Oligocene
sequence lies in the southern
Galiuro Mountains, and is overlain
by less severely-deformed
mid-Tertiary volcanics in the
center skyline . Deformation to
this degree is typical of Cenozoic
rocks throughout southern
Arizona .

CENOZOIC HISTORY A _XD URANIUM

by Robert B . Scarborough

Our changing perception of the geologic history of Arizona is no less profound than
the influence of the new ideas of global tectonics upon the evolution of the whole North
American continent . This report is an attempt to outline the Cenozoic history of
southern Arizona within the perspective of the new plate tectonic strategy, and to discuss
new findings relating to the occurrence of uranium in this region .*

INTRODUCTION
Cenozoic rocks and events in the Basin and Range country of Arizona (the southwest

half of the state) may be displayed on a space-time plot, such as Figure 1, which projects
groups of sediments and volcanic rocks to a NW-SE line, extending from the Lake Mead
area to near the Chiricahua Mountains. This information is plotted against
presently-known ages of rocks to produce a diagram which shows the transgressive nature
of certain erosional and depositional phenomena described below . For the purpose of this
discussion, the Cenozoic rocks of Figure 1 may be subdivided into five stratotectonic
groupings, each with characteristic sediments, attendant tectonic style and volcanic
chemistry. As shown on Figure 1, these groupings are composed of the following
subdivisions: A) a group of Eocene (?) to Oligocene subaerial fluvial and lacustrine
sediments with subordinate andesite flows and silicic ash flow ; B) avoluminous group of
Oligocene and Miocene calc-alkalic volcanics with locally thick accumulations of redbeds

*The Bureau of Geology, in conjunction with the Laboratory of Isotope Geochemistry in the
Geoscience Department of the University of Arizona, has recently completed a USGS-funded study of
uranium occurrences in pre-basin fill Cenozoic sediments of the Basin and Range Province.
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Figure 1, Cenozoic. NW-SE
cross section through Arizona
Basin and Range country with
salient features projected to
the cross section line at right
angles. o-%% denotes transition
from high to low Sr isotope
ratios in volcanic rocks . Let-

O'-g. ters A-E refer to text . E=Eo-
cene; O=Oligocene; M=Mi-
ocene; P=Pliocene ; RA=Rillito
andesite, Tucson Mts. ;
WC=Whitetail Conglomerate,
east central Arizona; G,CR=
Galiuro, Chiricahua rhyolites ;
PMV=Patsy Mine volcanics ;
M'DV=Mt. Davis volcanics ;
HB=Hickey basalts; TB=Table-
lands basalt, Galiuro Mts . ;
SR=Superstition rhyolites ;
SBB=San Bernardino basalts ;
SB=Sentinel basalts, Gila
Bend; FB=Fortification basalt,
Lake Mead; SPB=Sandy Point
basalt, Lake Mead .

of diverse petrology ; C) a diverse assemblage of middle to late Miocene fanglornerates,
tuffaceous sediments, and basalts, best exposed in the central part of the state ; D) , fluvial
and lacustrine sediments with minor basalts which have infilled the basins created by the
middle to late Miocene Basin and Range disturbance ; and E) Pleistocene sedimentary
veneers which cap the basin fill . The most easily tracked dividing line in this scheme is
that which separates the mostly undeformed units D and E from the progressively more
deformed older units . Eberly and Stanley (1978) in an excellent contribution to the
Cenozoic geology of southwestern Arizona, use this boundary to separate their Group I
and II sediments.

As noted in Figure 1, the boundaries of units A and B become younger to the NW and
intersect the base of unit D, thus "pinching out" unit C volcanies and sediments . The
rationale for this is based upon the premises that the inception of basaltic volcanism, as

defined below, also becomes younger to
the NW, while the initiation of Basin and
Range tectonics and hence basin filling, is
a synchronous event statewide .

VOLCANIC STYLES
An apparently fundamental change in

volcanic chemistry forms the time
transgressive boundary between groups B
and C of Figure 1, (groups 1 and 2 of
Figure 2) at about 15-13 m .y . ago (Miller,
and others, 1977 ; Eberly and Stanley,
1978; Keith, 1978) . Before this time,
volcanoes spewed forth suites of
calc-alkalic rocks such as andesites
(including the so-called "Turkey Track"
andesites) and voluminous silicic ash flow
sheets (ignimbrite flare-up of Coney,
1976) and related pyroclastics . These
older rocks are now assumed by their
high Sr isotope composition to represent
partial melting from a certain depth range
along a piece of ocean lithosphere which
was being subducted beneath the
westward-advancing North American
plate .

This volcanic style ceased in
approximate coincidence with the
inception of the San Andreas transform
margin of the western U .S., which
triggered an event called the Basin and
Range disturbance. The tensional shear
stresses of this action literally ripped
portions of seven western states apart,
and caused such deep fracturing of the
continental crust so as to allow the
upward leakage of upper mantle-derived,
low strontium isotope ratio basaltic
magmas, which are found in groups, C, D,
and E of Figure 1, and are plotted as age
groups 2, 3, and 4 of Figure 2 . Major
eruptive centers of these magmas contain
only small amounts of silicic
differentiates, in strong contrast to the
previous ignimbrite eruptions, and so hint
at the name of a "basalt= rhyolite
association" for this volcanic style . This
volcanism continues to recent times
throughout the state in a space-time
pattern seen in Figure 2.

CENOZOIC HISTORY OF BASIN
AND RANGE COUNTRY

In Arizona, the Cenozoic Era was
heralded in by the Laramide orogeny,
which, by its termination at about 50
m.y. ago, had left behind such features as
numerous copper-bearing porphyries and
pre-existing rocks affected by powerful
ENE-WSW compressive tectonics (Coney,
1976) .

Eocene - Early Oligocene History
During Eocene and early Oligocene

time (50-32 m.y.), a very large, perhaps
•subcontinental-sized area of the western
U.S. was eroded to what some consider a
peneplain in the classic sense (Epis and
Chapin, 1975) . Very little is known of
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this event except that regional evidence
of massive amounts of erosion and
sedimentation is suggestive of a large
scale, perhaps epeirogenic uplift, one
whose effects perhaps may be seen as,
among other things, a still uplifted
Colorado Plateau . On Arizona's portion
of this plateau is found an extant
northeastward-dipping surface of low
relief that angularly truncates sediments
as young as Cretaceous, and upon which
rests the pre-28 m.y. old (Peirce and
others, in press) "rim gravels" of McKee
(1951). Hence this is identified as an
early Tertiary surface of transport upon
which the southwestwardly-derived "rim
gravels" were shed, perhaps as far
northeastward as the four corners region .
In the central Arizona source area for
these sediments, Mesozoic and early
Cenozoic erosion (Peirce and others,
1977) has stripped away the entire
Phanerozoic cover to expose the
Precambrian in a 50-100 mile-wide,
NW-SE elongate swath parallel to the
Mogollon Rim (Colorado Plateau edge) .
This stripped area is referred to loosely as
the Mogollon highland .

This erosion-sedmentation cycle was
followed by an erosional and/or faulting
episode which differentially lowered
Southern Arizona beginning in Oligocene
time, the real nature of which is the
subject of continuing debate . Whatever
the event, a Mogollon Rim barrier of
sufficient magnitude was created to act as
a northeastward limit of deposition for
the subsequent large mass of Oligocene
and younger deposits .

In southern Arizona, a variety of
tectonically disturbed prevolcanic
sediments (category A of Figure 1) date
from early Oligocene time (37-29 m .y .),
such as the Whitetail Conglomerate in the
Globe-Winkelman area, some Galiuro
Mountain redbeds (see photo on page 1),
the Sil Murk Formation near Gila Bend
(Figure 3), and some redbeds in the
Yuma area. Since these are pre-volcanic in
age, they are distinguished by the absence
of volcanic clasts in their clastic units .
Sediments of this age are not recognized
northwest of the Bill Williams River
where early Miocene materials were
deposited directly upon Precambrian
rocks. Lithologies of these sediments are
diverse, and include fanglomerates,
extensive fluvial overbank (flood plain)
deposits, some lacustrine units, and rare
aeolian sandstones . Hints of vertical relief
comparable to southern Arizona today
come from the inclusion of locally
abundant, spectacular "megabreccia"
gravity slide masses into fluvial and
lacustrine units. Color of units range from
light gray to intense red-browns . Included
volcanics are minor, and consist of
andesite flows and silicic ash flow tuffs .

Figure 3, Cenozoic . Contact of
fanglomerates over aeolian
sandstone beds of the Sil Murk
Formation, north of Gila Bend .
These Oligocene redbeds were
deposited on Precambrian
granites of the Maricopa
batholith .

Ignimbrite Flare-Up
During later Oligocene and earlier Miocene times (30-13 m .y.) massive amounts of

calc-alkalic volcanic rocks were erupted into southern Arizona in the form of andesites
and voluminous ignimbrite sheets (group B of Figure 1, group 1 of Figure 2). This
volcanic episode, first termed the "mid-Tertiary orogeny" by Damon (1964) was felt over
a large part of the western U .S., and is viewed in plate tectonic terms by some geologists as
the surface expression of the now rapidly foundering Benioff Zone which had previously
slid under the continental lithosphere during a greatly accelerated, Laramide-aged surge
of continent-ocean collision . Note a distinct younging trend for the inception of
volcanism going from SE to NW, as seen in Figure 1 .

Figure 4, Cenozoic. In the
Cave Creek area, a series of
mildly-deformed Miocene
basalts, tuffs and mudstones
are capped by 15 m .y . old
"Hickey" basalts .

Figure 2 outlines the seven largest fields of this age in Arizona . Large calderas have
been hypothesized to exist in the Chiricahua field and the Superstitution field . As a rule,
one or more volcanic cycles in each field consist of earlier andesitic flows and later
explosive and voluminous ignimbrite sheets . Patterns of sedimentation accompanying this
volcanism suggest local volcanic damming of river systems in and around the major
volcanic fields and, perhaps, an important cycle of thick, red clastic deposits forming
adjacent to the future sites of the central and southeast Arizona metamorphic core
complexes (Figure 2) . General patterns of stream transport directions for group A and B
sediments suggest flow from the Plateau margin out into the present day Basin and Range

continued on page 14

Figure- 5, Cenozoic. Big Sandy
Valley, northeast of Wikieup,
Deformed Miocene mudstones
and limestones in canyon
bottom are unconformably
overlain by conglomeratic
basin fill, here 150 ft . thick
and graded to the main trunk
stream of the valley in the
distance .
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by H . Wesley Peirce
Preface

The following article, assembled by H . Wesley Peirce, is an
outgrowth of informal discussions between members of the
Bureau staff and colleagues . We would like to share with our
readers some of our thoughts on a particularly complex topic . It
is not our intention to espouse a hierarchy of subjective values ;
we simply hope to present some views gained from our
experiences with the earth in general and Arizona's land in
particular. If we succeed in conjuring up some provocative images
on land not previously considered by the reader, then quite
possibly we will have contributed a glimmer of insight, a way of
thinking that might be of use when contemplating land-related
issues .

Introduction
Land is a four letter word so loaded with diverse , subtle

meaning that when we are asked to select from its many values
and potential uses, it is apt to become an explosive issue . As a
territory , land is often delineated into political units . As a
storehouse, it provides sustenance to all living things . As a
landscape , it assumes aesthetic connotations . Controversy arises
when values are in conflict. The resolution of such conflicts can
indeed be a divisive political process. As we will attempt to point
out, all such problems, however resolved, are necessarily tinged
with arbitrariness . Because of this, politics often has more effect
on decisions than does objective science .

Recognizing our own limitations and the need to whittle down
this subject to manageable proportions, we propose to emphasize
land as a storehouse of raw materials (including energy ) . Because
our earth-related professions specifically focus on how Arizona is
put together, what it has in it, and how to get it out , we will use
the state to illustrate a point or two that might be of interest .

A Perspective

Arizona is the sixth largest state in the country . Its land area is
a common statistic (113,900 sq. mi.) but its volume is not .
Technically, can you visualize Arizona's true shape? First, it
would help to figure out where its bottom is . Is Arizona's greatest
"land" dimension the radius of the earth? Arizona, considered as
a shape having volume, or a three-dimensional piece of land,
consists largely of the mysterious region beneath us . One might
ask, "What is down there?", while another person might be
indifferent to the question . Why is it important to know these
things? When we begin to view the state's land mass in a
three-dimensional manner, we realize that our present reservoir of
knowledge about Arizona is rather limited . As a result, society, to
the extent that it perceives two-dimensional surface values, often
conducts its land affairs in the dim light of a persistent knowledge
void . Consequently, many decisions are unavoidably
accompanied, as already suggested, by some arbitrariness .
Recognition and sensitivity to this fact should be a strength and
not a weakness .

An Ecological Imperative

Ecology, an often misused and misunderstood word, is the
science of interrelationships . As such, its totality is not known or

understood by anyone . These interrelationships form a complex
total network which is difficult to conceptualize into patterns .
Frustrations arise when we attempt to comprehend the total
ecological spectrum Here too, we operate in a knowledge and
awareness void. However, it is possible to generalize and, from
this, gain insights that are absolutely necessary if we are to have
any chance of consciously recognizing the essential factors that
support the existence of modern human societies .

Communities are like trees - they have roots that provide the
daily means for survival and growth . These roots, so to speak,
always lead back into the land in some respect . It seems clear that
the further the root is stretched and the more complex the entire
root network, the more vulnerable is the organism . In order to
emphasize the point being made, perhaps a question or two will
provide orientation . Can you trace Arizona's energy roots?
Phoenix and Tucson's? Yours? Even if you don't know exactly
where these roots go, you are one step closer to understanding
this concept if you realize that most of these roots terminate
somewhere in the land . Some of our energy roots end several
thousands of feet beneath the land surface and not necessarily
always on this continent.

Once again, one of the ecological imperatives that we think
warrants emphasis is the profound dependence that modern
industrial societies have on raw materials that are ultimately
derived from the land, especially that part of land that is out of
sight beneath the surface . Ecological question : Why is it not
possible to be an employed lawyer, doctor, teacher, mechanic,
truck driver, geologist, mining engineer, metallurgist, etc . without
abundant and varied utilization of land-derived raw materials?

The Root Concept

Hopefully, we can encourage some of our readers to learn to
apply the root analogy at appropriate times . As an example,
Charles Park, former Dean of Mineral Sciences at Stanford
University, says the following in the preface to his book,
Affluence In Jeopardy: "The purpose of the book is to bring to
the attention of intelligent citizens the place of minerals and
energy in a modern industrial economy, pointing -out the
limitations on the supplies and sources of these materials as well as
the absolute necessity to use domestic resources effectvely and to
develop and keep open lines of international trade . Access to
supplies of mineral raw materials, many of which are obtained in
isolated and undeveloped corners of the world, is essential to the
survival of modern civilizations as we 'know it ." Dr. Park is
implying that the roots that maintain the status quo of out
society, reach into lands both foreign and domestic .

Another example is excerpted from a speech given by J . Hugh
Liedtke, Chairman of the Board, Pennzoil Company, at the 1979
annual meeting of shareholders : " . . . Daily we become more
dependent upon crude oil supplies from the Middle East and
other politically unstable areas . Disruptions of supply from these
politically volatile areas, whether through revolution, terrorist
attack or intervention by countries whose interests are in direct
conflict with ours, at any moment can cause not simply a
tightening of supply, less heat and air conditioning, less gasoline
for driving, but a major lack of fuel for our factories, throwing
thousands out of work. This is not just the stuff from which
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Figure 1, Land. Land Status in Arizona, as of August 1979 .
€ Military, National Parks & Monuments, National Forest Wilderness : Permanently closed to

mineral/energy exploration and production (State Park lands [approx . 30,000 acres] and
urban withdrawn lands in Tucson vicinity not shown on map) .

~~ Indian Reservations and U .S. Forest Service RARE II roadless areas (non-wilderness
and further planning categories) : Restricted use . Negotiations necessary with tribe or agency
for mineral/energy entry purposes .
BLM withdrawn wilderness areas, U.S . Forest Service proposed & recommended wilderness:
Temporarily closed to energy & mineral exploration/production while wilderness potential is
studied. An undetermined amount of this acreage will acquire permanent wilderness status
(BLM will announce its eliminations from further wilderness consideration in late September
1979) .
Federal , State and Private lands potentially open for exploration & production .

Procedure for entry and mineral exploration varies according to ownership . Federal and private lands
with federal mineral rights claims are staked . State lands require a prospecting permit and mineral
rights lease . Private lands with private mineral rights (constitute 1-3% of Arizona land) are accessible
for entry and exploration only through negotiation with the individual owner, usually by means of a
fee or royalty .
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economic depressions are made ; it is the stuff of war. I am not
attempting to be dramatic or to alarm you . The Secretary of
Energy is telling this daily to the Congress . So are our military
leaders. So are others in our industry . . ."Again the analogy of
roots ending beneath foreign lands seems dramatically
appropriate. if these roots are severely tampered with, then what?
Currently, this is the question before several nations, including
those of Western Europe, Japan and our own : Are you directly
affected in any way? If you realize that you are, then you can
visualize a strand of the root ending in your own gas tank, the
other end perhaps being several thousands of feet below the land
surface of Saudi Arabia, Nigeria, or somewhere in the U .S .

Land, the Storehouse

The domestic land resource strength of the nation is but the
sum of the individual strength of the 50 states. Ft is most
important to recognize that no two states are alike in their
indigenous land resource base . As a consequence, it takes a
cooperative effort to make both the parts (states) and the whole
(nation) viable . No state is an island capable of independence
without drastic changes . Today, even our nation could have rapid
independence only if willing to accept associated chaos . This is so
because of the complexity and extent of the existing international
root network. To be independent would mean a total
restructuring of root patterns such that they be replanted in our
own land. The President's energy plan is an excellent example of
advocating the shifting of roots . Where will these roots end? Most
probably, they will end in those states having the appropriate raw
materials in their three-dimensional land base .

Certain vital raw materials are often concentrated in relatively
small land volumes . Regarding raw materials, it is the location of
reserves that counts because tomorrow's production must come
from today's reserves . How far should a nation, or state for that
matter, look and plan ahead? How far should a raw materials
industry look ahead? How far should our land planners be
looking into the future? If there is concern for the longer range
picture that surrounds the development of raw material reserves,
then some analysis must ensue .

Regarding unusual concentrations of resources, these examples
come to mind : Saudi Arabia and oil, and Arizona and copper .
This concentration in Arizona, not fully recognized when the state
was first defined, is so unusual that it has been called a planetary
resource {Fieldnotes, v .2, n .4, p.1}. Copper is Arizona's prime
mineral resource and unique contribution to the world . Arizona's
copper deposits supplied 62% of the nation's domestic copper
production in 1978 . Although Arizona consists of 14 counties,
the known large copper deposits are restricted to nine counties .
Those without known large deposits are the Plateau counties of
Navajo, Apache, and Coconino, as well as the Basin and Range
counties of Yuma and Maricopa . Less publicized than copper is
molybdenum, a most important coproduct in many copper
deposits of Arizona. Arizona is second only to Colorado in
molybdenum production .

Why is there so much oil in Saudi Arabia and so much copper
and molybdenum in Arizona? Some would say that it is more
important to know where the deposits are than to know why
they are there . Such logic is fine in the short run, but when the
easily found deposits are gone, what then?

Raw material deposits, in order to be useful at a given time and
place, have unusual physical-chemical attributes and/or a strategic
location relative to economic factors, such as transportation
arteries, water supplies, energy sources, consuming centers, and so
on. All earth materials, whether unusual or not, initially have an
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environment of origin . Deposits, by analogy with the biosphere,
occur in geologic habitats peculiar to the material involved .

What is in the land and where it is located has assumed an
importance to political and industrial leaders that has increased
with the growing complexities of industrial societies . Today, it
would take many books to describe how land derived materials
are utilized. It would take many more to describe where
substances occur and why they are where they are . Dr . Park states
the following : " . . .People in the United States are accustomed to
the belief that theirs is a rich and independent country ; yet, of
the 100 minerals most important to its industries, the United
States possesses within its national boundaries adequate supplies
of only about a dozen . It [the United States] is today [1'968] a
have-not nation where raw materials are concerned ."

Arizona Land

Fundamental to utilizing land are the attendant laws and
regulations . Figure 1 is an attempt to depict the various lands in
Arizona where entry for raw material purposes currently is either
forbidden or severely restricted . It is estimated that about
one-half of Arizona's acreage remains relatively open to
legitimate exploration and possible development . The significance
of this in terms of the potential effect on future raw materials
development cannot be directly evaluated unless some correlation
is made between the habitat of various raw materials and the
three-dimensional geologic environments that characterize the
withdrawn or restricted lands . One thing is certain ; the narrower
the search territory , or jurisdiction , the more it will be inevitable
that opportunities be restrained .

Geologists trained in Arizona geology can appreciate and
understand the significance of the state's great diversity of
geologic environments . Environments are interpreted from rock
relationships and, these in turn are the subjects of geologic maps
and diagrams. What controls the locations of the large Arizona
copper deposits ? Why, out of 50 states, should nine counties in
Arizona have such an unusual amount of copper ? Are there
deposits yet to be discovered in Arizona? Where might they be?

How about energy materials in the lands we call Arizona? What
can be said about their positions and potential? There are
interesting distinctions to be made in the ways of looking at each
of the big three : coal, petroleum and uranium . Each involves a
different habitat and serves to illustrate the absolute controls of
environment on what might form and where .

Figure 2 is intended to show the following : 1) the position of
Arizona's significant coal reserves in the Plateau region of
northern Arizona on the Navajo Indian Reservation, 2) the
position of known oil production in Arizona, again on the Navajo
Reservation , and 3 ) the position of holes drilled in search of
petroleum in Arizona . Coal reserves , in order to be exploited by
stripping technology , must be relatively close to the surface,
within 200 feet or so . In addition, exploitable deposits tend to be
horizontally spread out because of the controlling or layered
environment in which they formed . In Arizona, exploitable coal
deposits are restricted to one particular age group , the one that
contains much of the coal known to the Rocky Mountain states
in general . Past geologic mapping in Arizona reveals the
distribution of these particular rocks, which places limits on
where associated coal might potentially occur . Knowing these
geologic (land ) limits leads to the conclusion that Arizona's
significant coal reserves are restricted to Black Mesa .

Petroleum, on the other hand, is an entirely different matter . It
is exploited , under proper circumstances , from depths greater
that 20,000 feet . Because of this, in contrast to most coal, the
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Figure 2, Land. Coal, Oil and Petroleum Reserves .

geologic condition of the earth at considerable depths must be
studied if petroleum potential is to be effectively and fairly
evaluated . Thus far, Arizona rock (land) has yielded only about
16 million barrels of oil over a span of 16 years - an amount
equivalent to about two days of present crude oil imports .
Arizona's 'latest and largest oil field thus far, was discovered in
1965 in northeast Arizona at a depth of about 3,500 feet . Figure
2 might give the impression that the state has been fairly well
tested and found wanting in petroleum potential . How, then,
should one explain the present petroleum-based land play, the
largest in Arizona's history, extending across the southern part of
the state where there has been nothing but dry holes drilled
before? Although a combination of factors is involved, the
geologic basis is a revolutionary idea, an idea that can be either
conclusively vindicated or rejected only by deep drilling
(Fieldnotes, v. 9 n. 1 p . 10). Likely, only geologists with
experience in the geology of southern Arizona and elsewhere can
appreciate fully why it is possible in this day to come up with
anything new in this region . All of the previously-drilled holes
indicated in Figure 2 in southern Arizona are too shallow to have
tested the new model, which is based principally in deep seismic
testing, not surface studies . Deep vibratory soundings represent
technological refinement. The expense involved in this play,
including the anticipated deep drilling, is made possible only by
current petroleum prices . The above leads to a conclusion well
known to business people - the economic climate changes, and
with it, judgements are altered on where to look for new
discoveries of raw materials. Opportunities wax and wane and
when conditions are right, new frontiers are sought, frontiers
beneath the land surface, Today's "waste" may be tomorrow's
ore, providing there are ample potential habitats within which to
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Figure 3, Land. Uranium Occurrences .

carry out the hunt .

Figure 3 depicts some of the known uranium occurrences in
Arizona. The star indicates the position of the largest presently
known concentration of reserves in the state . If nothing else, a
simple depiction like this illustrates that uranium occurrences are
not uncommon; and further, it suggests that there are valid
reasons for exploring Arizona lands for this energy mineral .
Probing the uranium story a little more reveals a shifting of
geologic emphasis with time and with economic and political
changes. In the first uranium boom of the fifties, about 18
million pounds of U308 (uranium oxide), was produced, mostly
from the northeastern part of Arizona, again on the Navajo
Indian Reservation (at an average price of less than $5 .00/lb .) .
With the rise in demand for nuclear fuels derived from the
anticipated growth of a nuclear powered electrical industry,
another boom was initiated across the country in the seventies . In
Arizona, emphasis was shifted to off reservation geologic targets
where little experience was gained during the earlier boom .
Higher prices encouraged deeper drilling for lower grade ores . As
a consequence, it is believed that new reserves discovered in
geologically more complex terrain amount to more than the total
previous production in Arizona . Again, this illustrates the fact
that time and circumstances can change the exploration activity .
Such could not happen without flexibility of opportunity .
Although no one can forecast the future with certainty, it is
possible that, in spite of the present unpopularity of the nuclear
option, circumstances will probably conspire to encourage further
development in the future . If so, we might well need the nuclear
fuels represented by the yet undiscovered uranium deposits of
Arizona and other western states . continued on page 13

* Uranium reserves ( Anderson mine)
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Mine Reclamation Center
by Mary Jane Michael

The state of Arizona Mining and Mineral Resources Research
Institute (MIM+IRRI) has established the Mine Reclamation Center
(MRC) at the University of Arizona. The MRC is located in the
Arid Lands Information Building where it will provide a focus for
University of Arizona research and institutional and service
competence in reclaiming arid and semiarid mined lands .

The MRC Advisory Committee to the Director of the MMRRI,
Dr. William H. Dresher, consists of Dr . Kennith E. Foster,
Director of MRC; Dr. Ervin H. Zube, Director, School of
Renewable Natural Resources and Associate Dean of the College
of Agriculture ; Dr. Fred Matter, Assistant Dean of the College of
Architecture ; Dr. Thomas J . O'Neil, Head of the Department of
Mining and Geological Engineering, College of Mines; and Dr .
Jack D. Johnson, Director, Office of Arid Lands Studies .

The specific objective of the MRC is to provide a focal point
for interdisciplinary expertise on the University of Arizona
campus that addresses the problems of mine reclamation in the
Southwest. The depth of research and the technical expertise
represented by project personnel from various colleges form a
large base of research competence at the University of Arizona .

A number of mine reclamation research programs are presently
planned or underway at the University of Arizona . Highlights of
some of these projects include :

0 Feasibility analysis to determine the potential for
reclaiming precious metals from mine dumps prior to
initiation of land reclamation . Contact : Dr. David
Rabb, Bureau of Geology and Mineral Technology .

€ Three-dimensional techniques for mine site modelling
as a dynamic representation of pertinent features of
mined areas. Contact: Dr. Fred Matter or Dr.
Kenneth Clark, College of Architecture, or Dr .
Thomas J. O'Neil, Department of Mining and
Geological Engineering .

! Application of water harvesting techniques to coal
mine spoils on Black Mesa for farming . Contact : Dr .
John Thames. School of Renewable Natural
Resources, or Dr. C . Brent Cluff, Water Resources
Research Center .

0 Feasibility of using RussianThistle for bioconversion .
Contact : Dr . Aden Meinel, Optical Sciences Center,
or Mr. NVilliam H . Brooks, Office of Arid Lands
Studies .

0 Use of remote sensing data and automated image
analysis to provide an initial inventory of mines and
mine wastes and to provide data to estimate
reclamation costs for these areas . Contact: Dr. Robert
Schowengerdt, Office of Arid Lands Studies . or Dr .
Charles Glass . Department of Mining, and Geological
Engineering .

The MRC also produces a quarterly literature reporting service,
SEAMALERT, and maintains SEAMINFO, a cumulative
bibliographic data base of references to mined land reclamation
literature . The SEAMINFOO computer terminals and the editing
offices of SEAMALERT are housed in the Arid Lands
Information Building as is the State of Arizona Bureau of

Geology and Mineral Technology .
Computer services available to the MRC also include a data

base of all proposed and ongoing research at the University of
Arizona. With the information from this data base the MRC can
determine which research projects and personnel from the
University of Arizona are most suited to assist mined land
projects in the southwestern United States .

The MRC, through interdisciplinary cooperation with various
Colleges and Departments at the University of Arizona offers
expertise which can :

€ prepare integrated land rehabilitation programs for
mining operations ;

€ develop monitoring programs in watershed
hydrology, meteorology and air quality ;

€ provide impact evaluation of proposed land
disturbances ;

€ conduct research in techniques and methods of
reclamation ;

€- plan alternative development strategies ;

develop land management plans ; and

conduct demonstration projects of innovative land
rehabilitation concepts .

Organizations that would like additional information about
reined land reclamation expertise available at the University of
Arizona can contact project personnel directly . Inquiries may also
be addressed to : Dr. Kennith E. Foster, Mine Reclamation
Center, Arid Lands Information Building, 845 N. Park Avenue,
Tucson, Arizona 85719, (602) 626-2086 .

Photo: Tom M eGarvin

Mike Nelson , College of Architecture researcher , working on the

construction of a cork topographic model designed for minimal
environmental and visual impact to surrounding terrain .
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Topographic models of mine dumping patterns and tailing ponds , scaled at 1 :1,000 and constructed of corrugated cardboard by U of A
College of Architecture researcher . Photos : Mike Stanley
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Mine Reclamation Center.
U of A, College of Agriculture. Water-harvesting Agro-system
designed for mine reclamation at the Black Mesa Mine of the
Peabody Coal Company .

WATER CONTROL PLANS ADVANCED

The second in a series of planning sessions of the Technical Advisory
Group (TAG) to the Central Arizona Water Control Study was held on
July 24, 1979 . This study is headed jointly by the Bureau of Reclamation
and the Army Corps of Engineers, whose first major goal is to make
strategic decisions regarding both Central Arizona Project (CAP) regulation
storage facilities for the CAP canal and central Arizona flood control
measures for the benefit of the Phoenix metropolitan area- These decisions
are to be incorporated into a final environmental impact statement by the
Secretary of the Interior in May, 1982 .

Several topics were discussed at the TAG meeting . Two contracts have
been awarded, one to the Dames and Moore Company for the study of
environmental, social and economic impact of the overall project and the
second to the Natelson Company for a flood control economics study .
Several proposed damsites, such as the Tangle Creek on the Verde River,
the Coon Bluff and Klondyke Buttes on the Salt River, have been
eliminated from further consideration . Preliminary planning continues on a
new Waddell Dam on the Agua Fria, a new Bartlett Dam on the Verde, an
enlarged Roosevelt Dam, a new Granite Reef Dam on the Salt and a new
Buttes Dam on the Gila River . An important study of the overall impact of
the project, termed "The Future without the Study" has been initiated,
which will attempt prediction of events, assuming no action be taken by
this project .

The Bureau of Reclamation and the Army Corps of Engineers, by
initiating involvement in this project at all levels of local management, are
"trying to eliminate surprises" when the final ELS is drafted .

Questions, inquiries or subscriptions to the mailing list for information
pamphlets can all be solicited from Marty Rozelle at 271-00915 (Phoenix)
or write Manager, Arizona Projects Office, Bureau of Reclamation,
Attention: Code-170, 201 N. Central Ave., Suite 2200, Phoenix, Az.
85,073 .

Bureau. Initiates Statewide Molybdenum Study
On April 1, 1979, the Bureau of Geology began a systematic statewide

molybdenum survey. The six-month project is being sponsored by a
$15,000 U .S . Geological Survey grant. The purpose of the study directed
by Stanley B. Keith is to compile all published and available unpublished
information about the occurrence of molybdenum in Arizona for the U .S .
Geological Survey Computerized Resources Information Bank (CRIB) .
When completed, the study will be incorporated in a Bureau of Geology
publication .

Although Arizona is well known as a major source of world copper, the
State's rank in world molybdenum production (third in the world) is not
acknowledged. Much new chemical and geological data about Arizona
molybdenum occurrences have accumulated in the last several years . A
comprehensive listing of molybdenum occurrences in the state has not yet

been published . For example, the most recent published statement about
Arizona molybdenum lists 39 molybdenum occurrences (King, 1969,
Arizona Bureau of Mines Bull . 180) . To date, Jan Wilt of our Geological
Survey Branch has assembled some 300 occurrences in the first five weeks
of the Bureau's study . In addition to published information, we would
greatly appreciate obtaining any unpublished information, such as that
from mining company files or other sources . Anyone who wishes to
contribute such data should contact Jan Wilt at the Geological Survey
Branch .

NEW STAFF

Senior Research Metallurgist
The Bureau of Geology's Mineral Technology Branch has added Douglas

J . Robinson to its staff. Dr . Robinson !swell prepared for the joint position
of Senior Research Metallurgist and Adjunct Associate Professor of
Metallurgical Engineering . He obtained his Bachelor Degree in Applied
Sciences (Metallurgy) from the University of British Columbia in 1967
and his PhD in Metallurgy from the University of Sheffield, England in
1970 .

From 1970 to 1977, Dr . Robinson was employed by Cominco Ltd . in
British Columbia as a research metallurgist and pilot plant engineer. During
the last two years he served as senior process engineer at Air Products and
Chemicals, Inc., in Greenville, Pennslyvania.

Dr . Robinson's area of responsibility includes coordinating
communications and cooperative research between engineers in industry .

Graduate Research Assistant

Marie Slezak has been selected by the Bureau of Geology and Mineral
Technology to be Graduate Research Assistant at the Geological Survey
Branch during the 1979 to 1980 fiscal year program .

Marie is currently working on a Master's Degree in Environmental
Geology at the U . of A. She plans a career in metropolitan and regional
land use planning .

During her internship with the Bureau, Marie will be developing her
thesis proposal on bank erosion in Tucson, to be used as a model in
proposed floodplain ordinances in Arizona. Dr. William B . Bull will be the
principal advisor on this project and Dr. Edgar McCullough and Dr . H .
Wesley Peirce will serve as advisors .
Editor

Anne Candea has joined the Bureau staff as Editor of technical
publications .

Prior to her arrival in Arizona last year, Anne coordinated the public
information and public relations program at the Cleveland Division of Air
Pollution Control for five years.

Anne received her B .A. In English and Sociology from Kent State
University (1965) . Currently, she is enrolled in a Master's Program in
Management with the University of Phoenix .

Mine Reclamation Center .
U of A, College of Agriculture, Dept. of Renewable Natural
Resources. 'Researchers drilling observation wells along a Black Mesa
stream bed in order to assess the effects of coal mining on the water
quality in shallow aquifers. Photo : U of A College of Agriculture
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Arizona Geological Society Digest 11 :
Porphyry Copper Symposium Proceedings

Fieldnotes

The Arizona Geological Society's most recent Digest, volume XI,
contains the proceedings of the Porphyry Copper Symposium held in
Tucson in March of 1976 . Digest 11 consists of 18 papers which discuss
the geology of the following Arizona areas : Safford, Cyprus Johnson,
Copper Creek, Cyprus Pima and Sierrita-Esperanza . Other discussed areas
include Pinos Altos, New Mexico ; Lights Creek, California; MacArthur and
Copper Canyon, Nevada ; and La Verde, Michoacan, Mexico . Geophysical
exploration, root zone characteristics, structural reconnaissance,
production costs, a Sonoran metallogenic map, Neogene metalogenesis in
Chiapas, Mexico, and the evolution of porphyry copper exploration in the
Southwest are also covered . Digest 11 also includes nine abstracts of papers
given at the 1976 porphry copper symposium covering Pilares, Nocozari,
Mexico and these locations in Arizona : Kalamazoo, Ray, Vekol Hills,
Bagdad, San Xavier, San Xavier North and Twin Buttes .

Digest 11 was edited by Judith P . Jenney and Helen R . Hauck and put
into a new 8'/z by 11 inch format which allows for larger diagrams . The
editors have produced a very high quality publication which should be on
the "must have" list of all economic and regional geologists .

This publication is available for $7 .00 by mail from the Arizona
Geological Society Publications, P .O. Box 40952, Tucson, Arizona, 85719,
and over the counter from the Bureau of Geology and Mineral Technology .

Page 11

OPEN FILE REPORTS

The Bureau announces the publication of a USGS-funded study on
uranium favorability in southern Arizona. A Study of Uranium Favor-
ability of Cenozoic Sedimentary Rocks, Basin and Range Province, Arizona
(Part I) : General Geology and Chronology of Pre-late Miocene Cenozoic
Sedimentary Rocks was compiled by Bureau Geologists , Robert B .
Scarborough and Jan Carol Wilt, in conjunction with the Laboratory of
Isotope Geochemistry at the U of A . The 101-page report ( open file report
#79-1429) is now available for purchase from the Bureau of Geology for
$ 12 .00 (over the counter ) or $14 .00 ( postpaid) .

A synthesis of Arizona's geology and energy resources has been published
in a recent Interstate Oil Compact Commission Committee Bulletin (Vol .
xx, No . 2) . The paper, entitled "Geology of Arizona: Its Energy Resources
and Potential", was presented in December 1978 by J . Dale Nations,
Commissioner of the Arizona Oil and Gas Commission . Dr. Nations is also
an Associate Professor of Geology at Northern Arizona University in
Flagstaff, Arizona.

Also included in the bulletin is an investigation of thermal gradients in
shallow wells, by Sal Giardina, Jr., a geologist with the Commission . The
title of the study is "Thermal Gradient Anomalies - Southern Arizona ."

Both of these reports are available for review in the Bureau of Geology
and Mineral Technology's Open File .

NAU THESES 1975-1977

Emily C. Bradshaw : MS
Structure in the Mazatzal Quartzite,
Del Rio, Arizona . 67 p . 1975 .

Thomas M . Daneker: MS
Sedimentology of the Precambrian
Shinumo Sandstone, Grand Canyon,
Arizona . 195 p . 1975 .

W. Norman Kent : MS
Facies Analysis of the Mississippian
Redwall Limestone in the Black Mesa
Region. 186 p. 1975 .

Thomas D. Light : MS
Geology of the Board Creek Area,
Yavapai County, Arizona. 62 p . 1975 .

Peter Henry Lufholm : MS
The Geophysical Analysis of the Gray
Mountain Area, Coconino County,
Arizona. 54 p . 1975 .

Randi S. Martinsen : MS
Geology of a Part of the East Verde
River Canyon, Near Payson, Arizona .
117 p . 1975 .

Sandra D . McDonald : MS
Use of Geophysical Measurements to
Assess Cinder-Aggregate Potential of
Volcanic Cinder Cones . 104 p. 1975 .

Reginald E. Reid : MS
Geologic Hazards in a Portion of East
Flagstaff, Coconino County, Arizona .
120 p. 1975 .

Kenneth Charles Scott : MS
Hydrogeologic and Geophysical
Analysis of Selected Diatremes in the
Hopi Buttes area, Arizona . 129 p .
1975 .

Thomas W. Auld: MS
Facies Analysis of the Virgin
Limestone Member, Moenkopi
Formation, Northwest Arizona and
Southwest Utah . 83 p . 1976 .

Gary Clyde Harrison : MS
Facies Analysis of the Devonian of the
Black Mesa Basin, Arizona. 57 p .
1976 .

William R. Henkle, Jr . : MS
Geology and Engineering Geology of
Eastern Flagstaff, Coconino County,
Arizona. 57 p . 1976 .

David B. Koval : MS
Structural Analysis of the Lake Mary
Field Area with the Hydrologic
Interpretations, Coconino County,
Arizona. 123 p. 1976 .

John Joseph Matthews :
Paleozoic Stratigraphy and Structural
Geology of the Wheeler Ridge Area,
Northwestern Mohave County,
Arizona. 144 p. 1976 .

Ronald Gordon McCain: MS
Relationship Between Water Loss from
Stream Channels and Gravity and
Seismic Measurements : Beaver Creek
Watershed 7, Coconino County,
Arizona. 101 p. 1976 .

Robert William Pope : MS
An Analysis of the Carbonate Facies
of the Hermosa Formation
(Pennsylvanian) of Northeastern
Arizona. 134 p. 1976 .

Stephen V. Reed: MS
Stratigraphy and Depositional
Environment of the Upper
Precambrian Hakatai Shale, Grand
Canyon, Arizona . 163 p. 1976 .

Douglas L. Flynn : MS
The Geology of the Cerro Macho Area,
Sonora, Mexico . 62 p . 1977 .

James Carlo Himanga : MS
Geology of the Sierra Chiltepins,
Sonora, Mexico. 99 p . 1977 .

Charles L. Lane: MS
Pennsylvanian-Permian Stratigraphy of
West-Central Arizona . 120 p. 1977 .

James W. Langman: MS
The Shinarump Member of the Chinle
Formation in Northern Arizona and
Southern Utah. 106 p. 1977 .

Ralph U. Pugmire: MS
The Geology of Bill Williams
Mountain, Coconino County, Arizona .
97 p. 1977 .

0 0 0

ASU THESES

Edward N. Agurkis: MS
"Depositional History of the
Piankasha Sequence (Upper
Devonian), Southern Arizona, and
Southwestern New Mexico." 1977

Randall Groves Updike : Ph.D .
"The Geology of the San Francisco
Peaks, Arizona." 1977

Dennis G . Welsch : MS
"Environmental Geology of the
McDowell Mountains Area, Maricopa
County, Arizona : Part II ." 1977

Jeffery V. Holway : MS
"Environmental Geology of the
Paradise Valley Quadrangle, Maricopa
County, Arizona : Part 1." 1978
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by Nile 0 . Jones

Since the early part of the twentieth century, steam produced
by the earth's heat has been used to drive generators to produce
electricity . Consequently, there is a tendency to think that
electrical generation is the only application for geothermal
resources. Spurred by the ever-increasing costs of petroleum
today, there is a concerted effort to bring geothermal and other
alternative energy resources into greater prominence .

The application or use of Arizona's geothermal resources
requires an understanding of the geological setting . The
conventional model of a geothermal, field requires a near-surface
heat source, such as a magma intrusion or igneous point source
(Figure 1). Heat from the cooling magma radiates upward and
outward through conductive heating of the adjacent rocks. Faults
and fractures in the bedrock may provide avenues for deep
circulation of groundwaters . Such circulation would result in the
heating of the water and the transfer of heat by convective
processes. Should the heated water quickly come to the surface,
hot water springs, fumerals and possibly geysers would result .

In addition to these surface phenomena, certain chemical
characteristics of the water, along with geophysical observations
would suggest an igneous heat source . For example, the presence
of free hydrogen in escaping steam implies temperatures in excess
of 211ft. Certain trace metals might also be interpreted as having
an igneous source, while isotopic ratios of sulfur or oxygen may
also lead to the same conclusion . Helpful geophysical techniques
include microearthquakes, gravity, seismic reflections and heat
flow measurements .

Consider for a moment the natural increase of temperature
with depth. Figure 2 shows this relationship for a suite of
temperature gradients . In practice, the observed or measured
gradients do not form straight, linear relationships because of
groundwater circulation, convective heat flow and varying
thermal properties of differing lithologies . Nonetheless, the
average thermal gradient of a region can be represented as a
straight line, The shaded area in Figure 2 represents an
approximation of the non-thermal areas in the world. In order to
obtain temperatures with power-generating potential within this
zone, one would be required to drill to a depth of at least 6 or 7
km, compared to direct-use thermal waters which may be
encountered at 2' to 3 km .

The Bureau has conducted studies over the past two years,
establishing data that the deeper basins throughout the state have
average gradients in excess of 30•C per km . For example, we
consider 37‚C per kin as the average basin-wide gradient for the
Tucson Basin, This leads the Bureau to infer that boiling
temperatures can routinely be expected at 3 km . We may in turn
suppose that we could produce electricity from 150•C waters (as
now occurs in a Raft River Mountains pilot plant) at depths of
2'h to 3 km and regional gradient temperatures of between 45
and 55•C per km .

Surface manifestations
Top soil
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+ t + + + + + + + +
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Aquifer area
,Convection

- currents

Conductive
heat flow

Figure 1, Geothermal. Igneous point source for geothermal energy in a
Basin and Range setting (Armstead, 1978) .

How do we know the temperatures are there and what can we
do with them? We test existing wells and drill exploratory holes
to determine the volume and temperature . There are seven wells
in the state that have temperatures of over 10,0 C. With one
exception , all wells have a gradient in excess of the 30•C per lan
value. One well near Chandler is well over the assumed deep basin
gradient, as is the occurrence in San Simon .
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Assuming no electricity can be produced at these lower
temperatures, the potential application of geothermal power still
remains quite extensive. Figure 3 lists some of the processes that
are already being tried, along with their temperature
requirements. Additional applications geared to existing Arizona
business activities would include : citrus concentration, pumping
of irrigation water, cotton seed oil production, mineral processing
and milk pasturization . One application that is currently being
evaluated would be to provide the prison facilities at Safford with
geothermal heating and cooling .

The existence of low to moderate temperature waters
throughout the state allows for a multitude of applications . Indeed,
the uses for geothermal energy are limited only by the
imagination of those who wish to put it to work .

References

Armstead, H .C .H., 1978, Geothermal Energy, Halsted Press, New York,
357 p .

Giardina, S ., and Conley, J .N ., 1978, Thermal Gradient Anomalies in
Southern Arizona : Arizona Oil and Gas Conservation Comm . Report 6 .

Hahman, W .R. and others, 1978, Geothermal Map No . I . Bureau of Geology
and Mineral Technology

Lindal, B€ 1973, Industrial and other applications of geothermal energy,
UNESCO, 135 p.

Land continued
Figure 2, Geothermal. Temperature /depth relationships for various Conclusionstemperature gradients ( mean average temperature=20 C) .
1=minimum electricity producing temperature for 2% km
2=minimum electricity producing temperature for 3 km
3=depth required for minimum electricity producing temperature using

37'C/km gradient (Armstead, 1978) .

Ic The versatility of earth heat
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ISO Evuparation of highly :aocenlrated solutrun.
Refrigeration by ammonia absorption
Digestion in paper pulp (Kraft)E

170 Heavy water via Hydrogen sulphide process
Drying of diatnmaciom earth

v 160 Drying of fish meal Conventionil
Drying of limber power

production
150 Alumina via Bayer's pr-

140 Drying farm products at high ,arcs
Canning of food

130 Evaporation in sugar refining
Extraction of salts by evaporation and crystalhnuinn
Fresh water by distillation

120 Most multi-effect evaporation Concentration of saline solution

110 Drying & curing of light aggregate cement slabs

1101 Drying of organic materials, seawecds, grass, vegetables etc .
Washing and drying of wool

90 Drying of stock h,h
Intense de-icing operations

%0 Space-hurling (buildings & greenhouses)

t 70 Refrigeration (lower temperature limit)

6(1 Animal husbandry
Greenhouses by combined space & hotbed heating

511 Mushroom growing
Balneology

411 Soil warnnng

l0 Swimming pools, hindcgradutvon . fermentations
Warm water for year-round mining in cold donates
De-icing

?n Hatching of fish . Fish firming

Figure 3, Geothermal. Approximate temperature requirements of
geothermal fluids for various applications )Lindal) .

An industrial society consumes vast quantities of a wide variety
of raw materials derived from land . By analogy, such societies are
supplied, like a tree, by a complicated network of roots that
terminate in land, somewhere . Once dependent upon this
network, an organism is easily disrupted when changes occur .
Regardless of consumptive rate, even if slowed down by design or
shortages, future discoveries of materials will still be needed in
order to provide reserves for purposes of economic planning . The
tendency, as more and more demands are made upon the land for
specific uses, is for exploration to occur and development land to
disappear, Increasing land pressures, thus, should inspire an
awareness of the need for careful and responsible planning that
recognizes a hierarchy of land needs, which includes material and
energy substances for the future . Because of the difficulty of
always knowing what is below us, land decisions necessarily are
made somewhat arbitrarily . Hopefully, a long range perspective
accompanied by recognition of the ever present need for roots
will combine to serve the state and nation well .

An adequate land data base should include an inventory that
depicts surface geologic environments (geologic maps) which, in
turn, hold the best key to the potential presence of raw materials
and energy resources habitats. We must continue to strive to
acquire a better understanding of the land, all of it, including that
beneath our feet. Our future depends on it .
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Cenozoic continued
country, and also a pattern in southeast Arizona of northwest-directed flow parallel to
the long trend of the present position of the metamorphic core complexes . However, any
mass transport linkage of the Oligocene sediments to those of the Claron Formation of
southwest Utah (Rowley and others, 1978) must await further studies .

Metamorphic Core Complexes
Recent studies (Davis and Coney, 1979 and GSA memoir volume, in press) have shed

considerable light on the Cenozoic evolution of the "metamorphic core complexes," such
as the southern Santa Catalina Mountains near Tucson or South Mountain near Phoenix .
Those core complexes found in Arizona lie in a NW-SE zone parallel to the Mogollon
escarpment (Figure 2) and tend to divide the ignimbrite volcanics into the fields shown in
Figure 2 . Most of the Arizona complexes apparently share four geologic events : a) several
contain a core of a middle-Eocene two-mica granite which intruded in an asymmetric,
sill-like fashion into the country rock to cause the banding observed in the metamorphic
carapace (gneissic) rocks ; b) a very consistent late Oligocene radiometric "refrigeration
age" for many of the core complex rocks, probably related to uplift and cooling of the
complex; c) particularly well-exposed examples of a "dislocation surface" upon which
unmetamorphosed cover rocks of all ages down to middle Miocene were sometimes tilted
along listric faults, and were transposed unknown lateral distances, and below which
intense shattering of the metamorphic carapace rocks took place ; and d) the formation of
late stage ENE-WSW arches or elongate domes in most complexes which has played a
major role in giving the exposed complexes their characteristic physiography.

Miocene Volcanism And Sediments
Following this main pulse of mid-Tertiary volcanism, true basaltic volcanism and

diversified sedimentation (category C of Figure 1) ensued . The Hickey basalt field of
central Arizona north of Phoenix is the most massive volcanic pile of this age in the state .
Associated sedimentation ranged from fanglomerates and fluvial deposits in the
southeastern part of the state to tuffaceous, fluvial and lacustrine deposits throughout the
west-central and northwest parts of the state (Figure 4 and 5) . Indications are that in
many places these depocenters bore little resemblance to the basins of today, which were
created later by the Basin and Range disturbance - a point of considerable importance in
the section on uranium occurrences .

Figure 6, Cenozoic . Red soil
developed on Pleistocene
gravel-capped basin fill at
Allen Flat, southern Galiuro
Mountains. Many of the
southern Arizona valleys, such
as here, have not been
breached by a late Pleistocene
stream downcutting event, and
thus have retained their
aggrading character .

Miocene Tectonics
In west-central Arizona, recent work has uncovered two prominent yet unexpected

Miocene-aged tectonic events. The dislocational or sliding event(s) noted in conjunction
with the metamorphic core complexes is now suspected to have produced allochthonous
terrains at some distances away from the complexes, with the full regional impact of this
deformational style yet to be measured. Several earlier workers clearly described local
tectonics without grasping the regional implications .

In addition, the regional nature and importance is surfacing of tracts of land which
contain unidirectionally-tilted Oligocene-Miocene aged sections . Broad NW-SE zones
containing alternating NE and SW-dipping sections of these sediments were hypothesized
to exist by Rehrig and Heidrick (1976), who suggested that the consistent dip directions
resulted from rotational sliding along listric faults off of NW-SE elongated broad domes
of low amplitude which in turn were created by "widespread magmatic or heat ingress
into the crust during Miocene time." The overall picture may be more complex than this
model because limited field observations suggest that an undescribed Oligocene tilting
event of a more unknown character was overprinted by a Miocene tilting event . The fate
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Oligocene event produced tilted and
folded tracts of Oligocene sediments and
volcanics which need further examination
for correct classification . The Miocene
event is bracketed between 17 and 12
m.y. (Damon and others, 1973). I€
accountable by the listric fault
mechanism, this event may be genetically
tied very closely to the subsequent
high-angle Basin and Range block faulting
event (discussed below), since both may
be envisioned as rifting events sponsored
by general ENE-WSW pull apart tectonics .

Basin And Range Disturbance
The Basin and Range disturbance is

used here in the restricted sense, as
defined by Gilbert in 1875, to apply to
that high-angle faulting episode which
blocked out the essence of the
present-day Basin and Range
physiography. It has been suggested
(Scarborough and Peirce, 1978 ) that the
careless application of the term "Basin
and Range faulting" accounts for the
extension of this episode far back into
the Cenozoic, resulting in a forfeiture of
information which is valuable to
understanding Cenozoic tectonics . At
present, it appears that the Basin and
Range faults are younger that 13 m .y .
(Eberly and Stanley, 1978) and may be
about 10 m .y . old in certain locations. In
places, however, Basin and Range faults
appear to have close links in space to
listric faults, and it remains to be seen
just how separable these two types of
faulting are in time and space . Indeed, the
dislocational event, the listric faulting,
and the terminal basin-producing event
caused by high angle block faulting may
be three manifestations of the same
regional crustal-thinning tectonics
commonly thought to have existed in the
entire Basin and Range Province in
Miocene time .

However, the tectonic importance of a
few discrete thrust faults indicating
NE-SW compressive pulses in the Miocene
is not clear. These thrust faults are found
in the Rawhide-Buckskin Mountains
(Shackelford, 1976) and in the
Ray-Superior area (S. Keith, pers .
comm.).

Basin Fill
The sediments that filled the collapsed

basins created by the Basin and Range
disturbance is termed basin fill. Recent
studies (Peirce, 1976; Scarborough and
Peirce, 1978) suggest the presence in the
state of one or more drainage networks
which filled upland basins with
predominately clastic sediments, while
other lower elevation basins of the
respective networks produced gypsum
and finally sodium chloride salt pans,
following evaporation of mineral-laden
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waters . Examples of evaporite-rich basins
V are in the Picacho and Phoenix areas .

Basin fill thickness in some areas is in
excess of one mile . The Tucson Basin

' contains at least 7,000 feet of
fine-grained clastic basin fill at the site of
a 1973 Humble stratigraphic test hole .
Basin fill deposits, unlike older deposits,
are mostly undeformed, are graded to the
present-day trunk streams of their
respective valleys (Figure 5) and
invariably exhibit fine-grained,
predominately floodplain facies in a zone
parallel to the trunk stream, The Basin
and Range faults are usually found
parallel to the mountain fronts, but
displaced some distance away from them
out in the valleys . These buried bedrock
shoulders or pediments between the
faults and the mountain fronts attest to
the amount of mountain front retreat
since the beginning of Basin fill time due
to weathering and removal of detritus by
the trunk streams and their tributaries .

Pleistocene

valleys or unexhumed valley surfaces capped by mature, red, Pleistocene soils (Figure 6)
URANIUM IN BASIN AND RANGE COUNTRY

In the U.S., 97% of all uranium reserves (exploitable at current conditions) are in
sedimentary rocks, and 39% of all U .S. reserves are in sediments of Cenozoic age . Most of
the productive sediments are, however, sandstones of Mesozoic through Eocene age, as in
some of the New Mexico and Wyoming deposits .

Past production in Arizona has been almost exclusively limited to the Colorado
Plateau, with a total of 18,000,000 lbs . Of U308 shipped from mines located mostly in
Mesozoic sediments . The lack of past productivity in the Basin and Range country is
perhaps most related to the structural complexity of the region when compared to the
Colorado Plateau portion of the state . However, with the discovery of major reserves at
the Anderson Mine in western Yavapai county, much exploration interest has focused on
the Basin and Range.

Uranium associations in Cenozoic sediments of Arizona Basin and Range country have a
unique flavor and consist mainly of fine grained, lacustrine and paludal shales, mudstones,
cherty limestones and uncommon dolomite beds . There is also a recognized association of
uranium with varicolored silica replacement bodies which are at times structurally related .

The sediments of unit A (Figure 1) contain only occasional uranium occurrences which
have thus far not proven to be attractive for development, primarily because of the
scattered, low grade nature of the uraniferous materials and the fact that their state of
tectonic deformation precludes inexpensive mining operations . An example of this age
group is the homoclinal, eastward-dipping Mineta formation of the Rincon Mountains,
which contains in its basal arkosic conglomerate, uraniferous shale lenses cropping out
discontinously over a strike distance of several miles . Other prospects in the northern
Plomosa Mountains and north and east of Yuma present similar problems.

Basin fill deposits are capped in most Together, the sediments of units B and C (Figure 1) were deposited during the intensive
areas by a thin veneer of Pleistocene mid-Tertiary volcanic episode. A series of early-middle Miocene fine-grained sediments in
deposits . A regional stream downcutting a broad region of central and western Arizona deserve particular interest since they have
episode initiated late in Pleistocene time acted as geochemical concentrators of uranium . For example, at the Anderson mine of
has exhumed the valleys containing the western Yavapai county, (now approaching production status, and described by Peirce,
most active rivers of the region, but large 1977), uranium is associated with silicified black organic rich shales of early to middle
areas of the state contain still-aggrading Miocene age . This area of the Date Creek Basin now contains an estimated 30,000,000
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pounds of $50 U308 reserves and about
twice that amount of probable and
possible uranium resources . Many other
western Arizona uraniferous localities
which are in sediments now suspected of
being this age have had some exploratory
drilling. Examples include the Artillery
Peaks area 20 miles west of the Anderson
Mine and the Black Butte area of the
westernmost Vulture Mountains . It is
challenging to uncover new information
on the potential of this area since it
appears from facies relationships that the
position of any early-to-middle Miocene
depocenters has been obscured by
Miocene tectonism ; hence, the position of
the present valleys offers few clues
regarding exploration targets . Coarse
arkosic redbeds of Oligocene-Miocene age
in the region are not uraniferous except
where fault or hydrothermal control is
obvious .

Some areas of central and west-central
Arizona contain Miocene-aged mixed
volcanic flows, distal tuffs and fluvial
sediments (Figure 5) which are capped by
Hickey basalts, as seen along the
Phoenix-Flagstaff freeway around Black
Canyon City. In several areas there are
isolated outcrops of lacustrine or paludal
sediments, some of which bear a number
of dolomitic units which are variably
uraniferous. Similar lithologies and some
age dating control of these outcrops
suggest they may have once been a
continous depository for uraniferous
sediments. Thus the area assumes some
importance for further studies. Other
uranium occurrences around Horseshoe
Dam on the Verde River are in Miocene
water-laid tuffs and limestones but appear
to be structurally related. Uranium also
occurs in a Miocene and/or Pliocene
limestone section northeast of Lake
Pleasant along the Agua Fria River . Some
exploration has been carried out in
various mudstone and limestone facies of
basin fill. To date, searches of various
valleys in the state have resulted in the
location of low grade and subeconomic
disseminated mineralization .

Several possibilities exist for the source
of uranium now found in Cenozoic
sediments of the Arizona Basin and
Range country. A variety of alkali-rich
igneous rocks in the state display
anomalous uranium values or radio-
activity, including some Precambrian
granites, some Triassic-Jurassic igneous
rocks of southern Arizona, and some
high-potash Miocene ignimbrites of the
central and western part of the state .
Through weathering, each of these has
had ample opportunity to have
contributed uranium to one or more of
the described sedimentary deposits. Once
the uranium is leached from the source
material, it remains mobile in the aqueous
environment until fixed by geochemical
agents associated with the sediment .

The newly-discovered uranium reserves
in Miocene sediments at the Anderson
Mine have brought considerable attention
to the Basin and Range country as
significant source of this important
commodity . And certainly the search for
uranium has broadened our knowledge
and appreciation of the complex
Cenozoic geologic history of this region .
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HISTORY , GEOLOGY AND ORE DEPOSITS
B . J . DEVERE, JR .

ASARCO, Incorporated
Tucson , Arizona

INTRODUCTION
The Tombstone mining district, located in a small group of

hills 6 mi north of the San Pedro River and 65 mi southeast of
Tucson, Arizona, was one of the rich "bonanza" silver districts
of the late 1800's. Mining commenced in 1878, escalated
rapidly until 1882, and then slowly declined until the last
mine closed in the late 1930's . The total production from
1878-1957 amounted to approximately one million tons of
ore worth about $39,000,000 ; of that total value, half was
derived from the production during the seven-year period
1879-1886 (Wilson, 1962) .

The district has been described in the literature by Blake
(1882), Church (1903), Ransome (1920), Butler and others
(1938), Gilluly (1956) and Newell (1974) . Of these works,
that by Butler and others was the most extensive and detailed .
The accompanying geologic map and section (figs . 4, 5) are
from their publication and have been reproduced without
modification .

HISTORY
Ed Schieffelin discovered silver chlorides and lead carbon-

ates in a quartz vein in the southwestern part of what became
the Tombstone mining district in the late summer of 1877 . On
the third of September, 1877, he recorded his "Tumbstone
Mine" and "Graveyard" claims in Tucson, County of Pima,
Arizona Territory (Devere, 1960) . After recording his claims,
it took Schieffelin almost a year before he could raise suffi-
cient money and convince his brother AI, and Richard Gird, a
mining engineer, to join him in developing his discovery. The
vein proved to be small and poorly mineralized, so while the
disgruntled Al Schieffelin and Richard Gird attempted to
mine, the ever-optimistic Ed Schieffelin prospected further to
the north and east, and in two successive days, discovered the
large, rich lodes of the Lucky Cuss and Toughnut silver de-
posits (Butler and others, 1938) .

With the discovery of the Lucky Cuss and Toughnut lodes,
the Tombstone silver boom was born . In rapid succession, the
lodes of the Goodenough, Grand Central, Contention, Vizna,
Empire and Tranquility mines were discovered . A town,
named after Schieffelin's original claim, the Tombstone (fig .
1), was established and mills were built on the San Pedro River
at what became the towns of Charleston, Contention and Fair-
bank. The "Arizona Weekly Star" of November 2, 1879,
reported that Tombstones' petition for incorporation had been
granted by the Pima County Board of Supervisors . The town
boasted a population of 1000-1500, while Charleston, a mill
town on the San Pedro River claimed 600-800 inhabitants
(Devere, 1960) .

The silver-lead ores were high grade, near surface and easily
extractable. The only problem was the lack of local water for
milling; therefore mills were built along the San Pedro River
and ore was transported the 9 mi at a cost of $3 .50 per ton
(Blake, 1882) . That problem was solved in 1881 when water

was encountered at a depth of 520 ft in the Sulphuret mine .
With water, the future for mining seemed bright, but the water
that was thought to be the mines' savior, turned into their
executioner. In 1886, the pumps at the Grand Central mine
burned, leaving only the Contention mine pumps to handle the
water. Those pumps were inadequate, forcing the suspension
of all mining below the water table . From 1886-1901, mining
was at a low ebb, being carried on largely by lessees .

In 1901, the Grand Central Company, the Tombstone Mill
and Mining Company and the Contention Company were
joined to form the Tombstone Consolidated Mines Company .
With the joining of the three companies, the majority of the
larger mines in the district were consolidated and the decision
was made to once again pump the water and develop the
deeper ores . The company sunk the four compartment Boom
shaft, constructed a new 125 ton per day cyanide mill and
reconditioned the old levels in the Grand Central, Contention,
Empire, Lucky Cuss, Silver Thread, Toughnut and West Side
mines. By 1906, the Boom shaft had reached the 1000-ft level
and water was being pumped at the rate of 3000 gpm (fig . 2) .

The deeper ores were only partially oxidized, so in the same
year the cyanide mill was converted and expanded . Using
stamps, slime cones, Wilfley tables and cyanide tanks, the mill
operated at a capacity of 225 tons per day (Butler and others,
1938). Independent mines reopened and mining at Tombstone
regained some of its old vigor. Silver was selling for 67 cents
per ounce, lead at 5 .6 cents per pound and gold at the fixed
price of $20.67 per ounce .

In June 1909 water again dealt Tombstone mining a serious
blow. Due to defective fuel for the boilers, the steam pumps
on the 1000-ft level (fig. 3) of the Boom shaft seized and
stopped. Eight large steam sinking-pumps were installed, but
they were incapable of handling the water and it rose to the
900-ft level . As the water rose the overtaxed boilers ruptured

Figure 1. Grand Central mine surface plant in 7884, with the
town of Tombstone in the background (Macia-Devere collec-
tion).
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almost simultaneously, stopping all pumping. In 1910, a 4,000
cubic-foot compressor was installed and the sinking pumps
were run by air. With the air pumps and the installation of new
boilers, the submerged pumps were finally recovered and
development on the 1,000-ft level was resumed by the end of
the year (Butler and others, 1938) .

The cost of defeating the water, pumping 3,500 gpm, the
decreasing silver price and the lack of sufficiently large, high-
grade orebodies at depth, finally took their toll . On January
11, 1911, pumping stopped and the pumps on the 600, 700,
800 and 1,000-ft levels of the Boom shaft were allowed to
flood (Butler and others, 1938) . With the flooding of the
lower levels, mining by the Tombstone Consolidated Mines
Company ceased, though lessees continued to work the dumps
and search for ore above the water table .

In 1914, Phelps Dodge Corporation, one of the principal
creditors of Tombstone Consolidated Mines Company,
acquired all the company's holdings and started mining under
the name of Bunker Hill Mines Company. That company made
no attempt to recover the lost pumps or reopen the lower
workings. Rather, they concentrated on mining the shallower,
lower grade manganese-silver ores in the southern and western
part of the district . They mined until 1918, when they turned
their operations over to lessees .

In 1933, the properties of Bunker Hill Mines Company were
taken over by the Tombstone Development Company, which
attempted to operate the mines via lessees ; their operations
continued sporadically into the late 1930's.

The Tombstone Extension, a lead-carbonate vein mine
located in the eastern part of the district, opened in 1930 .
During 1932-33, the mine was the largest lead producer in
Arizona (Asarco files). That mine was turned over to lessees in
the mid-1930's and closed in the late 1930's .

Since the Second World War, the Anaconda Company and
Newmont Mining Corporation have both examined the district
in some detail; however, neither company was successful in
discovering sufficient ore to justify reopening the mines .

Two mining operations are being conducted in the district
at present. The Escapule Brothers, Charles and Louis, are
leaching the dumps from the State of Maine mine and plan to
commence mining and leaching of low-grade underground ores
in the near future. The other operation is that of Sierra Min-
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erals, which has during the last few years, been reworking the
old mine dumps and recovering silver and gold via a cyanide
leach process. The large dump east of Tombstone is the site of
their current operation .

REGIONAL GEOLOGIC SETTING
The Tombstone mining district lies along the axis and just

truest of the deepest part of the Sonoran geosyncline . It also
lies within a belt of north-northwest trending mountain ranges
that are separated by broad alluvial-filled valleys and extend
from the Colorado Plateau in central Arizona, to Sonora, Mex-
ico. The region is underlain by a relatively thick blanket of
Paleozoic and Mesozoic sediments .

GEOLOGY
Rocks of the Tombstone mining district consist of schist,

granite, limestone, dolomite, shale, sandstone and conglomer-
ate of Precambrian through Mesozoic age, and younger grano-
diorite, tuff, rhyolite sills, plugs and dikes, andesite dikes,
valley fill and a basalt plug .

Precambrian rocks, Pinal Schist and granite, are exposed in a
north-south elongate window in younger sediments and vol-
canic rocks in the south-central part of the district (fig . 4) .

Overlying Precambrian rocks are 440 ft of Cambrian Bolsa
Quartzite (Ransome, 1916) and 844 ft of Cambrian Abrigo
Limestone (Gilluly, 1956) . Devonian Martin Limestone, 230 ft
of alternating limestone and shale, unconformably overlies the
Abrigo Limestone (Gilluly, 1956) . The Mississippian is repre-
sented by 786 ft of Escabrosa Limestone and dolomite
(Gilluly, 1956) .

The Pennsylvanian-Permian Naco Group, first described by
Ransome during his early work in the Bisbee district, 20 rni to
the southeast (Ransome, 1904), is well exposed in the Tomb-
stone Hills. Due to the excellent exposures, Gilluly and his
co-workers (GGilluly, 1956) were able to subdivide the Nato
into 999 ft of Horquilla Limestone, 584 ft of limestone, sand-
stone and shale in the Earp Formation, 633 ft of Colina Lime-
stone and 783 ft of limestone and dolomite in the Epitaph
Dolomite .

Unconformably above the Naco Group is the Cretaceous
Bisbee Formation (Gilluly, 1956) . The Bisbee Formation at
Tombstone is not to be confused with the Bisbee Group

Figure 3. Steam pumps on the 1,000-ft level of the Boom
shaft near Tombstone about 1906 (Il'1acia-Devere collection) .

Figure 2. Surface boilers for the steam pumps in the Boom
shaft near Tombstone about 1904 (illlacia-Devere collection) .
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Figure 4. Geologic map of Tombstone district, Arizona (from Butler and others, 7938) .
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(Ransome, 1904 ) in the Mule Mountains to the southeast, as
the Glance Conglomerate , Morita Formation , Mural Limestone
and Cintura Formation do not occur, but their stratigraphic
equivalents may be present . It has been suggested that Cre-
taceous beds at Tombstone are all younger than the Mural
Limestone and "possibly even post-Cintura Formation"
(Stoyanow, 1949, p. 30 ). However , Reeside has noted that
"although the fossils of the Blue limestone ( in the Bisbee For-
mation ) at Tombstone are not precisely identifiable, they
resemble those of the Mural closely" (Gilluly, 1956, p. 77) .
While there is little doubt of the Cretaceous age of the Bisbee
Formation at Tombstone, direct correlation of stratigraphic
units of the Bisbee Group , as they occur in their type locality,
cannot be made. The formation exposed at Tombstone is a
much faulted and metamorphosed sequence of sandstone,
shale and limestone that is 3,079 ft thick (Gilluly , 1956). Of
considerable importance as far as mineral deposition is con-
cerned is the lower 128 ft of the formation , which consists of
the "Novaculite " unit which contains 60 ft of basal shale and
limey sandstone with localized limestone conglomerate, the
"Blue limestone " which is 34 ft thick, 24 ft of shale and a
10-ft thick bed of limestone ( Gilluly, 1956) .

Late Cretaceous igneous rocks, the Schieffelin Granodiorite
and the Uncle Sam quartz latite tuffs (Butler and others,
1938), are exposed in the western and southern part of the
district, and dikes of granodiorite are found throughout its
central part . The granodiorite is a holocrystalline rock with a
hypidiomorphic granular texture . It is light gray to grayish-
pink and medium -grained, consisting of 35-4-0% plagioclase,
15-20% orthoclase , 5-10% quartz , 5-10% green hornblende,
3-5% biotite and 1-5% augite with minor amounts of clino-
zoisite, zircon , magnetite, sphene and apatite (Newell, 1974) .

Newell (1974 ) describes the Uncle Sam quartz latite tuff as
a hypocrystalline rock that is slightly welded and contains
ash-phenoclasts that are embayed and set in a devitrified
matrix. The light yellowish -brown to gray-brown lithic tuff,
with moderately well-defined flow structures , contains 40-50%
plagioclase, 20-25% quartz , 15-20% orthoclase , and 1-5% bio-
tite with traces of magnetite and apatite .

The tuffs have been dated at 71 .9=2.4 m .y . (N ewe] l , 1'974),
whereas the granodiorite is 72 m .y . old (Creasey and Kistler,
1962). The close relationship of the two rock types, both
spatially and temporally , and the tendency for the tuff to be
less mafic and more siliceous than the granodiorite , suggest
that they are differentiates from the same magma.

The granodiorite and tuffs are cut by dikes of hornblende
andesite that are bluish gray to light olive-gray in color . They
consist of medium to coarse-grained hornblende phenocrysts
and fine-grained plagioclase in a microcrystalline groundmass
(Newell, 1974) .

Rhyolite porphyry, dated at 63 m .y. (Creasey and Kistler,
1952) occurs as sills, plugs and dikes south and east of the
main part of the district . The rock is pinkish gray and made up
of medium- to fine-grained phenocrysts in devitrified ground-
mass. The texture is hypocrystalline, being typically porphy-
ritic aphanitic .

To the north and east of the district , the pediment of the
Tombstone Hills is covered by Gila Conglomerate . The rock
unit, which is probably a fanglomerate , is several hundreds of
feet thick , contains boulders up to 3 ft in diameter, as well as
cobbles and pebbles, all of which are set in a fine sand matrix .
The unit is generally poorly sorted, becoming finer grained and
vaguely bedded in its upper part.
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The youngest rock in the area is a basalt plug which intrudes
the Gila Conglomerate on the east side of Walnut Gulch, north
of the central part of the district. The elliptically shaped plug
is dark gray to greenish black in color, being made up of fine-
grained olivine, diopside and enstatite that occur in the inter-
stices between felted plagioclase laths (Newell, 1974) .

STRUCTURE
The Tombstone mining district is structurally complex .

Several periods of faulting, with movement along the same
structure, sometimes in different directions, has complicated
the unravelling of the tectonic history .

Two structural features predominate : the Ajax Hill horst
and the Tombstone basin (Butler and others, 1938) . The Ajax
Hill horse, located mostly south and east of Figure 4, is a 6
mil area that is bounded on the west by the north-south
trending Ajax Hill fault, on the north by the east-west trending
Prompter reverse fault, and on the south by the northeast-
southwest trending Florquilla Peak fault (Giliuly, 1956) . To
the east, the boundary is concealed by alluvium . Displacement
along the boundary faults has been significant ; the Ajax Hill
fault has brought rocks of the Bisbee Formation, on the west,
into contact with Bolsa Quartzite, on the east ; the Prompter
fault separates the northern Naco Group limestones from
southern Pinal Schist ; while the Horquilla Peak fault has
brought upper Naco Group limestones on the south to rest
against the Abrigo Limestone on the north .

North of the Ajax Hill horst is the Tombstone basin, which
is shown by the large area of Cretaceous sediments on Figure
4. The basin is a broad synclinal warp, the axis of which trends
east-west and plunges gently to the east . The syncline is com-
plicated by a series of smaller west-northwest trending, anti-
clinal and synclinal folds that were called "rolls" by the early
miners. To the west the broad syncline and its associated
tighter folds abut and are truncated by the Schieffelin Grano-
diorite which is clearly younger than the folding .

Prior to the intrusion of the Schieffelin Granodiorite the
Tombstone basin was subject to east-west and north-south
faulting. Following the intrusion of the granodiorite, dikes of
similar composition were emplaced along many of the pre-
existing faults. The basin was then faulted along north-north-
east trends, and there was renewed movement along the east-
west and north-south faults which brought about the develop-
ment of a series of northeast tension fractures . Thereafter, the
faults and the tension fractures were mineralized, with the
tension fractures becoming the northeast fissure veins . Follow-
ing mineralization, the basin was again disrupted by faulting
along west-northwest and north-northwest trends . Movement
along the newly created and pre-existing faults tilted the basin
to the north and northeast .

METAMORPHISM
The intrusion of the Schieffelin Granodiorite and its accom-

panying dikes metamorphosed the rocks in the Tombstone
mining district prior to mineralization . Shale and sandstone of
the Bisbee Formation were converted to hornfels and quartzite
which fractured well and helped develop the Long continuous
tension fractures during the many periods of faulting . Lime-
stone of the Bisbee Formation and upper Naco Group were
recrystallized, while the "Novaculite," the basal member of
the Bisbee Formation, altered to a jasperoid .
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ORE DEPOSITION
The hornfelsic shales played a dual role : they fractured well,

thus providing excellent, confined channel ways for ascending
mineralizing solutions ; and, because they were unshattered and
competent except in the immediate vicinity of the fissure
veins, they formed impermeable caps under which the solu-
tions could spread and replace favorable limestone horizons .
Since the Bisbee Formation is mostly shale and sandstone that
altered to hornfels and quartzite, much of the ore was con-
fined to fissure veins and faults . However, the largest orebodies
occurred as limestone replacement deposits. Favorable hori-
zons for replacement deposits were the "10-foot limestone,"
the "Blue limestone" and the "Novaculite," of the lower Bis-
bee Formation and the uppermost beds of the Naco Group .

The most favorable loci for ore deposition were where a
northeast fissure vein, dike or premineral fault cut a favorable
horizon that had been folded by one of the west-northwest-
trending anticlinal flexures. In most cases, the "10-foot" and
"Blue" limestones were more tightly folded and fractured than
were the underlying Naco limestones . These features, together
with the fact that the "10-foot" and "Blue" limestones were
capped and bottomed by impermeable hornfelsic shales, made
them the most receptive hosts in the district . Fracturing and
permeability are the greatest where the bends are the sharpest .
The folds are not symmetrical, and the sharpest bends may or
may not be at the crest of a fold . In some folds, slip along beds
produced permeable zones on the limb of the fold, and
mineralization often extended for some distance down a limb .

The Silver Thread fold has a flat crest that bends sharply
into a nearly vertical northeast limb. The bend has intensely
fractured the "Novaculite," and it is continuously mineralized
for 600 ft between a dike and a northeast fissure vein . The
"Blue limestone" on the same roll was replaced by sulfides for
400 to 500 ft from the dike (Butler and others, 1938) . The
"Blue limestone," where it is cut by a large fissure vein along
the Sulphuret fold, produced an orebody that was stoped for
300 ft ; the stope varies in width from 25 to 100 ft and from 3
to 8 ft in height . The ore averaged $70 per ton when it was
mined in 1904-05 (Butler and others, 1938) . Figure 5, taken
along the West Side fissure between the Boss and Sulphuret
dikes is a good example of the complexity of folding and
localization of replacement ores within the district .

Several ore shoots occur in the fisure veins . The Skip-Shaft
fissure was mineralized for about 900 ft along strike and for
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more than 600 ft below the surface . Stratigraphically, the
fissure made ore from the Naco Group to about 400 ft above
the "Blue limestone" in the Bisbee Formation . The fissure was
most productive along its intersection with the "Blue lime-
stone," where the limestone was replaced for some distance
away from the fissure . Maps of the old workings indicate the
fissure was stoped over a width of several feet regardless of the
rock type . The Arizona Queen fissure on the surface is a shear
zone 4 to 5 ft wide . Like the Skip-Shaft fissure, the Arizona
Queen has been most productive where it crossed the "Blue
limestone ." However, in the altered shales the fissure was well
mineralized over a width of 10 to 12 ft, reaching a maximum
width of 20 ft (Butler and others, 1938) .

In addition to the replacement and fissure vein deposits,
several orebodies were formed within the larger faults . These
deposits generally occurred at the intersections of faults and
fissure veins, particularly where a fissure vein hooked into and
paralleled the fault for some distance before continuing in a
northeasterly direction . Orebodies so formed were usually
irregular, erratic and pipelike in shape . The Prompter fault
contained irregular pipelike and tabular orebodies from the
surface to the water level, where mining stopped. In one stope
on the third level of the Prompter mine, approximately 180 ft
below the surface, the entire fault zone, a width of 30 ft, was
ore (Buchard, 1884) .

The bulk of the Tombstone ores have been silver chlorides
and lead, zinc and copper carbonates, with the majority occur-
ring above the water table that stands at 4,120 ft above sea
level, 450 to 600 ft below the surface . At some time in the
past, the water table must have been lower, as oxidized ores
have been mined from below the water table in the Grand
Central, Lucky Cuss, Bunker Hill and Emerald mines .

There appear to have been at least two phases of mineraliza-
tion : an earlier iron, lead, zinc, copper sulfide phase that was
rich in silver and contained significant gold and a later man-
ganese-silver phase. The ore related to the sulfide phase of
mineralization contains little manganese and occurred as
masses of pyrite, galena, tetrahedrite and sphalerite with minor
amounts of chalcopyrite . The galena is later than the other
sulfides as it replaces them, but it does not appear to be asso-
ciated with the later manganese-silver mineralization . Galena
and tetrahedrite are both argentiferous as is some of the
pyrite . A sample of massive pyrite from the Sulphuret mine
assayed 4.18 ounces per ton silver (Butler and others, 1938) .
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Figure 5. Cross-section along West Side fissure, looking northwest (from Butler and others, 1938) .
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The sulfide ore oxidized to limonite and cerussite that con-
tained considerable bromyrite and cerargyrite with minor
amounts of smithsonite, malachite, native gold and silver . In a
few phases, chalcocite and argentite were found with the
oxides.

The later manganese-silver ores occur mostly in the southern
and western parts of the district principally in orebodies asso-
ciated with the Prompter and Lucky Cuss faults . Most of the
manganese occurs as psilomelane; however, a mass of ala-
bandite was mined from the 350-ft level of the Lucky Cuss
mine. The alabandite occurred in a replacement deposit in
crystalline Naco limestone adjacent to the Lucky Cuss fault
and was surrounded by pyrite, galena and sphalerite, which it
in part replaced (Butler and others, 1938) . The manganese ore
generally contained less silver and lead and more copper than
the oxidized sulfide ores, with the silver content usually being
less than 20 ounces per ton . Typical manganese ore from the
Dry Hill mine assayed 17 ounces per ton silver, 0 .04 ounces
per ton gold and 0 .17% copper (Butler and others, 1938) .
However, some of the manganese ores from the Prompter mine
averaged 35 ounces per ton silver from production in 1883
(Buchard, 1884). Ransome (1920) concluded that there was
little doubt that the manganese-silver deposits occurred, at
least in part, due to the reaction between the carbonate host
rocks and the oxidizing sulfide deposits. However, the much
lower silver and lead, and the higher copper content of the
manganese-rich ores compared to the low-manganese sulfide
ores suggests a separate, distinct phase of mineralization .

Silver was the most economically important meta[ pro-
duced, but gold and lead were also significant . The silver to
gold ratio for ores produced was 6 :1 in dollar value . The dis-
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trict has produced 45,000,000 pounds of lead (Keith, 1973, p .
13), an average of approximately 45 pounds of lead per ton of
ore mined .
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CLOUDBURST FORMATION
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S . C . Creasey and others who have worked out the geology
of the San Manuel area place the Cloudburst formation in the
Laramide, yet state that it is post-mineral with respect to
the San Manuel porphyry copper orebody . Creasey (USGS Bull .
1218, p . 55) states : "Fragments of the porphyry are common
in the fanglomerates of the Cloudburst Formation, and fragments
of altered porphyry derieved from the San Manuel ore deposit
occur in the Cloudburst Formation southeast of the deposit
in the area bounded by the San Manuel and Mammoth faults ."

This post-mineral sequence of andesitic clastic and
volcanic materials is an enigma in southern Arizona where
the Laramide Silver Bell type of andesitic flows and clastics
pre-date the emplacement of most of the porphyry copper
orebodies . On August 10, Jim Briscoe and I spent the day in
the San Manuel area investigating the character of the
Cloudburst formation .

In the wash just south of Mammoth Wash (see ATTACHMENT A),
Creasey shows a long dike-like sliver of granodiorite porphyry--
probably genetically associated with the San Manuel mineralization--
faulted into Cloudburst fanglomerate and volcanics . At the
point noted on ATTACHMENT A, we found a clearly exposed
intrusive contact between fanglomerate and granodiorite porphyry .
The fault shown by Creasey does not exist at this point, and it
seems clear that the "faulted sliver" is, in fact, a dike
intruding the Cloudburst . The fanglomerate is moderately
altered in contact with the relatively fresh granodiorite and
contains iron-stained shears parallel the intrusive contact .
Further reconnaissance in the locality showed that several
granodiorite dikes intrude the Cloudburst here, and locally
the Cloudburst materials are altered in contact with these
dikes . No mineralized fragments of porphyry or Oracle granite
were seen outside the alteration in the Cloudburst immediately
adjacent the dikes .

Excellent exposures of the Cloudburst are found in Tucson
and Cloudburst washes north of the St . Anthony mine . Here,
well-indurated and pervasively epidotized clastics and flows
appear to have undergone the aerial metamorphism which surrounds
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major porphyry copper deposits in the Southwestern United
States . Feldspars are altered and ferromagnesian minerals
chloritized . The propylitic alteration (epidote, oc-
casional disseminated grains of pyrite) clearly pre-dates
the mid-Tertiary dikes and veins that cut through the area .
Briscoe is strongly of the opinion that the Cloudburst
here is very similar to premineral andesitic sequences in
the Picacho Peak and Owl Head Buttes areas . Likewise, I
feel that this Cloudburst sequence closely resembles the
Picacho Peak succession, and is similar to certain
portions of the Claflin Ranch-Silver Bell andesite breccia
interval as seen in the Silver Bell Mountains . Certain
portions of the Cloudburst in its name-sake wash are also
very reminiscent of parts of the Fresnal conglomerate as
seen above tie Jupiter mine in the Baboquivari Mountains .

A final stop was made in Section 4, of T9S, R16E
over Quintana's Kalamazoo deposit to check an indicated
granodiorite porphyry-Cloudburst fanglomerate contact .
Contact relationships were not clear here, but the
fanglomerate appears to be considerably younger than that
seen north of the St . Anthony mine. The matrix is punky
and the fanglomerate overall is crumbly . No epidote or
other sign of hydrothermal alteration is present . Possible
granodiorite porphyry fragments were found midst the
vastly predominant Oracle granite detritus .

€ We suggest that the well-indurated Cloudburst seen
north and southeast of the San Manuel mine is, at least in
part, pre-mineral . We also suggest that the fanglomerate
in the Kalamazoo area is of much later origin---possibly
Pantano-Minetta equivalent . A long traverse up Cloudburst
Wash to the western edge of the area mapped by Creasey
would probably turn up evidence one way or the other .

In discussing this situation with John Kinnison, I
found that John has previously stated his dissent of the
inclusion of the Kalamazoo area fanglomerate within the
Cloudburst . Kinnison (memo to J . H . Courtright, May 19,
1966) refers to this fanglomerate as possible lower Gila .
Indeed, even Creasey and Leo Heindl (USGS Bull . 1141-E)
cannot agree on a triangle of outcrop just east of Red
Hill---the former calling it Gila and the latter it
Cloudburst!

ga" N - LjxfF;;~
BARRY N . WATSON
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DIAGNOSTIC CHARACTERISTICS OF THE PALEOZOIC
FORMATIONS OF SOUTHEASTERN ARIZONA

By

Donald L. Bryant
Department of Geology, University of Arizona

INTRODUCTION

In southeastern Arizona a major portion of the
Paleozoic sequence is dominantly limestone. The lime-
stones composing the middle and upper part of this
sequence are mostly various shades of gray, and in
many localities are so similar that it is sometimes dif-
ficult, without detailed examination, to differentiate
them . The purpose of this paper is to outline those
distinguishing lithologic and faunal aspects of the
Paleozoic formations that will permit their identifica-
tion in the field, particularly in isolated outcrops . For
each of the formations, readily accessible localities of
outcrop and selected references are listed . One general
and indispensable paper which includes names and
thicknesses of formations, very brief descriptions of
some, and an extensive bibliography is "A resumd of
the geology of Arizona," by E . D . Wilson .

West of Sulphur Spring Valley (Fig. 1) the various
formations are relatively uniform in thickness and
lithology . East of Sulphur Spring Valley, however,
many of the formations change markedly, and numer-
ous formations or notable facies changes appear that
are distinct from those to the west . For simplicity,
therefore, the areas to the west of Sulphur Spring
Valley are designated the western area ; the areas to
the east are designated the eastern area in which are
the Dos Cabezas, Chiricahua, Pedregosa, Peloncillo,
Swisshelm and southwestern Guadalupe Mountains,
and the Clifton-Morenci district .

CAMBRIAN SYSTEM

Bolsa Quartzite

The basal formation of the Paleozoic sequence is
the Bolsa Quartzite of presumed Middle and, in the
eastern area, Late Cambrian Age from which Sabins
(1957a, p . 471) reported trilobites and brachiopods
from the Chiricahua and Dos Cabezas Mountains of
southeastern Arizona . North of the Gila River lingulid
brachiopods of Middle Cambrian Age have been col-
lected from what was previously described as Troy

Quartzite (Stoyanow, 1936, p . 475), but is now con-
sidered Bolsa. The Troy-Bolsa problem is discussed in
detail by Krieger (1961), Shride (1961), and Krierer,
(this guidebook). In the Clifton-Morenci district the
Coronado Quartzite of Lindgren (1905, p . 59) is wit [,-
out doubt equivalent to the Bolsa Quartzite and is so
designated today .

The Bolsa is typically brown to reddish brown but
in many localities parts of the formation are nearly
white. The formation is generally a resistant quartzite,
mostly evenly bedded but locally notably cross-
bedded. The thickness ranges from about 400 to 700
feet (130-300 m). In the lower part it is more feld-
spathic and coarser grained than in the more quartzitic,
finer grained upper part. Conglomerate beds are abun-
dant, more so in the lower part, and in some localities
there are cobbles up to several inches in diameter .

The Bolsa tends to form cliffs or steep rubbly slopes
which are covered in many places with Agave schottii,
the "shin-stabber" . This little agave is widespread but
prefers siliceous rocks where it thrives particularly well .

References-Cooper & Silver, 1964 ; Creasey, 1967a
& 1967b ; Epis & Gilbert, 1957 ; Gilluly, 1956 ; llayes
& Landis, 1965 ; Krieger, 196I ;McClymonds, 1959a
& 1959b ; Sabins, 1957a; Stoyanow, 1936 .

Accessible localities-Readily accessible localities in
southeastern Arizona in which the Bolsa can be exam-
ined are the following :

Twin Buttes area, Mineral Hill just north of the
entrance to the Banner Mining Company office
on Twin Buttes Road (Fig. 2) . (SE'/a SW'/a sec. 35,
T. 16 S., R . 12 E ., Twin Buttes 15 'quadrangle) .
Colossal Cave area, at the entrance to the Posta
Quemada (or Day) ranch, just north of where the
road from Vail to Colossal Cave swings north at
the southeast end of Pistol (or Beacon) Hill (Fig .
3). (NE'/4 SE'/4 sec. 7, T. 16 S ., R . 17 E., Rincon
Valley 15 'quadrangle) .
Mule Mountains, on US 80 about I mile north of
junction with State 90, east of the highway and
across the wash (Fig . 4). (SE% SW'/ sec . 16, T .
22 S., R. 23 E., Tombstone 15' quadrangle) .
Ilelvetia, western slopes of hills north of the old
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ghost town . (C S' sec . 15, T. 18 S., R. 15 E .,
Sahuarita 15 'quadrangle) .
Courtland, on the road to Pearce just north of
Courtland on both sides of the road . (So. cen .
SWI/a sec. 16, T. 19 S., R . 25 E., Pearce 15'
quadrangle) .
Dragoon Mountains, low hills east of the mouth
of Stronghold Canyon (Fig . 6) . (NEl/a sec . 24, T .
17 S., R. 23 E., Pearce 15 'quadrangle) .
Sulphur Spring Valley, about a mile on the dirt
road off of the Rucker Canyon Road about 4
miles east of the turnoff from US 666 . (SWl/4
sec. 6, T. 19 S., R . 27 E., Squaretop Hills 15'
quadrangle) .
Dos Cabezas Mountains, Bolsa extends all along
the southwest side of State 186 from about 2
miles west and 2 miles east of the town of Dos
Cabezas, and crosses the outcrop about 4 miles
southeast of town. (Fig. 12) .
Chiricahua Mountains, north end of Blue Moun-
tain about 10 miles north of Portal on the road
to San Simon, about 1/2 mile west of road (Fig . 5) .
(C WI/2 sec . 20, T. 26 S., *R . 31 E ., Vanar 15'
quadrangle) .

Abrigo Formation

The Abrieo Formation includes several units that
were proposed as formations by Stoyanow (1936,
p. 466) which are now considered as members or facies
of the Abrigo . These are the Pima Sandstone, Cochise
Formation, Copper Queen Limestone, Rincon Lime-
stone, Southern Belle Quartzite, and Peppersauce Can-
yon Sandstone .

The Abrigo is of Middle and Late Cambrian Age,
lying conformably on the Bolsa . Lithologically the
Abrigo contains a heterogeneous assemblage of lime-
stone, dolomite, sandstone, siltstone, and shale, typ-
ically thin to medium bedded . Colors are bluish,
greenish or yellowish gray, commonly weathering
rather dark. Numerous fossils, especially trilobites
and brachiopods, have been collected from the various
units of the Abrigo, but in most localities fossils are
rather scarce . Where completely developed, the Abrigo
ranges from about 600 to 800 feet (200-270 m) thick .

The most prominent features of the Abrigo that
permit its ready identification are the alternation of
relatively thin beds of clastic and carbonate rocks in
which the bedding is wavy or gnarly, and intraforma-
tional flat-pebble or edgewise conglomerates, common
throughout the formation . The alternation of less
resistant clastic rocks and more resistant carbonate
rocks commonly results in a ribbed weathered surface,
quite distinct from that yielded by any other forma-
tion in the Paleozoic sequence . The Abrigo is a rel-
atively non-resistant formation, and with the overlying

Martin Formation, forms topographic lows or saddles
between the resistant Bolsa and Escabrosa .

References-Cooper & Silver, 1964 ; Creasey, 1967a
& 1967b ; Epis & Gilbert, 1957 ; Gilluly, 1956 ; Hayes
& Landis, 1965 ; Krieger, 1961 ; McClymonds, 1959a
& 1959b ; Stoyanow, 1936 .

Accessible localities :
Colossal Cave area, in the flats a few hundred
yards north of the Bolsa outcrops (Fig . 3) .
Twin Buttes area, east of the Bolsa in the low
saddle between the hills (Fig . 2) .
Dragoon Mountains, at the entrance to Strong-
hold Canyon, overlying the Bolsa to the northeast
(Fig. 6). (NW'/a NW%~ sec . 19, T. 17 S., R . 24 E .,
Pearce 15 'quadrangle) .
Mule Mountains, along the east side of US 80 for
about a mile north of the junction with State 90
(Fig . 4) .
Bisbee area, in Black Gap just south of Warren on
the road to Bisbee Junction (Fig. 7). (NWl/a
sec. 26, T . 23 S., R. 24 E., Bisbee 15 'quadrangle) .
Santa Catalina Mountains, Peppersauce Wash, a
few hundred yards up the wash to the west from
the Mt . Lemmon Road (Fig . 9). (NW'/a NWl/a sec .
28 (unsurv), T. 10 S., R . 16 E ., Mammoth 15'
quadrangle .)

CAMBRIAN-ORDOVICIAN SYSTEMS
(EASTERN AREA)

Ordovician fossils were recognized many years ago
in the Clifton-Morenci district in the "Longfellow
limestones" of Lindgren (1905, p. 62 ; Stoyanow,
1936, p. 484) . Much of the Longfellow resembles the
Abrigo in color, bedding and composition .

In the western foothills of the Dos Cabezas Moun-
tains west of the village of Dos Cabezas there is a long
ridge of lower and middle Paleozoic rocks . At this
locality the lowest formation of the Paleozoic sequence
is the Bolsa Quartzite and overlying the Bolsa are
about 350 feet (110 m) of limestone, dolomite, and
siltstone. Darton (1925, p. 296) wrote, "The lime-
stone beds under the Martin had all the characteristics
of the Abrigo beds at Bisbee, but Ordovician fossils
were found in the upper beds . Most of the limestone
of the formation has slabby bedding, weathers to a
light blue gray color and has brown reticulating stems
of a supposed seaweed on many of the bedding planes .
In these peculiarities it resembles the El Paso lime-
stone of southwestern New Mexico, as well as the
Abrigo, Longfellow and Muav limestones."

In the Chiricahua Mountains the formation between
the Bolsa Quartzite and the overlying Devonian beds
was assigned to the El Paso Limestone by Sabins
(1957a, p. 472). He stated (p . 475), "The El Paso and
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the Abrigo formations are lithologically similar and
occupy identical stratigraphic intervals and are prob-
ably laterally continuous . The Abrigo is older than
the El Paso . . .the name El Paso is here extended into
Arizona for the rocks of the same age and lithofacies,
in preference to using Abrigo limestone which is the
same lithofacies, but is older ." At Blue Mountain the
El Paso is about 450 feet (150 m) and near Portal
about 715 feet (235 m) thick .

In the Swisshelm and Pedregosa Mountains a some-
what different sequence of rocks occurs between the
Bolsa and the overlying Devonian beds. Epis and
Gilbert (1957, p. 2233) described a measured section
in the northern Swisshelm Mountains and above the
Bolsa assigned 390 feet (130 m) of dominantly thin
bedded gray limestone and 195 feet (65 m) of dolo-
mitic sandstone and sandy dolomite to the Abrigo and
460 feet (150 m) of dolomite below and limestone
above to the El Paso Limestone .

Accessible localities :
Chiricaliua Mountains, Blue Mountain, in the
saddle south of the Bolsa Hill (Fig . 5) .
Dos Cabezas Mountains, south of State 186, just
west of Dos Cabezas, above the Bolsa to the west
(Fig. 12). (SE'/4 SEl/, sec . 31, T. 14 S., R. 27 E .,
Dos Cabezas 1 S 'quadrangle) .

DEVONIAN SYSTEM

General

The Devonian rocks of southeastern Arizona are
among the most varied lithologically of any in the
Paleozoic sequence . In the western area the Devonian
rocks are assigned to the Martin Formation (Martin
limestone of Ransome, 1904, p. 22). In the eastern
area the Devonian rocks are assigned to several forma-
tions, discussed below .

Wright (1964, p . 12) discussed briefly the areal
distribution and nomenclature of the Devonian of
southeastern Arizona. His stratigraphic cross sections
(Wright, 1964, Figs . 19 and 20) show clearly the lith-
ologic content and diversity, and regional variation of
these Devonian rocks .

Martin Formation

The Martin Formation is essentially of Late Devon-
ian Age and overlies the Abrigo disconformably. In
most places this contact is apparently conformable
but the time represented by the hiatus extends at least
from mid-Ordovician to mid-Devonian .

The Martin is typically about 300 to 450 feet (100-
150 m) thick. In areas of low or gentle dip where the
lower part of the Paleozoic sequence is reasonably

35

complete the Martin tends to form ledgy slopes below
the cliff-forming Escabrosa Limestone .

Much of the Martin is gray limestone, but dolomites
and dolomitic limestones are more prevalent in it than
in the Abrigo below or the Escabrosa above . Toward
the north it becomes more sandy and dolomitic. One
of the features that distinguishes the Martin is the
weathering color of many of the beds, a distinctive
yellowish brown tint that once seen and recognized is
a diagnostic characteristic .

The Martin is not generally very fossiliferous but
usually a few fossils may be found in it. The brachio-
pod Atrypa is one genus commonly seen . Small
branching corals, Coenites (or Cladopora) are not un-
common in some areas . More rarely the compact
colonial corals Pachyphyllum and Ilexagonaria are
found .

References-Cooper & Silver, 1964 ; Creasey, 1967a
& 1967b ; Gilluly, 1956 ; Hayes & Landis, 1965 ;
McClymonds, 1959a & 1959b ; Stoyanow, 1936 ;
Wright, 1964 .

Accessible localities :
Tivin Buttes area, Mineral Hill, east of the saddle
above the Abrigo (Fig . 2) .
Dragoon Mountains, entrance to Stronghold Can-
yon, above the Abrigo to the northeast (Fig . 6) .
(SW'/a sec. 18, T. 17 S ., R. 24 E., Pearce 15'
quadrangle) .
Mule Mountains, west of US 80, below the
Escabrosa in the ridges north of State 90 (Fig . 4) .
Bisbee area, above the Abrigo in Black Gap
(Fig . 7) .
Santa Catalina Mountains, Peppersauce_ Wash,
north of the wash where Mt . Lemmon Road
crosses it (Fig . 9). (NW'/., sec. 28 (unsurv), T. 10
S., R. 16 E., Mammoth 1 S 'quadrangle) .
Dos Cabezas Mountains, south of State 186, just
west of Dos Cabezas (Fig . 12) . (SE'/4 SEl/4 sec . 31,
T. 14 S., R. 27 E., Dos Cabezas quadrangle) .

Eastern Area Formations

In the extreme southeastern part of Arizona the
lithology of the Devonian rocks is not typical of the
Martin as it is exposed to the west . Several names have
been given to rocks of equivalent age in the eastern
area. These include Percha Shale, Portal Formation,
Swisshelm Formation, and Morenci Shale .

In the Chiricahua Mountains, a sequence of dark
fine-grained clastic rocks with lesser amounts of thin-
bedded limestones lies between the El Paso and Esca-
brosa Formations. In the past these dark, clastic
Devonian beds have been assigned to the Percha Shale
but Sabins (1957a, p . 475) noted the differences be-
tween these rocks and the type Percha in New Mexico
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and proposed for them a new name, the Portal Forma-
tion. At Blue Mountain, north of Portal, these Devon-
ian rocks are about 320 feet (105 m) thick and form
the intermediate slopes between the saddle cut on the
weak El Paso Formation and the Escabrosa cliffs above .

Near Morenci, overlying the Longfellow Limestone
are about 175 feet (60 m) of dominantly dark shales
that Lindgren (1905, p . 66) called the "Morenci
shales." These rocks are probably assignable to either
the Portal Formation or to the Percha Shale of New
Mexico .

Farther south in the Pedregosa and Swisshelm Moun-
tains the Devonian rocks are of quite different lith-
ologies from either the Portal or Martin Formations .
Epis, Gilbert and Langenheim (1957, p. 2243) named
these rocks the Swisshelm Formation . The Swisshelm
formation is about 600 feet (200 m) thick in the type
area near Leslie Pass in the southern Swisshelm Moun-
tains. It is not notably different from the Martin in its
upper part, but the lower part is markedly different,
being composed of weak sandy, shaly and marly beds
that are not conspicuous in the Martin Formation to
the west .

References-Epis, Gilbert & Langenheim, 1957 ;
Sabins, 1957a ; Wright, 1964 ; Zeller, 1965 .

Accessible localities :
Chiricahua Mountains, at Blue Mountain the
Portal Formation lies above the El Paso on the
slopes below the Escabrosa cliff (Fig . 5) .

MISSISSIPPIAN SYSTEM

Escabrosa Limestone

The Escabrosa Limestone is . of Early Mississippian
Age (Kinderhook and Osage), probably somewhat
younger (Meramec) in its upper part. The contact
with the underlying Martin and the Devonian forma-
tions of the eastern area is apparently conformable .
The lack of diagnostic fossils of known age range in
the uppermost Devonian and lowermost Escabrosa
forces one to consider the possibilities of gradation
from one into the other, or of a hiatus representing
latest Devonian time, or earliest Mississippian time, or
both. The thickness of the Escabrosa ranges from
about 600 to 750 feet (200-250 m) .

In the eastern area, Armstrong (1962, p . 1) elevated
the Escabrosa to group rank and described two new
formations within it, Keating below and Hachita
above, with type sections at Blue Mountain (p . 5) in
the northern Chiricahua Mountains . He considered
the age range of the Escabrosa Group to be from about
the middle of Lower Mississippian (Kinderhook-Osage
boundary) to middle Upper Mississippian (through
upper Meramec but not into Chester) .

The Keating Formation is a sequence of calcilutites
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and encrinites, thin to medium (bedium) bedded, 350
to 600 feet (110-200 nl) thick. The Hachita Forma-
tion is a massive encrinite ranging from 250 to 350
feet (80-110 m) thick, the resistant cliff-forming unit .
At present these formation names have not attained
general usage in Arizona .

In the Clifton-Morenci district Lindgren (1905,
p. 69) assigned 170 feet (55m) of blue and gray
limestone to his new "Modoc limestone." In the
northern part of the Clifton quadrangle he (p . 72)
named "heavy-bedded bluish gray limestones with a
characteristic upper Carboniferous or Pennsylvanian
fauna" the Tule Spring Limestone. Stoyanow (1936,
p . 511 ) discussed these limestones and considered that
all of the Modoc and the lower 200 feet (65 m) of the
Tule Spring was equivalent to the Escabrosa . The upper
300 feet (100 nl) of the Tule Spring was designated
Pennsylvanian .

The Escabrosa is typically a coarse-grained, light
gray to white limestone, commonly containing a very
high percentage of crinoidal debris . Bedding is thick
to massive, clastic content is very low, and the forma-
tion tends to form high steep cliffs . Most of the lime-
stone cliffs more than 100 feet high in the mountains
of southeastern Arizona are of either the Escabrosa
Limestone or the much younger Permian Concha
Limestone . ;Where even mildly metamorphosed, the
Escabrosa alters to a distinctive clean white marble .

Fossils in the Escabrosa are not very abundant
except for the prevalent crinoidal debris . A few zones
of horn corals may be found in some localities and
the diagnostic colonial coral Lithostrotionella occurs
in places, as do scattered assemblages of bryozoans
and brachiopods, but in general the Escabrosa is less
fosilliferous than most of the younger formations .

The Escabrosa may be overlain by either of three
Paleozoic formations. Throughout most of south-
eastern Arizona it is overlain disconformably by the
Horquilla Limestone or the equivalent Naco Limestone
further north in Pinal and Gila Counties . In the
eastern area, however, the younger Mississippian Para-
dise Formation rests on the Escabrosa, probably con-
formably. In central Cochise County the black Prince
Limestone, originally designated Upper Mississippian?
but now generally considered to be lowermost Pennsyl-
vanian, overlies the Escabrosa without structural
discordance .

References-Armstrong, 1962 ; Cooper & Silver,
1964 ; Creasey, 1967a & 1967b ; Gilluly, 1956 ; Hayes
& Landis, 1965 ; McClymonds, 1959a & 1959b ; Sabins,
1957a ; Stoyanow, 1936 .

Accessible localities :
Colossal Cave, the cave is in the Escabrosa (Fig . 3) .
Twin Buttes area, at Mineral Hill the Escabrosa
rests on the Martin and makes up most of the
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eastern hill ; and on the northeastern slope of the
high hill northwest of San Xavier mine (Fig. 2) .
(SE% sec . 3, T. 17 S., R. 12 E., Twin Buttes 15'
quadrangle) .
Dragoon Mountains, at the entrance to Strong
hold Canyon the Escabrosa caps the small hills
east of the Martin (Fig . 6). (Cen S1/2 sec. 18, T .
17 S., R. 24 E ., Pearce 15 'quadrangle) .
Mule Mountains, the Escabrosa caps the large
hill and extends to north in the area west of
US 80, north of State 90 (Fig . 4) .
Bisbee area, the Escabrosa caps the hills on either
side of Black Gap, south of Warren (Fig . 7) .
Naco Hills, southernmost tip of the Naco Hills is
Escabrosa (Fig . 8). (NEi/.4 sec . 2, T. 23 S., R. 23
E. Bisbee 15 ' quadrangle) .
Chiricahua Mountains, Blue Mountain, the high
ridge above the Portal Formation is Escabrosa
(Fig. 5) .
Santa Catalina Mountains, Peppersauce Wash,
north of Mt. Lemmon Road, west of 3 C ranch
(Fig. 9) .
Dos Cabezas Mountains, both sides of State 186
about 2 miles west of Dos Cabezas (Fig . 12) .
(SW'/4 sec . 25, T. 14 S ., R . 27 E., Dos Cabezas
quadrangle) .

Paradise Formation

The Paradise Formation of Upper Mississippian Age
(Meramec-Chester) has its type locality north of Portal
in the Chiricahua Mountains . At Blue Mountain the
formation is about 150 (50 m) thick and consists
mostly of alternating thin to medium beds of lime-
stone and shale, quite varicolored but mostly dark .
The weathering color, however, is dominantly yellow-
ish brown, so that the formation shows as a topograph-
ically weak, yellow band between the dark gray cliffs
of Escabrosa below and Horquilla above .

The Paradise is known with certainty in Arizona
from the mountains of the eastern Area . In New
Mexico, however, it crops out over a large part of the
southwestern portion of the state .

Its yellow weathering color, weak topographic ex-
pression, thin-bedded alternations of limestone and
shale, and abundant fossils, particularly the screw-
shaped bryozoan Archimedes, make it one of the
most readily recognizable formations in southeastern
Arizona .

References-Armstrong, 1962 ; Hernon, 1935 ;
Sabins, 1957a ; Stoyanow, 1936 ; Zeller, 1965 .

Accessible locality :
Chiricahua Mountains, at Blue Mountain where
the Paradise occupies the sag between the higher
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Escabrosa hill to the north and lower Horquilla
hill to the south (Fig . 5) .

PENNSYLVANIAN SYSTEM

Black Prince Limestone

The Black Prince Limestone crops out in the Gun-
nison Hills (type section), Little Dragoon Mountains,
Johnny Lyon Hills, and Whetstone Mountains . It has
not been reported with certainty from any other
localities. Originally the Black Prince was assigned a
Mississippian Age (Gilluly, Cooper and Williams, 1954,
p . 13) but with some consideration that it might be
Pennsylvanian. Later work (Nations, 1963) seems to
prove that it is Pennsylvanian and that the Mississippian
fossils in it are reworked from the underlying Escabrosa
and were incorporated in the formation when the
Pennsylvanian seas transgressed the old Mississippian
erosion surface .

The Black Prince varies in thickness from about 120
feet (40 in) in the type locality to as much as 280 feet
(90 m) in the Whetstone Mountains (Creasey, 1967) .
The formation is dominantly light gray limestone,
commonly with a pink tinge. The basal 20 to 30 feet
(7-10 m) is red or maroon shale, mottled with green
and containing fragmental chert . Above this, lime-
stone is dominant but scattered green-mottled red
shale interbeds occur throughout the section . These
mottled maroon and green shale intercalations are
probably the most distinctive feature of the Black
Prince, as the limestones are not notably different
from those of the adjacent Escabrosa and Horquilla
Formations .

References-Cooper & Silver, 1964 ; Creasey, 1967b ;
Gilluly, 1956 ;, Gilluly, Cooper & Williams, 1954 ;
Hayes & Landis, 1965 ; Nations, 1963 .

Accessible locality :
No localities of the Black Prince are readily acces-
sible. One of the best exposures is on either side
of the Cascabel-Willcox road where it crosses the
Johnny Lyon Hills in the low saddle about 8 miles
east of the Redington-Pomerene road (Fig . 16) .
(W 1/2 sec . 22, T. 14 S., R.21 E., Dragoon 15'
quadrangle) .

Horquilla Limestone

Throughout southeastern Arizona except where the
Black Prince occurs, the Horquilla Limestone is the
basal Pennsylvanian formation . The Horquilla is the
Naco Limestone as restricted by Stoyanow (1936,
p . 522) and was used in this sense in southern Arizona
for some 20 years before the Horquilla was defined .
Just south of Winkelman and north of the Gila
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River equivalent rocks are still assigned to the Naco
Formation .

The Horquilla commonly rests disconformably on
the Escabrosa, or the Black Prince where it occurs, or
on the Paradise at some places in the eastern area . The
Horquilla is a light to dark gray, cherty limestone,
pinkish gray in many places, and unfortunately, like
the Escabrosa, has many beds made up largely of
crinoidal debris . The Horquilla contains more inter-
beds of red and green mudstone than the Escabrosa .
The shales are not commonly exposed as they are non-
resistant to erosion and are usually covered in the out-
crops. Because of the greater amount of mudstone,
the Horquilla tends to form steep, ledgy slopes above
the more sheer Escabrosa cliffs . The Horquilla ranges
in thickness from about 1000 feet (330 m) in the
Tombstone area to as much as 1600 feet (520 m) in
the Gunnison Hills and Chiricahua Mountains. To the
west the Horquilla thins to less than 600 feet (200 m)
in the Waterman Mountains (McClymonds, 1959a,
p . 72), whereas to the east it thickens to 3600 feet
(1200 m) in the Big Hatchet Mountains of south-
western New Mexico (Zeller, 1965, p. 37) .

One of the definitive characteristics that distin-
guishes the Horquilla from the Escabrosa is the pres-
ence of medium to large fusulinids, which are com-
pletely lacking in the Escabrosa . Also the Horquilla is
generally richer in thegafossils than the Escabrosa and
has a greater variety . The tiny-tubed colonial coral,
Chaetetes, occurs only in the Horquilla and Black
Prince where it forms rounded "cabbage-heads" a few
inches to a foot or more in diameter .

References-Bryant, 1955 ; Cooper & Silver, 1964 ;
Creasey, 1967b ; Gilluly, 1956 ; Gilluly, Cooper &
Williams, 1954; Hayes & Landis, 1965 ; McClymonds,
1959a & 1959b ; Sabins, 1957a ; Stoyanow, 1936 .

Accessible localities :
Colossal Cave area, south of the Vail Road about
1 .3 miles east of the Posta Quemada (Day) Ranch
(Fig . 3). (SEl/4 sec . 12, T. 16 S., R . 16 E., Rincon
Valley 15' quadrangle) .
Twin Buttes area, southwestern slope of high
hill northwest of the San Xavier mine (Fig . 2) .
Mule Mountains, westernmost tip, just north of
State 90, 1 .2 miles west of the junction with
US 80 (Fig. 4). (NEl/4 NEl/a sec . 18, T. 22 S .,
R. 23 E., Tombstone 15' quadrangle) .
Bisbee area, at Black Gap, north of the Escabrosa
outcrops just southeast of the city of Warren
(Fig. 7). (SE'/a SE'/a sec. 23, T. 23 S ., R. 24 E .,
Bisbee 15' quadrangle) .
Chiricahua Mountains, south ridge and slope of
Blue Mountain above the Paradise (Fig. 5). (SEi/4
sec. 20, T. 26 S., R. 26 E ., Vanar quadrangle) .
Dos Cabezas Mountains, both sides of State 186,
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about 2 miles west of Dos Cabezas (Fig . 12) .
(SE'/4 sec . 26 and NW'/a sec . 36, T . 14 S ., R . 27
E., Dos Cabezas 15 'quadrangle) .

PENNSYLVANIAN-PERMIAN SYSTEMS

Earp Formation

The Earp Formation rests conformably on, and is
gradational from, the underlying Horquilla. This
boundary is difficult to establish firmly . In the original
description Gilluly, Cooper and Williams (1954, p . 19)
wrote, " . . .the base of the Earp is arbitrarily taken
where the thin shaly limestones and reddish shales be-
come dominant over the more massive limestones of
the Horquilla ." They had previously stated that the
one good exposure of the basal part of the Earp in the
type area was on the lower slopes of Earp Hill where
there appeared to be no erosional or other discordance
with the underlying Horquilia Limestone . Later,
Gilluly (1956, p . 39) used the same measured sections
as in the Gilluly, Cooper and Williams (1954) report
and only paraphrased slightly parts of the descriptions
of the formations. The quotation on p. 39 is exactly
the same as cited above in the earlier paper . On his
map (Pl. 1), however, Gilluly showed the Earp and
Horquilla in fault contact . Later work has corrobo-
rated this interpretation as it appears that the much
thicker sections of Earp in the Gunnison Hills and
Whetstone Mountains contain a sequence of beds in
the lower part that is missing at Earp Hill .

Thus the choice of the boundary between the Earp
and Horquilla Formations involves local conditions of
deposition and later structural events as well as inter-
pretation as to where "the thin shaly limestones and
reddish shales become dominant ." In spite of the
boundary problems, the formation is easy to recog-
nize if the sequence is reasonably complete . Fusulinid
evidence indicates that the Pennsylvanian-Permian
boundary lies a few hundred feet above the base of
the formation . Fusulinids in the lower part are of
Upper Pennsylvanian (Virgil) Age whereas immediately
above these Lower Permian (Wolfcamp) fusulinids
occur .

The Earp is a formation of extremely varied lith-
ology with more clastic beds than in the adjacent
formations. Colors are also varied ; the limestones are
commonly pinkish, yellowish or greenish gray, the
sandstone white to light gray or light brown, the silt-
stones and shales gray, green or red . The clastic rocks
are usually calcareous and the limestones are silty or
shaly . In the upper part are dolomitic or silty lime-
stones that weather orange to reddish brown, in some
areas conspicuously . Because of its diverse lithology
and relatively thin bedding, it is one of the less com-
petent units in the Paleozoic sequence and seems to
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have been more strongly sheared, faulted and deformed
than the other more competent formations during
post-Permian tectonic activity .

In the type area the Earp is about 600 feet (200 m)
thick in contrast to the 1000 feet (320 m) or more in
the Gunnison Hills and Whetstone Mountains . In the
Chiricahua Mountains, however, Sabins (1957a, p.489)
assigned more than 2700 feet (900 m) to the Earp . In
the Big Hatchet Mountains Zeller (1965, p . 48) meas-
ured about 1000 feet (320 m) of Earp . The excessive
thickness of Earp in the Chiricahua Mountains is not
yet adequately explained .

One of the unique features of the Earp is a red
chert-pebble conglomerate in the middle part of the
formation, commonly several feet thick, that occurs
in many localities . This conglomerate is a certain
marker for the Earp Formation as no similar unit is
known in any other Paleozoic formation of south-
eastern Arizona. In areas where the red chert-pebble
conglomerate has not been noted, gray chert- and
limestone-pebble conglomerates have been recorded at
about the same stratigraphic position . These may be
equivalent to the red chert-pebble conglomerate .

Megafossils are not as common in the Earp as in
the Horquilla below and are mostly similar to those
in the Horquilla . In the lower Earp, however, large
fusulinids are abundant ; in few places are there more
than 20 or 30 feet of beds without fusulinids, and
generally the interval is even less . The combination
of thin alternating clastic and calcareous beds occupy-
ing slopes or saddles between more resistant lime-
stones, the red-chert-pebble conglomerate and the
abundant large fusulinids leave no doubt as to recog-
nition of the Earp .

References-Bryant, 1955 ; Cooper & Silver, 1964 ;
Creasey, 1967b ; Gilluly, 1956 ; Gilluly, Cooper &
Williams, 1954 ; Hayes & Landis, 1965 ; McClymonds,
1959a & 1959b ; Rea & Bryant (in press) ; Sabins,
1957a ; Zeller, 1965 .

Accessible localities :
Colossal Cave area, 0 .5 miles east of Posta Que-
mada (Day) ranch south of the road from Vail
(Fig. 3). (SE'/4 SWI/.4 sec. 7, T. 16 S ., R . 17 E .,
Rincon Valley 15' quadrangle) .
Tombstone Hills, type area on the south slopes
of Earp Hill, north of the Government Draw
road, about 3 miles east of US 80 (Fig . 11) .
(N%a S/2 sec. 4, T. 21 S., R . 23 E ., Tombstone
15' quadrangle) .
Dragoon Mountains, northeastern tip of the
mountains, on the northwestern slopes, south-
west of the Golden Rule mine, south of the road
about 5 miles east of Dragoon . (NE'/. sec . 27,
T. 16 S ., R. 23 E., Cochise 15' quadrangle) .
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Chiricahua Mountains, southeast tip of high
ridge 0 .5 miles north-northwest of Portal (Fig .
13). (NW'/% sec. 26, T. 26 S., R. 31 E., Portal
15' quadrangle) .

PERMIAN SYSTEM

Colina Limestone

The Colina Limestone lies conformably and grad-
ationally on the Earp . The Colina is dominantly thick
bedded to massive, dark gray to black limestone . Its
age is Lower Permian with some uncertainty as to
whether it should be assigned to Wolfcamp or Leonard .
Some evidence supports the thesis that it may be of
Wolfcamp Age in its lower part, Leonard in its upper .

The lower boundary of the Colina is usually distinct
where the dark limestones supersede the clastic, vari-
colored beds of the Earp . The upper boundary is less
secure, however, as the dolomitization that distin-
guishes the overlying Epitaph from the Colina does
not maintain the same stratigraphic position . In a
number of places limestones in the upper Colina grade
laterally into dolomites which are indistinguishable
from the Epitaph. Thus the choice of boundary and
hence of thickness is largely dependent on the extent
of dolomitization .

Approximate thicknesses reported for the Colina in
various parts of southeastern Arizona are as follows :
Tombstone type area, 600 feet (200 m) ; Gunnison
Hills, 450 feet (150 m), top eroded : Chiricahua Moun-
tains, 550 feet (180 in) ; Whetstone Mountains, 200
feet (65 m) ; Naco Hills, 495 feet (160 m), top eroded ;
Waterman Mountains, 200 feet (65 m) ; isolated hill
northeast of Elfrida, 470 feet (155 m), top eroded ;
Big Hatchet Mountains, 500 feet (160 m) . As men-
tioned, these variations in thickness may be in part
choice of a boundary based upon the degree of dolo-
mitization, but the thinning to the west represented
by the 200 feet in the Waterman Mountains, and the
thickening to the southeast, 1000 feet in the Guadalupe
Mountains, may be valid depositional variations . If
the thicknesses of the Colina and the Epitaph are
combined, the variation is much more regular and
uniform, ranging from 200 feet in the Waterman Moun-
tains to the west where no Epitaph is recognized and
faulting is severe, to about 1300 feet (420 m) through
central Cochise County to about 2000 feet (650 m) in
extreme southeastern Arizona and southwestern New
Mexico .

One of the most diagnostic features of the Colina
is the very dark gray to black color on a fresh surface
and the tendency to be much lighter on a weathered
surface . Another important characteristic is the pres-
ence of large gastropods of the genus Omphalotrochus
which are almost wholly confined to the Colina in
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southeastern Arizona . These gastropods are commonly
2 to 4 inches (5-10 cm) in diameter and may reach 6
inches (15 cm) . In isolated outcrops or severely faulted
areas the Colina might be mistaken for some parts of
the Concha or Rainvalley Formations (described be-
low) but probably no others .

References -Bryant, 1955 ; Cooper & Silver, 1964 ;
Creasey, 1967b ; Gilluly, 1956 ; Gilluly, Cooper &
Williams, 1954 ; Hayes & Landis, 1965 ; Sabins, 1957a ;
Zeller, 1965 .

Accessible localities :
Tombstone Hills, above the Earp on Earp Hill ;
southwest of the old Tombstone-Bisbee road just
west of the junction with US 80 about 1 .6 miles
south of Tombstone airfield (Fig . 11) ; southeast
from above, east across US 80 with Epitaph
above on the north slope of these low hills (Fig .
11). (NE'/4 NE% sec. 6, and NW'/4 NW'/a sec 5, T .
21 S., R. 23 E., Tombstone 15' quadrangle) .
Mule Mountains, west end of Government Butte,
east of US 80, 1 .5 miles south of Government
Draw road (Fig . 10): (SW'/4 sec. 18, T. 21 S .,
R 23 E., Tombstone 15' quadrangle) .
Whetstone Mountains, southeast tip of the range,
just north of State 82, about 2 .2 miles west of
junction with State 92 (Fig. 14) . (S'/z NW'/a sec .
15, T. 20 S., R. 19 E ., Fort Huachuca 15'
quadrangle) .
Chiricahua Mountains, 2 miles west of Portal on
the north side of the road to Paradise (Fig . 13) .
(NW'/4 NWI/% sec. 27, T. 17 S ., R . 31 E., Portal
15' quadrangle) .
Gunnison Hills, northwest- tip of Scherrer Ridge
south of US Interstate 10 about 3 miles east of
Johnson Camp turnoff (Fig . 17). (SE'/a SW'/4 sec .
20, T. 15 S., R . 23 . E., Dragoon 15' quadrangle) .

Epitaph Formation

Overlying the Colina Limestone is the Epitaph
Formation of probable lower Leonard Age . The
Epitaph was originally defined as the Epitaph Dolomite
in the Tombstone type area where the lower 250 feet
(80 m) is dolomite and the upper 500 feet (160 m) is
alternating limestone , mudstone and dolomite . In
other parts of Arizona , the Epitaph is even more
variable and includes much gypsum in the Empire and
Whetstone Mountains and in the Twin Buttes area .
The massive lower dolomite member , so prominent
near Tombstone , thins to the west to only about 130
feet (40 m) in the eastern Whetstone Mountains
(Creasey, 1967b ) and is not recognized west of this
locality. In contrast, to the east in the southeastern
corner of the State, the Epitaph , more than 900 feet
(300 m) thick, is dominantly dolomite (Dirks, 1966) .
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In southwestern New Mexico where 1500 feet (500 m)
are recognized, conditions of deposition changed
radically as the lower 500 feet (160 m) are interbedded
limestone, dolomite, sandstone and mudstone with
much gypsum whereas the upper 1000 feet (320 m)
are practically uninterrupted dolomite (Zeller, 1965) .

The Epitaph is relatively unfossiliferous and the
fossils found are usually similar to or identical with
the Colina species . One of the most distinctive features
of the Epitaph dolomites is the abundance of knots,
blebs and geodes of quartz and calcite, ranging from a
few millimeters to a few centimeters in diameter . No
other formation in the Paleozoic in southeastern Ari-
zona has these blebs and geodes in quantity except
the Rainvalley Formation which is much higher in the
section. Abundant gypsum in southeastern Arizona
is known only from the Epitaph .

References -Bryant, 1955 ; Cooper & Silver, 1964 ;
Creasey, 1967b ; Dirks, 1966 ; Gilluly, 1956 ; Gilluly,
Cooper & Williams, 1954 ; Kelly, 1966 ; Zeller, 1965 .

Accessible localities :
Tombstone Hills, above the Colina on the east
side of US 80 about 1 .6 miles south of Tombstone
airfield (Fig. 11) .
Whetstone Mountains, southeast tip of the range,
just north of State 82, about 2 .2 miles west of
junction with State 92 (Fig . 14) . (S'/~ NW 4 sec .
15, T. 20 S ., R. 19 E ., Fort Huachuca 15'
quadrangle) .

Scherrer Formation

The Permian Scherrer Formation is also of Leonard
Age, probably Lower or Middle . In the type area in
the Gunnison Hills it consists of 65 feet (20 m) of red
siltstone at the base, 300 feet (100 m) of white to
brown sandstone with a few limestone beds in the
lower part, 160 feet (50 m) of limestone and dolomitic
limestone, and the upper part of 160 feet (50 m) of
light brown to pink sandstone . Although thicknesses
may vary considerably, the sequence is persistent
throughout western Cochise, Pima and Santa Cruz
Counties. In the eastern area, however, the middle
member pinches out and the formation thins . In the
Chiricahua Mountains Sabins (1957a, p . 496) reported
about 50 feet (15 m) of red siltstone and 100 feet
(30 in) of quartzitic sandstone . In the Big Hatchet
Mountains of southwestern New Mexico only about
20 feet (7 m) of sandstone above the Epitaph are as-
signed to the Scherrer .

The lower contact is gradational from the Epitaph
below, chosen where the uppermost limestones or
dolomitic limestones grade into the red siltstones of
the Scherrer. The upper contact is also gradational,
through a zone of calcareous sandstone and sandy
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limestone a few tens of feet thick, into the basal gray
limestones of the Concha . Topographically the
Scherrer tends to form slopes below the cliff-forming,
very cherty lower part of the Concha .

The sandstones are mostly of fine to medium grain,
well rounded and well sorted . Cross bedding is com-
mon. In many places it is an orthoquartzite but this
seems to be a surface phenomenon, so-called "case-
hardening." Small brown spots from the oxidation of
an iron mineral, generally occurring as pits or nodes,
are characteristic and seem to be diagnostic of the
Scherrer throughout its area of outcrop .

The siltstone and sandstone members are unfossil-
iferous. A few fossils are found in the middle lime-
stone member and these are mostly similar to Concha
fossils except for the presence of distinctive echinoid
spines shaped like a short thick baseball bat . Earlier
these were assigned to the genus Permocidaris which
is now considered synonymous with Archaeocidaris .

References-Bryant, 1955 ; Cooper & Silver, 1964 ;
Creasey, 1967b ; Gilluly, 1956 ; Gilluly, Cooper &
Williams, 1954 ; Luepke, 1967 ; McClymonds, 1959a
& 1959b ; Sabins, 1957a ; Zeller, 1965 .

Accessible localities :
Twin Buttes area, saddle north of Helmet Peak,
east of Twin Buttes Road (Fig . 2) . (NE'/.4 NE'/4
sec . 11, T. 17 S., R. 12 E., Twin Buttes 15'
quadrangle) .
Gunnison hills, northwest tip of Scherrer Ridge,
south of US Interstate 10 about 3 miles east of
Johnson Camp turnoff (Fig . 17) . (SEi/a SW'/.4 sec .
20, T. 15 S., R. 23 E., Dragoon 15' quadrangle) .

Concha Limestone
The Concha Limestone is one of the most prominent

cliff-formers in southeastern Arizona . It is a thick bed-
ded to massive, very cherty, very fossiliferous, medium
to dark gray limestone. The lower part is without
doubt of Leonard Age, probably later Leonard, but
the upper part may be of Guadalupe Age . Fusulinids
of the genus Parafusulina occur about 3 50 feet (115 m)
above the base and these have been variously con-
sidered as of latest Leonard or earliest Guadalupe Age .

Throughout southeastern Arizona the Concha has
a thickness of about 500 feet (160 m) . Where it is
less, faulting is probably responsible or it has been
eroded . Where it is greater, the measurements probably
include beds now assigned to the overlying Rainvalley
Formation . The lower contact is gradational from
the Scherrer below . The upper contact is also grada-
tional, chosen where the uniform thick bedded to
massive gray limestones are superseded by thinner
bedded, more varicolored limestones of the Rainvalley .

The Concha has fewer clastic rocks than any other
Paleozoic formation of southeastern Arizona and is

probably the most cherty and most fossiliferous. The
chert is mostly light gray, but it ranges from white to .
black, not uncommonly red or brown . It occurs
generally in zones of nodules which may be several
inches thick and as much as two feet long . In places the
nodules are so closely packed as to form pseudobeds .

One distinctive 30-foot (10 m) zone occurs above
the middle of the Concha . In this zone light gray chert
that weathers a notably lighter brown than the other
chert in the Concha composes nearly 50 per cent of
the interval and in the field was termed the "tan chert
zone." It is less resistant to erosion than the adjacent
rocks and in several areas marks a break in the cliffs or
occurs in saddles or sags .

The most striking and readily recognizable fossils
of the Concha are the large productid brachiopods,
"Dictyoclostus" of authors, now assigned to several
genera. The large "Dictyoclostus" bassi is particularly
prevalent in the lower cherty cliff-forming part .
Another widespread easily recognizable fossil in this
part of the Concha is the sponge, Actinocoelia, which
usually occurs in chert nodules up to several inches in
diameter. Also abundant are numerous other brach-
iopods, bryozoa, corals, crinoid stems, echinoid plates
and spines, gastropods and pelecypods, the latter two
more abundant toward the top .

References-Bryant, 1955 ; Bryant & McClymonds,
1961 ; Cooper & Silver, 1964 ; Creasey, 1967b ;
Gilluly, 1956 ; Gilluly, Cooper & Williams, 1954 ;
McClymonds, 1959a & 1959b ; Sabins, 1957a ; Zeller,
1965 .

Accessible localities : _
Snyder Hill, upper Concha on west side of hill
below the Rainvalley, south of State 86 about
3 miles west of Kinney Road . (SW'/ NW'/a sec .
3, T. 15 S., R. 12 E., San Xavier Mission 15'
quadrangle) .
Tivin Buttes area, main peak of Helmet Peak,
above the Scherrer (Fig . 2) .
Mustang Mountains, northern tip of range, south
of State 82, 11 miles east of Sonoita (Fig . 15) .
(S'/z SWl/.4 sec . 3, T. 20 S., R . 18 E., Fort
Huachuca 15' quadrangle) .

Rainvalley Formation

Above the Concha is the youngest Permian forma-
tion of southeastern Arizona, the Rainvalley . The top
of the Rainvalley is at all places an erosion surface,
overlain unconformably by Cretaceous beds or by
alluvium. Thus the thickness varies greatly with a
maximum of about 500 feet (160 m) in the south-
eastern Empire Mountains (Total Wreck Ridge) . Most
of the fossils are the same species that are in the
Concha and no fusulinids have been found in the
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Rainvalley . Thus the age of the Rainvalley may be
late Leonard but is more probably early Guadalupe .

The limestones of the Rainvalley are more vari-
colored, thinner bedded, more dolomitic and more
silty than in the Concha. Chert is less abundant, but
shows a greater tendency to occur in beds, some as
much as two feet thick. Most of the chert is gray but
in some areas brown, red and purple chert nodules
form pseudobeds in the lower part of the formation .
Blebs and geodes of calcite and quartz that resemble
those in the Epitaph are common, particularly in the
more dolomitic beds . Some sandstone and siltstone
beds also occur in the Rainvalley whereas none are
known in tile Concha .

The fossils, as mentioned above, belong to the same
genera as those in the Concha . Not enough work has
been done on these younger Permian fossils to establish
faunal zones . The specific assignment of many of the
forms is uncertain, probably a number are undescribed,
and the exact ranges of the known species have not
been accurately delimited .

References-Bryant, 1955 ; Bryant & McClymonds,
1961 ; Creasey, 1967b ; McClymonds, 1959a & 1959b .

Accessible localities :
Snyder Hill, Rainvalley on the top and east slope
above the Concha .
Tivin Buttes area, south ridge of Helmet Peak
(Fig. 2) .
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Table 1 - SYMBOLS FOR MAPS
Tg - Tertiary granite Me - Escabrosa & Paradise Fms .
Kg - Glance Cg . Ds - Portal Fm .
Pr - Rainvalley Fm . Dm - Martin Ls .
Pen - Concha Ls . O-Ce - El Paso Ls .
Pcs - Concha & Scherrer Fms . €a - Abrigo Fm .
Ps - Scherrer Fm . €b - Bolsa Qtzte .
Ped - Epitaph Dol . p€r - Rattlesnake Point Granite
Pepg - Gypsum in Epitaph Dol . d - diabase
IPPe - Earp Fm . g - granite
IPPeh - Earp & Horquilla Fms . qm - quartz monzonite
IPh - Horquilla Ls . gd - granodiorite
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Figure 1 - Index Map of Southeastern Arizona
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Figure 2 - Twin Buttes Area--Mineral Hill
and Helmet Peak
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EXOTIC BLOCKS AND COARSE BRECCIAS
IN MESOZOIC' VOLCANIC ROCKS OF SOUTHEASTERN ARIZONA

By FRANK S. SIMONS, ROBERT B . RAUP, PHILIP T. HAYES,
and HARALD DREWES, Denver, Colo .

Abstract.-In the Canelo Hills and the Huachuca, Patago-
nia, and Santa Rita -Mountains of southeastern Arizona, thick
sequences of Mesozoic volcanic and volcanic-sedimentary rocks
contain sizable exotic blocks or coarse sedimentary breccias of
older rocks. The large blocks were emplaced by dragging or
rafting by lava flows, by gravity sliding, or possibly by transport
in ash flows. These exotic blocks and coarse breccias, together
with conglomerate at several horizons, indicate widespread tec-
tonic activity in southeastern Arizona during Mesozoic time .

Exotic blocks or breccias from four ranges are
described briefly, and some ideas on Mesozoic paleo-
geography of southeastern Arizona are presented . The
Canelo Hills have been studied by Raup, Simons, and
Hay es, the Huachuca Mountains by Hayes, the Pata-
gonia Mountains by Simons, and the Santa Rita
Mountains by Drewes .

CANELO HILLS

Several mountain ranges in Santa Cruz and Cochise
Counties, southeastern Arizona, contain thick volcanic
and volcanic-sedimentary sequences of Triassic to Cre-
taceous age (fig. 1) . In many places these volcanic-
sedimentary sequences contain sizable blocks or coarse
sedimentary breccias of older rocks . Maximum dimen-
sions of some of the larger blocks are locally meas-
urable in thousands of feet . The volcanic rocks are
mainly rhyolite, quartz latite, and dacite, but some are
trachyte and trachyandesite . The geologic age of some
of the volcanic sequences has been determined by their
relation to fossiliferous rocks or by isotopic age deter-
minations, but the age of others is known only within
broad limits .
The exotic blocks in the Mesozoic rocks commonly

are of upper Paleozoic sedimentary strata but also
include lower Paleozoic sedimentary rocks and Pre-
cambrian metamorphic rocks as well as Mesozoic vol-
canic material. The large blocks -were emplaced in
several ways ; some were picked up and dragged by
flowing lava or appear to have been rafted on or in
lava flows, whereas others are interpreted as gravity
slide blocks, some of which may have glided along
muddy layers in the host rock . The sedimentary
breccias are thick and very coarse but otherwise are
l_entiniilar stratiagranihic units that were deposited near
a rugged source area .

D12

The Canelo Hills comprise a group of low narrow
ridges lying between the Huachuca Mountains to the
east and the Patagonia and Santa Rita Mountains to
the west (fig. 1) . They extend from about 6 miles
north-northeast of Patagonia southeastward for 22
miles. The northern half of the Canelo Hills is under-
lain by sedimentary rocks of Paleozoic and Mesozoic
age and volcanic rocks of Mesozoic and Tertiary age,
whereas the southern half consists largely of silicic
and intermediate volcanic rocks of Mesozoic and
Tertiary age.

Northern Canelo Hills

The northern part of the Canelo Hills consists mainly
of Paleozoic sedimentary rocks, mostly limestone, over-
lain by Canelo Hills Volcanics of Triassic and Jurassic
age (Hayes and others, 1965) . The basal unit of the
volcanic rocks is as much as 2,000 feet thick and is
made up of red beds, tuff, tuffaceous sandstone, con-
glomerate, and thin silicic lava flows. At most places
it rests on Permian Concha Limestone and was
deposited on a surface of moderately high relief
marked locally by a zone suggestive of a poorly devel-
oped regolith. Exotic blocks, probably emplaced by
gravity sliding, are abundant in sedimentary rocks
near the base of this unit .
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FIGURE 1.-Index map of a part of southeastern Arizona, showing location of areas described in the text . 1, northern Canelo
Hills ; 2, southern Canelo Hills ; 3, Coronado National Memorial, Huachuca Mountains ; 4, American mine area, Patagonia
Mountains ; 5, Flux mine area, Patagonia Mountains ; and 6, Josephine Canyon-Montosa Canyon area, Santa Rita Mountains .
Index map : A, Dos Cabezas Mountains ; B, Chiricahua Mountains ; C, Dragoon Mountains ; and D, Mule Mountains.

Host rocks for the exotic blocks are mainly con-
glomerate and red beds. The conglomerate is largely
massive limestone conglomerate but locally is composed
principally of clasts of volcanic rock in a tuffaceous
matrix. Interbedded with the conglomerate are thin-
bedded tuff and tuffaceous sandstone . The red beds
comprise red mudstone with a few thin and discon-
tinuous limy layers and brown medium-grained sand-
stone. Volcanic flows and tuff occur locally in the
red-bed sequence, indicating that the red beds were

_ deposited during a period of volcanic activity in the
region.

A typical exotic block is a bedding-plane slab lying
generally parallel to the layering in the host rocks.
Such blocks range in length from a few tens of feet
to at least 4,000 feet and in thickness from a few feet
to more than 150 feet. Most blocks are limestone or
dolomite of Permian age, from either the Concha
Limestone or the Scherrer Formation ; some are quart- '
zite or feldspathic sandstone, also of the Scherrer .

All the blocks are brecciated, but the degree of
brecciation is not uniform. Distance from possible
source rocks, where any estimate can be made, or type
of host rock seem to have little influence on the inten-

0 5 10 15 20 25 MILES
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sity of brecciation ; in general, however, brecciation
diminishes toward the centers of blocks, so that thick
blocks are less brecciated than thin ones .
Breccia fragments of limestone are not everywhere

easily recognized owing to subsequent healing of
fractures. . In some places, original fragments show up

- because of slight color differences between them and
the healing material. The effect of brecciation on chert
and fossils is more evident . Chert nodules, so abundant
in the Concha Limestone, are thoroughly shattered and
their distinctive shapes are destroyed, although the
general distribution of chert is little changed . Silici-
fled brachiopods are common in chert nodules of the
Concha, and in places the only recognizable fossils
remaining in exotic blocks are in fragmented nodules ;
unsilicified fossils have been obliterated .
Fragments in exotic blocks have been rotated, at

least locally . Evidence of rotation can be seen only
in fragments of quartzite, -which is laminated, and not
in fragments of the unlaminated carbonate rocks .
Parting planes generally are intact . Near the base of
one block, fragments in a thin unit of distinctly lami-
nated quartzite are oriented at random, indicating coil
siderable rotation on a small scale, but the contact
between quartzite and the overlying fragmented ear-
bonate rock is practically undisturbed. Apparently
the blocks moved as bodies that were sufficiently coin-
petent to preserve gross stratigraphic features, even
though beds between parting planes were disturbed
locally to a greater extent .

All the exotic blocks whose stratigraphic position
relative to the underlying Paleozoic bedrock is known
are within 300 feet of the Paleozoic rocks, and most
are within 100 feet or less. Although blocks occur
throughout this interval, within a given area they tend
to be concentrated at a particular horizon . Field evi-
dence shows clearly that at least some of the blocks
could not have reached their present stratigraphic posi-
tion as a result of faulting, and it seems likely that all
were emplaced by gravity sliding.
Examples of exotic blocks in conglomerate may be

seen north of the Canelo Pass road just east of the
pass. Here, large blocks, mainly of Concha Limestone,
are enclosed in a unit of massive limestone conglom-
erate and volcanic sedimentary rocks. The conglom-
erate unit thins abruptly toward the north, suggesting
that it was deposited in a local basin . The blocks
appear to be ordinary components of the conglomerate,
but one exposure suggests that they may have slid on
muddy layers within the conglomerate . At this place,
the basal few feet of an exotic block of Concha Lime-
stone is typically brecciated, and the healing material

is red limy mudstone with only sparse rounded
granules and small pebbles of limestone . The mud-
stone may represent the surface material on which the
block slid .

Examples of exotic blocks in red beds are common
along both flanks of a faulted syncline on the east side
of the northern Canelo Hills . Along the east flank,
part of which is shown on figure 2A, the relation of
exotic blocks to source rocks is particularly well dis-
played ; the exposed source rocks are the lower part of
the Concha Limestone, and the blocks too are derived
from the lower part of that formation. The surface
on which the red beds were deposited is fairly irregu-
lar, with local relief of at least 400 feet . Depressions
in the older terrane were filled in by red beds with a
thin basal conglomerate and abundant exotic blocks .
After the depressions were filled, more blocks were
emplaced sporadically within a narrow stratigraphic
interval.

Southern Canelo Hills

The southern part of the Canelo Hills is made up
mainly of rhyolite lava flows more than 1,000 feet
thick, overlain by rhyolite welded tuff more than 6,000
feet thick (fig. 2B) . These rocks have a general north-
west strike, and dip moderately southwest.

Several lenses of upper Paleozoic sedimentary rocks,
largely of Permian age, are enclosed in or underlain
by rhyolite lava, and other lenses have similar, but not
entirely clear, field relations. Two are overlain
directly by welded tuff . The lenses range in length
from 200 to 3,500 feet and are as much as 750 feet in
outcrop width. Two lenses are at or near the top of
the lavas, two others are probably near the same strati-
graphic position, and another seems to be several hun-
dred feet below the top of the lavas. The stratigraphic
location of other lenses is uncertain. Carbonate rocks,
mostly limestone, are dominant in the lenses, but
quartzite is present in four of them .

The lenses have several features in common. All are
brecciated ; indeed some are so thoroughly fractured
that over sizable outcrop areas no fragments more
than 'a few inches across remain unbroken. In some
lenses brecciation is most intense near contacts . In
general the lenses are little recrystallized, silicified, or
otherwise altered, although the limestone of some
lenses is slightly reddened near contacts . The lenses
are cut by numerous veinlets of %vliite calcite ; and
dolomitic limestone may be divided into various-sized
blocks by irregular septa of lighter colored carbonate
which is dedolomitized rock. The lenses seem for the
most part to be bedding-plane slabs whose bedding is
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- roughly parallel to the enclosing lavas or to nearby
welded tuff . No exposure of a contact between a lens
and volcanic rock was found .

In most places, the only rocks associated with the
lenses are volcanic . However, one composite block
about 1,300 feet long consists of two lenses that are in
contact at their north ends ; south of the juncture they
are separated by as much as 50 feet of conglomerate
composed of partly rounded fragments of limestone
and volcanic rock in a matrix of calcarenite .
These exotic lenses in volcanic rocks may be inter-

preted as hills of bedrock protruding through the
volcanic material, as slivers along faults, as landslide
blocks, or as slabs transported on or within lava flows .
Some may indeed be bedrock hills, but such an expla-
nation seems unlikely for long and narrow lenses that
crop out on ridgetops and have steep contacts with
the lavas. No evidence was found that any of the
lenses is a fault sliver, although at least one is bounded
by a fault along one side. All the lenses are a mile or
more horizontally from the nearest outcrop of what is
undoubted prevolcanic bedrock, and several apparently
are separated by hundreds of feet of lavas from any
underlying prevolcanic rock. The lenses could have
been emplaced by landsliding, but some are long thin
slabs that might have been noticeably disrupted during

_ landsliding rather than merely brecciated . Two of
these thin slabs are underlain by an appreciable thick-
ness of lava and must have travelled a considerable
distance.

It seems most likely that the lenses were transported
on or in lava flows. At present the nearest outcrops
of Paleozoic source rocks are 10 miles west or south-
west in the Patagonia Mountains, 5 miles or more
northwest in the Canelo Hills, and 8 miles northeast
in the Huachuca Mountains. The direction from

. which the volcanic rocks came is unknown, so no logical
choice can be made among these possible source areas .
It is possible, of course, that Paleozoic rocks may have
been exposed somewhere nearby at the time of extru-
sion of the lavas ; in that event such extensive transport
would not need to be invoked .

Transportation by lava, although producing consid-
erable brecciation, has resulted in little or no alteration

- of the slabs, presumably either because the lava was
already rather cool at the time the blocks were
entrained, or because the length of time between pick-
ing up of the slabs and cooling of the lava was very
short.

HUACHUCA MOUNTAINS

The Huachuca Mountains are a northwest-trending
range about 20 miles long in the southwest part of
Cochise County (fig . 1) . The mountains are made up

of Precambrian granitic rocks, Paleozoic sedimentary
rocks, a wide variety of Mesozoic sedimentary, volcanic,
and intrusive rocks, and subordinate Cenozoic igneous
rocks .

In the southern part of the Huachucas, numerous
exotic blocks of Paleozoic sedimentary rocks are
enclosed in volcanic rocks of Mesozoic age . Some of
the most instructive examples are in the extreme south-
ern part of the range in Coronado National Memorial
between Joe's Canyon Trail and the Mexican border
(fig. 3) . Here there is a well-exposed body of grayish-
red trachytic lava, containing large exotic blocks . It is
conformably underlain and overlain by thick units of
very poorly sorted volcanic cobble- to boulder-con-
glomerate that is assigned to the Glance Conglom-
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erate of the Bisbee Group of Early Cretaceous age.
The upper conglomerate unit contains sparse limestone
clasts as well as volcanic detritus .

The trachyte seems to be a single lava flow about 200
feet thick. In most places it is a flow breccia, but
breccia is much more apparent in the upper part, some
of which is vesicular. The rock contains as much as
20 percent phenocrysts of plagioclase up to 5 mm in
length .

The exotic blocks are as much as 1,500 feet long and
200 feet high. All the larger blocks are at or very
near the base of the trachyte (fig. 3) . The blocks
readily identifiable as to origin were derived from the
Permian Concha Limestone, the youngest Paleozoic
formation recognized in the Huachuca Mountains .
Bedding in most of the limestone blocks is readily
apparent, even though the blocks are highly brecciated,
and most bedding is subparallel to the containing lava
flow.

Brecciation in the central parts of the larger blocks
is not everywhere easily recognized, but close examina-
tion generally reveals the limestone to be breeciated
and recemented. Brecciation is most intense near the
outer edges of the blocks, where in many places lava
fills spaces between breccia fragments . Furthermore,
the lava near the blocks contains numerous smaller
blocks and fragments of limestone, presumably derived
from the larger blocks .

These blocks of Concha Limestone undoubtedly were
shoved or carried along at or near the base of the
trachyte flow and were brecciated during transport .
Fragments of limestone that were broken off edges of
the blocks were set adrift in the flowing lava . _ Whether
the larger limestone blocks were plucked from bedrock
or were landslide blocks picked up by the flow is
conjectural.
Elsewhere in the southern Huachuca Mountains,

exotic blocks of upper Paleozoic rocks are abundant in
a thick and widespread sequence of intermediate vol-
canic rocks that are considerably older than the
trachyte flow described above . The older volcanic
rocks are dominantly nonwelded lithic tuffs, but some
possible welded tuff and lava have been noted .

Few if any single blocks exceed 1,500 feet in length
and 300 feet in thickness, but on the steep slopes east
of Miller Peak (fig. 1) the blocks in places are so
abundant and so closely spaced as to form masses of
brecciated limestone, virtually free of volcanic material,
that range from about half a mile to more than 1 mile
in length along strike. The enclosing tuffs are gen-
erally so poorly exposed and badly weathered that
their origin is doubtful . Therefore it is uncertain

D17

whether the exotic blocks were transported by ash flows
or lahars, or both .

PATAGONIA MOUNTAINS

The Patagonia Mountains (fig. 1) extend from near
the village of Patagonia south-southeastward about 14
miles to the Mexican border and beyond for several
miles into Mexico. They consist of Precambrian,
Mesozoic, and Cenozoic igneous rocks and subordinate
amounts of Paleozoic and Cretaceous sedimentary
rocks. Exotic lenses and blocks of Paleozoic limestone
in younger volcanic terrane crop out in several areas ;
the most extensive are near the American mine near
Harshaw Creek (fig . 4A) and in upper Flux Canyon,
4-5 miles south of Patagonia (fig . 4B) .

American mine area

The area around the American. mine (fig. 44) is
underlain by rhyolite lava and flow breccia that rest
on Concha Limestone and the underlying Scherrer For-
mation, both of Permian age . The rhyolite is corre-
lated tentatively with pre-Lower Cretaceous silicic
volcanic rocks of the central Patagonia Mountains
northwest of Washington Camp, which in turn may be
equivalent in part to the lower Mesozoic Canelo Hills
Voleanics (Hayes and others, 1065) .

The largest limestone occurrence is along and at the
west end of the east-trending ridge north of the
American mine . This ridge consists of blocks of brec-
ciated limestone and some quartzite enclosed in rhyo-
lite. East of Harshaw Creek this limestone-rhyolite
complex crops out over an area about 1,500 feet long
and 700 feet in maximum width ; west of the creek it
is very poorly exposed but may extend a distance of
1,000 feet or more . Eastward the complex thins
abruptly and passes into limestone conglomerate that
in turn lenses out near the Bender mine about 3,500
feet east of Harshaw Creek . The limestone blocks are
derived from the Concha Limestone and the quartzite
from the Scherrer Formation . 'Most of the blocks are
a few feet across but some are much larger ; the largest,
at the base of the ridge just east of Harshaw Creek, is
a highly brecciated mass of dark-gray limestone possi-
bly 100 feet or more across . The limestone-rhyolite
breccia and conglomerate lie as much as 1,000 feet
stratigraphically above the base of the volcanic section,.
and the nearest outcrops of possible source rocks for
the limestone fragments are about 1,000 feet south .

A large block of coarse-grained white limestone is
exposed in a small gully west of Harshaw Creek and
along the westward prolongation of the breccia north
of the American mine. It is about 300 feet long and
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FIGURE 4.-Generalized geologic maps of the American mine area (A) and the Flux mine area (B), Patagonia Mountains, Santa
Cruz County, Ariz . (fig . 1, locs. 4 and 5) .

is surrounded by rhyolitic volcanic rock . The ridge to
the north offers few exposures, but scattered outcrops
of limestone indicate that it probably consists of lime-
stone breccias similar to those north of the American
mine.

A limestone block 1,000 feet southwest of the Ameri-
can mine is roughly triangular in outline and is
entirely surrounded by rhyolite lava and flow breccia .

The northeast contact is a fault dipping southwestward .

The limestone block is thoroughly brecciated and
bleached, and its identification is uncertain but it is
probably Scherrer Formation or Concha Limestone ;

Permian Concha Limestone crops out 1,500 feet
southeast of it .

A small area of limestone breccia crops out 2,000
feet south of the Hardshell mine, 0 .8 mile northeast of

the American mine (fig. 4A) . Here a knoll 500 feet
long and as much as 200 feet wide is underlain by a
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Flux mine area
Rocks at and southwest of the Flux mine, 4 miles

south of Patagonia, (fig . 4B), are mainly silicic vol-
canic rocks interlayered with a little coarse sandstone,
quartzite and shale and intruded by a large sill( ?) of
rhyolite porphyry. This volcanic-sedimentary sequence
trends north-northwest, clips steeply, and is correlated
tentatively with silicic volcanic rocks of pre-Early
Cretaceous acre in the central Patagonia Mountains . It.
is overlain unconformably by silicic volcanic rocks of
Cretaceous(?) or Tertiary ( ?) age . Limestone slabs,
probably all of late Paleozoic age, and associated lime-
stone conglomerate are enclosed in the volcanic-sedi-
nientary sequence at the Flux mine and northwest of
the Chief mine .

Many of the workings of the Flux mine are in a lens
of highly brecciated limestone with an outcrop length
of about 1,000 feet and a maximum width of 75 feet .
This lens strikes north and dips steeply west . To the
south it tapers out and becomes a thin lager of linie-
stone conglomerate . At the mine road and for some
distance uphill to the north, the rocks immediately to
the east are much-altered green andesite lava and tuft
40-50 feet thick containing scattered fragments of
limestone ; farther east are rhyolite lavas. Overlying
the limestone to the west is an uncertain thickness .
perhaps 40-50 feet, of coarse sandstone and arkose .
Apparently these elastic rocks interfinger to the south
with silicic volcanic rocks, and to the west they are
intruded by rhyolite porphyry. Contacts between
limestone and other rocks are rarely exposed but seem
to be somewhat sheared and brecciated .

The limestone is a massive gray to dark-gray some-
what cherty rock of uncertain age ; it might be from
the upper part of the Permian Concha Limestone or,
less likely, could be Escabrosa Limestone (Mississip-
pian) .

A limestone lens 1,000 feet northwest of the Chief
mine is about 600 feet long and as much as 100 feet
wide. It consists of jumbled blocks of fossiliferous
limestone and silty and sandy limestone, either Hor-
quilla Limestone (Pennsylvanian) or Earp Formation
(Pennsylvanian and Permian) . The enclosing rocks
are mainly rhyolite lavas and tuff, with some shale and
sandstone.

SIMONS, RAUP, HAYES, AND DREWES

coarse limestone breccia resting on rhyolite tuft . The
breccia-tuff block is bounded by faults against silicic
volcanic rocks. The limestone fragments are as mucli
as several tens of feet across and are mostly if not
entirely of Permian Concha Limestone ; the enclosing
volcanic rocks are the same as those in the American
mine area .
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Another smaller lens 2,000 feet northwest of the
Chief mine is similar in all respects .

The nearest outcrops of Paleozoic source rocks are
more than 3 miles to the southeast . around American
Peak (fig. 4A), but wliat the relationship may leave
been at the time the limestone masses of Flux Canyon
were emplaced has not yet been determined because of
structural complications and uncertain correlations
among the volcanic rock units .

SANTA RITA MOUNTAINS

The Santa Rita Mountains (fig . 1) are underlain by
abundant volcanic, sedimentary and plutonic rocks of
Mesozoic and Cenozoic age, and by small amounts of
sedimentary rocks of Paleozoic age and metamorphic
and platonic rocks of Precambrian age . The Mesozoic
rocks include Triassic silicic and intermediate vol-
canic rocks and intercalated sedimentary rocks,
Upper(?) Triassic monzonite, -Middle(?) Jurassic
granite, and a very thick section of Upper Cretaceous
sedimentary and silicic to intermediate volcanic rocks .
The Mesozoic complex is intruded by many Paleocene
(Laramide) granitoid bodies.
On the west. side of the mountains, between

Josephine and Montosa Canyons (fig . 5), is a thick
sequence of Upper Cretaceous silicic volcanic rocks
that clips gently southward . This sequence comprises
basal dacitic tuff breccia and lava flows, dacitic breccia
enclosing many exotic blocks, and latitic welded tuft .
Each unit is commonly several hundred feet thick and
in places may be as much as 1,000 feet thick. These
rocks rest unconforrnably on a surface of considerable
relief carved across Jurassic granite . Unconformities
and the distribution of coarse conglomerate indicate
that during Cretaceous time this surface sloped west-
ward from a rugged mountain range that lay about
along the present crest of the Santa Rita 'Mountains .
Dacite. breccia forms small bluish-gray or greenish-

gray outcrops over about 4 square miles . It consists of
fragments commonly 3-6 inches in diameter, set in a
friable matrix of similar appearance . Phenocrysts in
a finely crystalline to glassy highly altered grounclmass
make up 20-40 percent of the rock . The feldspar
phenocrysts are now clay pseudomorphs after horn-
blende, biotite, probably a little augite, and perhaps
an orthopyroxene . Some of the rocks contain finely
disseminated silica and a little calcite . The origin of
the breccia is uncertain, but most likely it is a flow
breccia .

Scattered widely through much of the flow breccia
are hundreds of exotic blocks of pre-Cretaceous rocks
as large as 1,000 feett across . Only those most con-
spicuous for their size, or representing some of the less
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FIGURE 5 .-Geologic map showing distribution of volcanic breccia containing exotic blocks, Santa Rita Mountains, Santa
Cruz County, Ariz . (fig . 1, loc. 6) .

abundant litholoaies , are shown by letters on figure 5 .
The most abundant and generally the largest of the
exotic blocks are assorted latite to andesite volcanic
rocks derived from Triassic rocks that no;, crop out
only along the crest of the mountains , at least 3 miles
to the east. Blocks of Jurassic granite are next in size

and abundance, and blocks of Paleozoic rocks, includ-
ing Permian Concha Limestone, Cambrian Bolsa
Quartzite, and possibly also Permian red siltstone and
Devonian dolomite, are scarcer and smaller . Permian
rocks are exposed immediately north of the breccia
area, but the older Paleozoic rocks appear no closer
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than 5 miles to the northeast. A few large blocks of
Triassic monzonite and some very small blocks of Pre-
cambrian gneiss were also identified . The blocks are
internally unshattered, are unoriented, and show no
spatial variation in type or size, except that where the
basal unit of the volcanic sequence is absent and the
breccia rests directly on Jurassic granite, abundant
small granite chips, apparently weathered debris from
the Early Cretaceous ('?) land surface, are incorporated
in the breccia .
In a few places along the bottoms of canyons the

contacts between exotic blocks and breccia matrix are
well exposed, and where the blocks are limestone the
contacts provide considerable information about geo-
logic conditions prevailing during emplacement of the
blocks. One of several limestone blocks, located in
Josephine Canyon just southwest of the fault (between
the 3 "G" symbols in fig . 5) is shown in figure 6 . The
volcanic matrix contains abundant chips of disinte-
grated Jurassic granite and some fragments of other
exotic material . The contact between block and host
shows many irregularities, and many tongues of vol-
canic material penetrate the limestone for a foot or
more. It seems that when the exotic blocks were
emplaced some of the limestone was dissolved along
cracks and the spaces were filled by the volcanic mate-
rial suggesting at least a highly fluid and perhaps
warm environment .

Emplacement of the blocks by some sort of flowage
is indicated by the widespread distribution of the
blocks and the nature of their contacts with the host
breccia. Movement on or in a volcanic flow is the
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FIGURE 6.-Block of light-gray Paleozoic limestone in dark-gray
dacitic breccia, Santa Rita Mountains, Santa Cruz County,
Ariz. (fig . 1, loc . 6) . Arrows indicate cracks in limestone
from which limestone has been dissolved and which are filled
with a fine-grained volcanic matrix.
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favored explanation, but movement in hot mud flows
is also a possibility . Possible source areas of most of
the exotic blocks lie to the northeast, suggesting that a
volcanic source also lay in that direction, conceivably
in the area now occupied by a Paleocene (Laramide)
dioritic pluton . As already mentioned, the Cretaceous
land surface sloped westward, so that the requisite
gradient was available for westward movement of
the flow breccia . Some of the little exotic blocks may
have been ejected from a vent, some, larger exotic blocks
may have been incorporated into the base of the
breccia during flow, and possibly still others fell into
the breccia from adjacent steep slopes .

PALEOGEOGRAPHY
During the past few years, extensive fieldwork and

radiometric age determinations by members of the U.S .
Geological Survey have revealed a tectonically eventful
early Mesozoic history in much of southeastern Ari-
zona. Little information had been available for the
interval between the Early Permian and Late Cre-
taceous, although previous workers recognized that
both plutonic and volcanic rocks had been emplaced in
that interval (Ransome, 1904, p . 84 ; Schrader, 1915,
p. 54, 57-60 ; Gilluly, 1956, p. 53-70 ; Sabins, 1957, p .
506 ; Cooper and Silver, 1964, p . 71-73) .

The data at hand suggest. at least 2 periods of wide-
spread volcanism, one of Late Permian or Early
Triassic age and one of Late Triassic or Early Jurassic
age, as well as 2 periods of plutonism of Late Triassic
and Middle Jurassic age, respectively . The products
of the volcanic episodes have been recognized over an
area of 3,000 square miles, including in addition to the
mountain ranges discussed herein, the Little Dragoon
and probably the Dragoon Mountains. These volcanic
rocks are separated by regional unconformities from
the underlying Paleozoic sedimentary rocks and the
overlying Lower Cretaceous rocks . No volcanic rocks
of Triassic or Jurassic age have been identified farther
east, in the Mule, Chiricahua, or Dos Cabezas Moun-
tains, and in view of the considerable amount of work
that has been done in these ranges it is unlikely that
any are present. We do not know whether their ab-
sence is due to erosion or to nondeposition. Little de-
tailed geologic mapping has been done immediately
west of the Santa Rita and Patagonia Mountains, but :_
it-will not be surprising if lower Mesozoic volcanic rocks
eventually are identified in the Pajarito, Atascosa,
Tumacacori, San Luis, Las Guijas, or Cerro Colorado
Mountains.

The many exotic blocks, some of which probably are : _
far travelled, as well as conglomerate at several hori-
zons in the volcanic sequences, attest to widespread -
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tectonic activity during the early Mesozoic, and the
_ region may well have been the source of volcanic ash

and other volcanic debris in the Triassic and Jurassic
rocks of northeastern Arizona .
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Sacaton-Santa Cruz Prospects
P reliminary Geologic Map

The preliminary geologic map (aft .) of the subject area shows some form -
ational groups not previously used in Company correspondence ; the following
comments describe their salient features .

Pre-Cambrian Basement :

Pre-Ore Rocks

Pinal Schist . Partly typical of the quartz-sericite schist defined as
Final in other areas . Also here includes banded injection gneiss, granite
gneiss, and aplite .

Granite . There are two types undivided on the map . One is "typical"
coarse-grained granite with biotite similar to the Mineral Butte granite
at Blackwater (Report, A . G . Blucher) . A second type is coarse-grained,
but with less biotite and with large pink feldspar phenocrysts .

Pre-Cambrian and Paleozoic sediments :

The Apache group of shale and quartzite (Younger pre-Cambrian) is
mapped undivided.

Paleozoic sediments represent Bolsa quartzite and Devonian-Carboniferous
limestone . Not separated during mapping .

Laramide intrusives :

The Laramide intrusive complex contains many more varieties than are
shown ; these have been grouped into four units, each of which comprises
varieties similar in composition and relative age .

Diorite . The earliest intrusive and/or border phase of Laramide granite
is rich in biotite and locally contains magnetite .

Coolidoe granite . Defined by Blucher (Report, Blackwater and Sacaton) .
Equigranular biotite granite which is very uniform in character . The gra-
nitic rocks along the west edge of the map which extend from Highway 64
north to the Palo Verde mountains may be pre-Cambrian, but they are most
similar to Coolidge in appearance . A better correlation of these granites
will be made when mapping is complete .
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1.1icro -1r ani te . This rock is like the Coolidge granite but is fine-
grained . Included in the categor y for mapping purposes arc pegmatite,
,?pi ite, and alaskite --all in small bodies .

Porphyri es . A variety of porphyritic rocks ranging from mafic to
acid, with and without quartz , occur as dikes in the mountain ranges .
The only larger mass occurs beneath cover in the Sacaton Cu deposit,
where it is altered to sericite and clay . There, a monzonite and a da-
cite have been recognizes . The monzonite , in the weakly a ltered fringe
area , is seen to contain much biotite .

Post-Ore Rocks

( 1) Volcanics .

The volcanic terrain south and .est of Casa Grande is divided into
` three units :

Sedim.ents . Conglomerate and grit derived from granite and apache
group . These rocks are tilted as much as 50€ .

older volcanics . Above the sediments (not always present) are flows
of basalt, andesite and lat'ite . These rocks are faulted and tilted .

Basalt .- The exposed basalt flows are widely scattered erosional
remnants resting on the older volcanics .

(2) Valley conglomerates .

The conglomerates which fill the Casa Grande valley are divisible
into three units :

Sacaton conglomerate . This unit is known only near the Sacaton Cu
deposit . There are no outcrops of similar type . Its character, as deter-
mined by drill cores, is that of an unsorted fanglomerate made of granite
and schist/gneiss boulders and grit . The Sacaton conglomerate was deposited
against steep relief cut on the Sacaton altered zone, and then displaced
along the Basement fault to its present position . Induration is significant
and the formation is hard and compact .

Bu rgess Pe a k conglome r at e . A small hill--Burgess Peak--arises just
N14 of Casa Grande and is composed of a hard granite-boulder fanglomerate
with hematite cement . Our three holes on the Gila prospect penetrated
similar conglomerates, and water well drillers' logs indicate that this
formation probably extends southeast along the ridge which appears to
separate the water basins cast and west of Casa Grande . The formation
is variable in hardness, but is generally well indurated, although less
so than the Sacaton conglomerate .
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Gas I i ne congg l om e ra t e . The Gas I i ne conglomerate i s named for a small
outcrop of conglomerate along the El Paso gas line east of Socaton and drill
hole penetrations of the -formation in the same area . The formation appears
to be younger than known faults and is derived from the granitic rocks of
the Sacaton mountains . It is poorly consolidated and consists of fanylomer-
ate and sandy stream deposits . A thick clay layer is presenL east of the .
Sacaton deposit, which appears to trend south and taper-out across its
width of about 2 miles . The Gas line is the aquifer north of Casa Grande .
'.,:'here iL is adjacent to the Sacaton deposit it is dry . The aquifer gravels
in the deep basin west of Casa Grande are probably equivalent in Zge, but
they will no doubt contain boulders derived in part from the mountains
south and west thereof . The outline of the Gas line basin at Sacaton is
shown in green on the map .

( 3) Andesite .

€ Dikes of andesite are post -ore but older than the valley conglomerate .

(4) Quaternary .

Alluvium made of poorly consolidated silt and sand is spread out across
the Casa Grande valley, reaching a thickness of about 200 feet near the
Santa Cruz River .

Dissected alluvial fans flank Table Top mountain, and are made largely
of volcanic rubble .

J EK/ j k
cc : JRWojcik w/att .

JEKinnison w/att .
File w/att .
3 extras w/att .

JOHN .E . KINblISON

1 J

l Y Cy~s'~ . 14Q V`vQ2 S ~5 Q/r•w2<J~~`

S



147

INTRUSIVE VOLCANIC PHENOMENA IN SOUTHERN
AND CENTRAL ARIZONA

By

Barry N. Watson
American Smelting and Refining Company, Tucson, Arizona

INTRODUCTION

In recent years the attention of field and laboratory
geologists in Arizona has been shifting from Paleozoic
and younger Precambrian stratigraphic sections to
those areas in which are exposed Mesozoic-Cenozoic
volcanic rocks and clastic sedimentary rocks. This
changing emphasis of study has been brought about,
in part, by interest in volcanic rocks and their associ-
ated sedimentary rocks, and, in part, by economic
incentive-the realization that much of Arizona's
copper was emplaced in Late Cretaceous-early Tertiary
(Laramide) times.

Many of the areas of Mesozoic-Cenozoic rocks are
structurally complex, and the origins of various of the
rock units are in question . A general lack of know-
ledge concerning volcanic processes has, in the past,
caused study of these areas to be by-passed in favor of
the less complex and better understood older rock
sections .

The writer has been involved in the study of
Mesozoic-Cenozoic volcanics for several years and has
recognized a phenomenon which he believes to be
widely. present in southern and central Arizona .
Certain igneous rock units which are megascopically
and petrographically volcanic exhibit indisputably
intrusive relationships with adjacent stratigraphic
units. These intrusive volcanic rocks, where encoun-
tered, might have led to the confusion of workers in
volcanic stratigraphy in the past, and it is hoped that
a description of some of these phenomena will assist
future geologic mapping and interpretation .

This paper will describe first the intrusive volcanic
units studied in the detail by the writer in the Silve r
Bell Mountains. Following are brief geologic summa-
ries ofeach of the other localities in which the definite
or possible presence of intrusive volcanic phenomena
has been discerned .

INTRUSIVE VOLCANIC ROCKS
IN THE SILVER BELL MOUNTAINS

Dacite Porphyry

The dacite porphyry is exposed over large areas in
the southern, southwestern, and western portions of
the Silver Bell Mountains (30 airline miles west-north-

west of Tucson). The porphyry is underlain by
Paleozoic sedimentary rocks on the southwest and
overlain by Late Cretaceous Claflin Ranch sedimentary
rocks and Silver Bell andesite breccia to the north and
northwest. The following description has been ab-
stracted from a detailed study of the dacite porphyry
given elsewhere (Watson, 1964, p . 26-42, 139-143) .

Field Description The most distinctive feature of the
dacite porphyry is the presence of numerous small,
rounded to subrounded, quartz "eyes" ( .04 to .15
inch in diameter) which, along with small white feld-
spar phenocrysts and a few biotite flakes, are set in an
aphanitic matrix. Also distinctive are the numerous
xenolithic fragments frequently up to an inch in di-
ameter. Limestone fragments are plentiful near the
base of the unit and schist fragments are prevalent in
the uppermost 100 feet . Pieces of quartzite, a bedded
or banded shaly material, and a homogeneous silty or
arkosic material are common to all exposures of the
dacite porphyry .

Flow structure within the upper portion of this unit
is shown by a platy layering which is emphasized by
weathering. This layering consistently strikes north-
west and dips 20-35€ to the northeast . A visible foli-
ation, as shown by alignment of fragments and
phenosrysts, is locally present near the base of the
dacite porphyry with strikes and dips similar to those
of the platy layering . These indications of a consistent
flow structure allow a thickness computation-approx-
imately 3,400 feet-for the main body of the porphyry .

Petrographic Description Significant petrographic
features of the dacite porphyry as determined from
the study of many thin sections are the presence of
rounded and embayed quartz phenocrysts ; large frag-
ments of quartz, distinct shards in the matrix, a gen-
erally consistent flow structure, and presence of about
3% of sanidine and orthoclase phenocrysts (see Figure
1). The rather high potash feldspar content of the
rock shown by the sanidine phenocrysts and by
positive reaction of much of the matrix to staining by
cobaltinitrite solution strongly suggests that the dacite
porphyry is more truly a quartz latite porphyry .

Also noteworthy is the fact that the ratio of
phenocrysts to matrix appears to decrease upward in
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Figure 1 - Photomicrograph (crossed nicols) of dacite por-
phyry, showing flow structure . Slivers of quartz
and a stretched lapillus indicate flow north-south
across the photograph . The volcanic nature of the
rock is apparent. (W 15 .)

the unit . The quantity of xenoliths however, does not
reflect such a distribution. Fragments are most numer-
ous near the base of the dacite porphyry, least numer-
ous in the central portions, and abundant in the upper
portions .

Structural Relationships Mapping of the basal contact
of the dacite porphyry (Figure 2a) shows the unit to
deeply embay the Paleozoic sedimentary rocks and to
intrude them forceably along parallel bedding planes
east of El Tiro pit and north of Oxide pit . In a few
places intact beds of -limestone up to 15 feet long are
engulfed in porphyry 5 to 10 feet from the contact .
In the El Tiro pit area drilling data show that the
dacite porphyry invades the Paleozoic strata as dikes
and sills .

The dacite is generally overlain by sedimentary rocks
of the Claflin Ranch Formation, and the contact be-
tween the two units is so gradational that neither field
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mapping (Figure 2b) nor petrographic study can locate
it more closely than 6 feet . Indirect evidence suggests
that this contact is intrusive, but conclusive evidence
is found in the form of dacite dikes-petrographically
nearly identical to the main body of dacite porphyry
-intruding the overlying Claflin Ranch Formation .
Assimilation of schist-fragment-bearing Claflin Ranch
beds by dacite porphyry is indicated by the large num-
ber of schistose xenoliths in the upper portion of the
dacite .

The contact between the dacite porphyry and the
later Silver Bell andesite breccia is erosional .

It is of further interest to note that the 5000-foot
thickness of Amole-type arkoses described by Clarke
(1965) in the West Silver Bell Mountains are absent in
the main Silver Bell range . Both the arkose to the west
and the dacite porphyry at Silver Bell occupy the in-
terval between Paleozoic units and the Claflin Ranch
Formation. Local pre-Claflin Ranch erosion in the
Silver Bell Mountains can be hypothesized to explain
in part, the disappearance of the arkoses .

Interpretation The combined evidence presents a
picture of the dacite porphyry as a large sill or lacco-
lithic body, with a source of the southwest in the Silver
Bell porphyry copper fault zone . The main body of
this sill was generally floored byPaleozoic sedimentary
rocks and roofed by strata of the Claflin Ranch
Formation .

An explosive history is strongly suggested by the
numerous xenoliths, the large fragments of quartz,
and the shards of former glass in the matrix. The
quartz phenocrysts can be interpreted as volcanic, with
rounding produced by gas action . The nature of the
rock is believed to reflect emplacement by fluidization,
and the writer visualizes the intrusion of fluidized
dacite porphyry in the manner explained below .

The gas- and fragment-charged dacite porphyry mag-
ma (actually quartz latite in composition, suggesting
greater viscosity and more explosive potential) rose
along the Silver Bell fault zone into Paleozoic strata .
The higher the porphyry magma ascended, the more
the confining pressure decreased, causing exsolution
of gases and thus lending an explosive and dilative
nature to the intrusive material .

Its extension to the southwest blocked by a large
body of alaskite, the dacite porphyry welled up, send-
ing small dikes and sills northeastward into the Paleo-
zoic limestones, quartzites, and shales . Damp Amole-
type Cretaceous (?) sediments were reached and more
gas evolved . The magmatic material, expanding con-
stantly, spread laterally to the northeast in the weak
Cretaceous (?) sediments. Dilation occurred, as did
the incorporation of fragments broken by churning
gas action .
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The dacite porphyry probably surfaced in one or
more places, venting gases as it did . Gas also escaped
laterally through the just-formed sill and vertically into
overlying Claflin Ranch sediments . The heat and vapor
altered the immediately overlying quartzofeldspathic
clastic sediments, making them somewhat similar in
appearance to the intrusive porphyry .

As the intrusive material cooled, differential move-
ment within the newly formed sill gave rise to the flow
structures seen in many places and the platy layering
found in the upper portions. Such a platy parting with-
in quartz latite sills is seen also near Pando, Colorado
(Tweto, 1951, p. 507) .
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Figure 2a - Basal contact of dacite porphyry with Paleozoic
strata just east of El Tiro pit, Silver Bell, Arizona .
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Figure 2b - Contact between dacite porphyry and overlying
Claflin Ranch strata in the Silver Bell Mountains
is gradational where not obscured by other struc-
ture. Note the dacite dikes cutting the sediments
at the upper right .
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Mount Lord Ignimbrite

The Mount Lord Ignimbrite is a quartz latitic pyro-
elastic flow breccia which overlies the Silver Bell an-
desite breccia and caps the Silver Bell Mountains . It
strikes generally northwest with an average northeast-
erly dip of 30‚-the dip a result of post-depositional
regional tilting . This welded ignimbrite is lithological-
ly similar to, and stratigraphically a near time equiv-
alent of, the Cat Mountain Rhyolite of the Tucson
Mountains as described by Kinnison (1958) .

Sill- and dike-like intrusive ignimbrites related to
the main body of the Mount Lord Ignimbrite are found
in stratigraphically lower and older formations . One
such sill is described here. A more detailed account of
these intrusive ignimbrites is given elsewhere (Watson,
1964, p. 75-82, 145-148) .

Field Description A sill of ignimbrite with a 200-foot
maximum thickness is found several hundred feet be-
low the extrusive welded ignimbrite along the dacite
porphyry-Silver Bell andesite breccia contact northeast
of Oxide pit. Well-developed eutaxitic structure in the
central and upper portions of this sill indicates some
locally turbulent conditions during the time of em-
placement, but a northwest strike and northeast dip of
about 40‚ represent an average orientation .

Xenoliths are common within the sill, and a peculiar
type of andesite porphyry fragment characteristic of
the extrusive ignimbrite is present . Megascopically the
extrusive and intrusive ignimbrites are identical .

Petrographic Description The petrography of the sill
ignimbrite just northeast of Oxide pit is like that of the
extrusive welded ignimbrite with but few exceptions .
Closer to the porphyry copper alteration, it is more
highly altered, with epidote partially replacing drawn-
out lapilli and volcanic bombs . Devitrification has
progressed to a greater extent, and a slightly larger per-
centage of crystals is present .

Common to both extrusive and intrusive (Figure 3)
ignimbrites are the usual petrographic features of an
acid vitric-crystal tuff . The crystals, which constitute
about 25 percent of the rock, include quartz (- 15 per-
cent, subrounded to angular with many slivers, up to
2 mm., embayed and corroded), sanidine (-4 percent,
subhedral, .3 to 1 .5 mm ., 2V = 0‚ to 5'), plagioclase
(sodic andesine, -5 percent, subhedral, up to 2 .2 mm.,
sometimes twinned), and magnetite (--1 percent,
euhedral to anhedral, up to .5 mm ., oxidizing) . The
glassy matrix has devitrified .

Xenolithic material constitutes 10-20 percent of
extrusive and intrusive ignimbrite. Numerous brown
flattened pumice fragments have devitrified, with
feldspar spherules forming in large quantities. A large
amount of incipiently devitrified brown glass is seen

t
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under the microscope to be flattened, and nearly
planar devitrified glass shards are visible .

€r 5
9i

Figure 3 - Photomicrograph (crossed nicols) form a sill of
intrusive Mount Lord Ignimbrite. Drawn-out lapilli
give the rock a strong eutaxitic structure . (X 15 .)

Structural Relationships The geologic setting of the
ignimbrite sill is shown in Figure 4 . The upper contact
of the sill with well-indurated andesite breccia of the
Silver Bell Formation is fairly sharp . The basal contact
with dacite porphyry is, in one place, a 30-foot zone
of intrusion breccia, whose character as a breccia is
indistinct in the field but recognizable under the
microscope .

The sill tapers in both directions . In a deep gully
1,100 feet to the east of the maximum thickness, the
sill is but a few-inch thickness of tuffaceous material
along the andesite breccia-dacite porphyry contact .
Some 2,000 feet northwest of the maximum thick-
ness, the sill narrows to 25 feet, then gradually steep-
ens, becoming a cross-cutting, steeply dipping, 20-foot
thick feeder dike in dacite porphyry . This feeder dike
shows faint flow structure but contains none of the
stretched pumice fragments seen in the sill .
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Figure 4 - Structural setting of the sill of intrusive Mount
Lord Ignimbrite just northeast of the Oxide pit .
Silver Bell, Arizona .

Interpretation It is not unreasonable to suppose that
the ignimbritic material in its gas-charged and dilative
state, rising in dike-like vents, could have spread
laterally along weak planes and contacts in the rock in
the form of sills. Formation of such sills could also
have occurred toward the end of pyroclastic activity
if one or more of the feeder vents were to become
choked with solidifying ignimbrite, forcing the ma+g-
matic and gas-charged material still rising to spread
out beneath the thick ignimbrite sequence already
deposited. At Silver Bell these surging intrusive
ignimbrites took advantage of flow contacts existing
ithin the Silver Bell andesite breccia as well as the

Silver Bell breccia-dacite porphyry contact .
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INTRUSIVE VOLCANICS
ELSEWHERE IN ARIZONA

Described briefly below are examples of intrusive
volcanic phenomena from 8 other mountain ranges in
southern and central Arizona (see also Figure 5) .
Most of these examples have been verified in the field ;
however, several require additional study in order to
substantiate them as intrusive volcanics. Further
instances of these phenomena, known to exist in the,
western Silver Bell and West Silver Bell ranges, will
not be covered here .

TUCSON MOUNTAINS

Piedmontite Hills

In his study of the Piedmontite Hills section of the
Tucson Mountains Evans B . Mayo (1963) notes that a
large body of ignimbrite has "local steep to vertical
contacts and flow structure . . . . Some parts of this
large body appear to have been intruded in a sill- or
(accolith-like manner into the stratified fragmental
volcanics. Some of the ignimbrite may have flowed
out on the surface, but no convincing evidence of this
has yet been found . . . . Several of the smaller bodies
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of ignimbrite in the southern part of the hills obvi-
ously occupy steep, or vertical, fissures ." (p.73).

The ignimbrite is identified as the tuff member of
the Recreation Red Beds Formation . The host .rock
which consists of fragmental volcanics belongs to the
volcanic conglomerate member of the same formation .

Tucson Mountain Chaos

The Tucson Mountain chaos was a name given by
John E. Kinnison (1958) to a tabular megabreccia
which overlies Amole Arkose and underlies Cat
Mountain Rhyolite (ignimbrite) along a 14-mile
length of the axis of the Tucson Mountains . Kinnison
believes that the chaos came about through sedimen-
tary processes, utilizing landslides and mudflows to
carry the large blocks included therein .

More recently Mayo (1963, 1966) has suggested a
fluidized origin for the chaos, and Bikerman (1963)
suggested the chaos to be a nuee ardente member of
the Cat Mountain Rhyolite sequence .
. Drewes (personal communication 1966), has
mapped a megabreccia in the Santa Rita Mountains
south-southeast of Tucson which he refers to as a
"chaos." This breccia unit is apparently in the same
stratigraphic position as the Tucson Mountain chaos,
and Drewes ascribes a landslide block origin to it .
Certainly, megabreccias would seem credible in a
terrane undergoing volcanic upheaval .

The writer has seen exposures on the south side of
Cat Mountain where tuff appears to have flowed
around and cut through boulders within the Tucson
Mountain chaos. This could be explained as ignim-
brites of the Cat Mountain sequence intruding an
already formed sedimentary megabreccia either lat-
erally or upward from vents, or oozing down into the
chaos as the flows poured over the surface . Perhaps
an "intrusive volcanic" as herein suggested would help
explain some of the features of the chaos which led
Mayo and Bikerman to volcanic hypotheses of origin .

Little Ajo Mountains

The Little Ajo Mountains are directly southwest of
the town of Ajo and are of particular interest as they
contain Phelps Dodge's New Cornelia porphyry copper
orebody. Reference is made herein to geologic maps
by Gilluly (1946) .

A light-colored tuff intrudes the andesite breccias
of the Upper Cretaceous (?) Concentrator volcanics
on the western slopes of Pinnacle Peak (T12S, R6W,
Section 28). This intrusive volcanic is clearly visible
from the Gibson Arroyo road .

The tuff has dilated a considerable portion of the
volcanic sequence as dikes, sills, and irregular masses .

Figure 5 - Map of Arizona showing locations of intrusive
volcanic exposures discussed in this paper .
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Clear intrusive contacts with the andesite breccias are
abundant. The largest body of this tuff has the ap-
parent shape of a laccolith-a massive southeast-
striking dike terminates upward as a southeast-dipping
sill along a Concentrator bedding horizon . Within
this stratigraphic unit numerous offshoots of the tuff
extend into the surrounding volcanics .

Most of the intrusive volcanic has the appearance
of a fragmental tuff with a siliceous matrix . Flow
structures are seen locally. Two thin sections cut
from tuff specimens show decidedly volcanic textures.
The tuff, quartz latite in composition, has been
devitrified and recrystallized, and fragments of for-
eign rocks, quartz and feldspar are plentiful . Weak,
superimposed sericitization and kaolinization with
incipient iron-staining are reminders of the proximity
of the New Cornelia orebody .

Gilluly apparently saw this tuff (p . 5 1) but did not
point out its intrusive characteristics .

Patagonia Mountains

Tuffs, ignimbrites, and flow-banded rocks with in-
trusive relationships occur in the vicinity of the Flux
mine within the Patagonia Mountains, southeast of
the town of Patagonia. J . H . Courtright has mapped
the surface geology of the Flux area for the American
Smelting and Refining Company and has logged core
from sub-surface exploration.

Courtright's "ribbon rock" or intrusive volcanics
occur within portions of his Lower Conglomerate,
Middle Grits, and Upper Grits-all probable Cretaceous
sediments-and within the overlying Laramide Chief
Formation conglomerate . Drilling data and surface
mapping show these volcanic-appearing rocks to be
cross-cutting in relation to the enclosing sediments .
Courtright (personal communication 1966) rules out
a megabreccia explanation for this occurrence because
of the distribution of the ribbon rock throughout
several stratigraphic units, and its continuity over
considerable distances as well as its continuity with
enclosing sediments as shown by drill core .

A large number of thin sections cut from the
ribbon rock all show volcanic textures, ranging from
devitrified and recrystallized tuff to finely flow-
banded latite . Quartz veinlets and sericitic bands
parallel the flow structure attest to the superimposed
alteration in the Flux mine vicinity .

A Laramide extrusive volcanic sequence caps the
Patagonia Mountains .

Sierrita Mountains
The Sierrita Mountains are located south-southwest

of Tucson and contain several notable porphyry
copper deposits. The southern end of the range is
composed, in part, of Laramide volcanic units similar
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to, and possibly time equivalents of, volcanic forma-
tions known at Silver Bell .

Cooper (personal communication 1966) verifies the
presence, on a small scale, of intrusive rocks of
volcanic appearance in the Sierrita Mountains . J . H .
Courtright (personal communication) has noted several
localities in the southern Sierritas which evince in-
trusive volcanic phenomena similar to that known at
Silver Bell .

The complex geology at the Esperanza mine of the
Duval Corporation has been worked out by Lynch
(1965), whose maps indicate a Laramide rhyolitic
welded tuff overlain by andesitic breccias and welded
tuffs . This is the reverse situation of the normal south-
ern Arizona Laramide volcanic stratigraphy . Lynch's
geologic cross-sections suggest a cupola shape for cer-
tain occurrences of the rhyolitic welded tuff unit . In
one cross-section a block of Cretaceous quartzite is
shown overlying the younger welded tuff. These
anomalous situations could be explained if the rhyo-
litic welded tuff were, at least in part, a near-surface
intrusive .

Vulture Mountains

The Vulture Mountains southwest of Wickenburg
are characterized by Tertiary rhyolitic to andesitic
outpourings over a Precambrian basement . Along the
Vulture mine road and straddling the line between
Sections 6 and 7, T6N, R5W, a possible vent for both
rhyolitic tuff and andesite is well exposed .

At the surface, the tuff occurs in the form of a thin
ellipse with a long axis of 1500 feet . Pronounced flow
structure shows a dip of 65€ . Completely surrounding
this tuff is a sheath of andesite which is, in turn, en-
closed in Precambrian gneiss . Andesite dikes cut the
gneiss outward from the volcanic center . There is no
structural solution for this occurrence other than to
call these volcanic-appearing rocks intrusive.

Big Horn Mountains

Like the neighboring Vulture range, the Big Horn
Mountains south of Aguila are composed of Tertiary
rhyolitic and andesitic volcanic rocks overlying a Pre-
cambrian basement. The U. S . mine in the northeast
corner of T4N, R8W lies on the contact of a massive
north-northwest trending rhyolite dike . Southwest of
the mine Precambrian schist is criss-crossed by a large
number of tuffaceous dikes which undoubtedly were
feeder structures for the ignimbrites capping the geo-
logic column in the area .

Galiuro Mountains

East of the San Pedro River and around 32030' N
Latitude, the abruptly rising western flanks of the
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t ;skiuro Mountains expose a thick, layered sequence
i l'ertiary volcanics . It is not unusual to see an ap-

Y€.trently conformable flow unit suddenly change strat-
r,tl}hic horizons . Both basaltic (or andesitic) and

t ; ;\ ulitic sills are present .

Ajo Mountains

The Ajo Mountains northeast of the Organ Pipe
" .ttional Monument headquarters also exhibit a thick
;,tle of Tertiary flows. Large scale examples of seem-
sn '- ly tuffaceous rocks cross-cutting andesitic volcanics
.Ire visible from the Ajo Mountain drive .

CONCLUSIONS

Some of the intrusive volcanic rocks described here-
in fit in the category of rhyolitic or andesitic dikes - a
type of occurrence recognized for many years and
widely excepted as valid . However, some of the des-
criptions and suggestions made in this paper imply the
existence of large bodies of intrusive tuffs, ignimbrites,
etc .

No doubt terminology is partly responsible for lack
of credence in intrusive volcanic phenomena . Terms
such as "tuff," "welded tuff," "ignimbrite," and "vol-
canic rock" all were originally coined and are almost
exclusively used to refer to igneous extrusive materials .
But is it necessary to invent new nomenclature to
describe rocks that are megascopically and petrograph-
ically an ignimbrite, or a tuff - just because these
volcanic-appearing rocks can be shown to be intrusive?
The writer has chosen not to do so . Consideration
might, however, be given to the term "sub-volcanic"
(not listed in the major science dictionaries) to des-
cribe the type of occurrence represented by these
intrusive volcanics.

The fact remains that intrusive volcanics do exist in
a number of localities, and that individual rock bodies
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can be of a rather large scale - as witness the dacite
porphyry at Silver Bell. It has become apparent that J
petrographic and megascopic volcanic textures do not
necessarily qualify a rock as extrusive, and that struc-
tural relationships are of the utmost importance .
Southern and central Arizona should be favorable for
the, recognition of the sources that fed the volcanic
outpourings as much of the Laramide and later Terti-
ary extrusive cover rocks have been eroded away .

Near-surface intrusive volcanic phenomena should
be expected in a volcanic province . Dikes and more
circular vents would act as feeders . Certain strati-
graphic horizons would, at times, allow easier access
to rising volcanic materials than would very hard or
plastic overlying formations - thus sills or laccoliths
would form. In a like manner large amounts of gas-
charged fluids could be temporarily impounded be-
neath a particularly impervious barrier, and the in-
trusive volcanic body formed could assume any of a
variety of shapes . If a fluidized column vented forth
at the surface, the pressure decrease could affect other
portions of the fluidized system, and rising volcanic
materials might stop and cool in place .
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TECTONIC MAP OF ARIZONA

To be prepared by M . E . Cooley and others and to be published
by the AGS (Arizona Geological Society)

Primary sources of information :

1 . All available published and unpublished structural information .

2 . Structural information obtained from ERTS-1 (Earth Research
Test Satellite-l) imagery .

3 . Structural information obtained from the high altitude U2
photographs .

Procedure in preparation of the map :

1 . Compilation of map showing only strike and dip symbols
(amount of dip not shown) . Scale 1 :1,000,000 .

2 . Compilation of maps showing known structures and structures
identified on aerial photographs . Scale 1:1,000,000 and
1 :250,000 . One map compiled in 1971 at scale 1 :1,000,000 .

3 . Compilation of maps showing structural information obtained
only from ERTS-1 imagery . Scale 1:1,000,000 and 1 :250,000 .
One map compiled in 1972 at a scale of 1 :1,000,000 .

4 . Final tectonic map to be submitted to AGS will be compiled from
information contained on the maps listed above .

1 . Orthomosaic of the state prepared from the ERTS-1 imagery .
Scale 1 :1,000,000 .

2 . Or, if orthomosaic is not available, from base used for Arizona
Highway Geologic Map published by the AGS . Scale 1 :1,000,000 .
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TO: W. L . Kurtz

FROM : J . C . Balla
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Distinguishing Different Age
Igneous Rocks in the Field

Introduction

One of the questions I was asked to answer by W . E . Saegart as part of my
dissertation work was in regard to distinguishing Laramide age igneous
rocks from Precambrian age igneous rocks in the field . The question was
whether the criteria used by ASARCO geologists in determining Laramide vs .
Precambrian age were valid . Subsequent isotopic dating has shown that, in
all but one case, the field determination of age was indeed valid .

Based upon the isotopic dating, it appears possible to distinguish in the
field the correct age of each period of magmatic activity in Arizona, with
a partial reservation between the Laramide and Mid-Tertiary .

The following criteria listed for each rock are sufficiently diagnostic
that, in the vast majority of cases, one can feel reasonably confident that
the age designation is correct . As always, poor outcrops or limited outcrops
may make any designation questionable .

It should also be mentioned that the depth of erosion is quite important .
Whether one is looking at the top of a stock or deep into the interior makes
a profound difference between the characteristics of each "level" of the
stock .

Attached to the report is a series of maps showing "type localities" for
the different age rocks .

Older Precambrian

Madera Diorite and its Equivalents

The isotopic age is approximately 1630 m .y ., but the San Tan Quartz Monzonite
and Table Top Quartz Monzonite (considered to be equivalent to the Madera)
yield isotopic ages of 1341 m .y . and 1329 m .y ., respectively .
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This rock varies in composition from a quartz monzonite to a diorite . It
seems to have gradational contacts between these different rock types, in the
same stock . The rock is medium grained, equigranular, non-porphyritic .
Epidote is very common, occuring on fracture planes and disseminated
(derived from alteration of the mafics) . Biotite has been altered (generally)
to chlorite and epidote . Commonly the biotite is "clotty" and appears
sheared, as opposed to fresh, shiny books .

The rock intrudes only the Pinal Schist, and may contain numerous xenoliths
of Pinal Schist . The rock generally has a crude foliation .

These age rocks occur as small (1000-2000 feet) to medium size (5-10 miles)
stocks . The stocks are generally quite elongate .

Oracle - Ruin Granites

This rock yields an isotopic age of 1420 m .y ., although a sample from the
Sacaton Mountains produced a 1240 m .y . age . This rock is normally called a
granite, although compositionally it is a quartz monzonite . These granites
are coarse grained, and porphyritic . A very diagnostic feature are the
phenocrysts, which are very large pink K-feldspar . The K-feldspar occurs
up to 3-4 inches in length . Plagioclase occurs as anhedral to subhedral
grains . Biotite has been altered to chlorite, and is "dotty" in appearance .

The rock is generally non-foliated . It may or may not contain aplite dikes .
It also may or may not contain roof pendants of Pinal Schist .

These granites occur as very large batholithic masses . In some cases an
entire mountain range may be composed of this rock . The dimensions of these
batholiths are unknown, but the Oracle batholith appears to be at least
50 miles across .

Younger Precambrian

Solitude - Sacaton Granites

These rocks are distinctive, and their Younger Precambrian age is a relatively
new discovery . The Sacaton Granite has an isotopic age of 857 m .y ., and the
Solitude Granite has an apparent isotopic age of 800-900 m .y .

These rocks are fine to medium grained, equigranular, non-porphyritic
granites . Particularly diagnostic is the presence of muscovite . Biotite
may also be present, making a "Two-Mica Granite" . So far as known, the rock
has never been found intruding the Apache Group sediments .

The rock occurs as small stocks, with the average dimensions being about a
mile in diameter .
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Laramide

The Laramide rocks are broken into two general categories, the Granitic
stocks and the Quartz Diorite-Diorite stocks .

Granitic Stocks

These rocks range in isotopic age from about 70 m .y . to 52 m .y ., with the
older stocks being in the western part of the State . These rocks range in
composition from a granodiorite to a granite, with most falling in the
quartz monzonite-granodiorite range .

These granitic stocks are elongate, composite, epizonal plutons . They may
have one, two, or three different facies present . The presence or absence
of these different facies is due to the "level" or depth position of the
stock that we presently observe, and the magmatic history of the rock . The
contact zone between these different facies may be sharp (perhaps 10 feet or
less) or gradational (hundreds of feet) . It should be emphasized that
different Laramide rocks which are adjacent to each other may only represent
different facies of the same stock, and that these different facies should
be mapped .

These stocks range in size from small stocks (several thousand feet in diam-
eter) to very large stocks, occupying 20 square miles or more .

The Laramide age granitic stocks have the widest range of characteristics .
There does not appear to be any single characteristic that distinguishes
these rocks from other age rocks .

The rocks are generally equigranular, non-porphyritic . However, in the core
zone, or observing a deeply eroded stock (Schultze Granite), large (3"-4" in
length) phenocrysts of K-feldspar or plagioclase may occur . The phenocrysts
are generally white, compared to the Precambrian pink K-feldspar phenocrysts .
Quartz may occur as rounded phenocrysts, or as interstitial material .

Biotite has long been used by ASARCO geologists as a diagnostic mineral . If
the biotite occurred as euhedral, black to blackish green books, it was con-
sidered to be diagnostic of a Laramide stock . In general, this criterion is
valid . However, in the core zone of the Laramide stocks, biotite has almost
always been altered to chlorite . Also, fresh, unaltered biotite has been
found in the Older Precambrian quartz monzonite in the Table Top Mountains .
Thus, this particular characteristic must be used with discretion .

The Laramide rocks are generally non-foliated . However, near the contacts
with other rocks, the rock may become distinctly foliated . Flow structures
appear to be limited to the Laramide rocks, but occur so infrequently that
their absence means nothing .
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Quartz Diorite - Diorite Stocks
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These rocks vary in composition from a diorite to a quartz diorite . They
vary in isotopic age from 70 m .y . to 62 m .y . These rocks are medium grained,
equigranular, non-porphyritic . They are not composite stocks .

These rocks seem to generally contain a little sulfide mineralization . The
mineralization consists of pyrite, which occurs on fractures and/or disseminated .
The pyrite appears to be a late magmatic feature, as opposed to a hydrothermal
feature .

Copper, as chalcopyrite, is associated with the pyrite . Copper values are
generally quite low, around 500 ppm € 200 ppm . Only two of these stocks
approach being an ore deposit (Chilito, Christmas) . The overall sulfide con-
tent is low, less than 2% .

The stocks are generally small, being less than 5000 feet in diameter .

Mid-Tertiary Granitic Stocks

The Mid-Tertiary stocks range from granites to quartz monzonites . They seem
to fall into two general "types", those associated with ash flows and ash
falls and calderas, and those not spatially associated with volcanic features .
In all probability, the two different types are merely different erosion
levels of the same magmatic events .

The stocks associated with volcanic rocks are quite distinctive . These
rocks, like the Wood Camp Canyon Quartz Monzonite, are generally quartz
monzonite in composition . They are very fine grained, equigranular . They
may or may not be porphyritic . Phenocrysts, if present, are quartz .
Sanidine may be present, and is diagnostic . Rock may be deuterically altered
to clay . Disseminated grains of magnetite and/or pyrite may be common .
Mafic mineral, if present, is dark, euhedral, fresh biotite . Miarolitic
cavities may be present . The stocks, which are small (2-3 miles in long
dimension) may or may not intrude the volcanic pile .

In contrasts to the above are large stocks which have a granitic texture .
These stocks , such as the Stronghold Granite (K-Ar age 22 m .y .) are identical
to the Laramide granitic stocks . The only way of determining the age of
these rocks is by radiometric methods .

John C . Balla

JCB :lad
Attach .



APPENDIX I

The following is a list of "type localities" for various rock units . The
figures are from my dissertation . Thin sections for the rocks are available from
George Stathis . Hand specimens are stored in the basement in a box labeled
"John Balla Dissertation Rocks" .

Age of Rock Name of Rock Reference

Older Precambrian Madera Diorite USGS P .P . 342
" " San Tan Quartz Monzonite Figure A-5
" " Table Top Quartz Monzonite Figure A-6

" Oracle Granite USGS P .P . 471
" " Ruin Granite USGS P .P . 342

Younger " Solitude Granite USGS P .P . 342
" Sacaton Granite Figure A-il

Laramide Schultze Granite USGS P .P . 342
" Core Facies-Granitic Stock Figure A-10

Intermediate Facies-Granitic Stock Figures A-9, A-14
Border Facies-Granitic Stock Figure A-13,

sec . 29, T5S, R7E
Quartz Diorite-Diorite Stocks USGS GQ-1021

Schmidt, E ., Dissertation',
Tortilla Mountains

Mid-Tertiary Wood Camp Quartz Monzonite Figure A-2 ; USGS GQ-128
" 11 Stronghold Granite USGS P .P . 281
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CORRELATION OF SOME POST-LARAMIDE TERTIARY
UNITS GLOBE (GILA COUNTY) TO GILA BEND

(MARICOPA COUNTY), ARIZONA

By

James D. Sell
American Smelting and Refining Company, Tucson, Arizona

GENERAL STATEMENT

Integration of field mapping by various geologists
has resulted in the identification of some correlative
Tertiary units along a zone 130 miles in length. The
zone extends from the Globe-Miami area across the
alluvial basin at Casa Grande into the Gila Bend area.
The rock units are correlated on the basis of rock
type, structural involvement, and sequence, but they
are not necessarily exact time equivalents . This paper
does not propose that any rock unit completely cover-
ed the region from Globe to Gila Bend, nor that similar
appearing units in the various areas are necessarily
from the same source. The units are post-Laramide
(post-early Tertiary) in age.

I wish to thank ASARCO geologists for their written
and verbal comments and, along with M . E. Cooley,
for field checks. American Smelting and Refining
Company (ASARCO) kindly permitted permission for
publication of the paper .

DIVISIONS

The late Cretaceous-early Tertiary sequence of se-
lected localities was reported in a paper by Richard
and Courtright (1960) . Summaries of the numerous
problems of Late Mesozoic-Tertiary events involving
sequence and correlations are given by Cooley and
Davidson (1963), and Heindl (1962) .

The post-Laramide Tertiary units rest on a wide-
spread erosion surface termed the San Xavier surface
(Heindl, 1962, p. 13). In this paper the following six
divisions are proposed for this portion of the Tertiary
sequence .

VI Younger basalts

V Tuffs and ignimbrites

Late (?) Miocene-
early Pliocene
Late Eocene (?) to
Middle Miocene (?)

IV Younger conglomerates)
III Older volcanics )
II Andesitic volcanics )
I Older conglomerates )

69

All divisions are not represented in each area discus-
sed ; however, the stratigraphic-structural break repre-
senting these divisions has been noted and commented
on by various workers in Cenozoic geology . Field rela-
tionships of the rock units and their structural com-
plexities indicate that a sequence of depositional-
readjustment and volcanic activity was continuous for
the entire time span as covered in this paper. The
relation of structure to deposition, volcanism, and
erosion is widely covered in the papers by Cooley and
Davidson (1963), and Heindl (1962) . Because of these
complexities any of the Tertiary units may be in dep-
ositional contact with any Laramide or pre-Laramide
sequence .

Unit names in this paper (generally in quotes) are
those given in the various reports and thus are of local
usage only. Widespread correlation with named units
elsewhere in Arizona is speculative at this time, and
work is continuing in correlating the Tertiary sequence
of the Basin and Range Province in Arizona .

Division Description
I. Older conglomerates. The older conglomerates

are generally tuffaceous and contain large quantities
of locally derived debris but do not contain fragments
of extrusive volcanic rocks . The gravels range from
pebble to boulder size, angular to rounded, unsorted
to poorly sorted. In the eastern area (Superior-Globe-
Miami), the conglomerates appear to occupy restricted
basins whereas westward in the Table Top-Sand Tank
area they were deposited in more widespread sheets .
A major unconformity separates the older conglom-
erates from the overlying units .

II . Andesitic volcanics. The lower flows of the
andesitic volcanics may interfinger with the underlying
conglomerates but the change . occurs rapidly from
dominantly sedimentary rock to dominantly volcanic
rock. At the base of the andesitic volcanics are beds,
often exhibiting waterlain characteristics, of brown to
red-brown cinder and ash beds, and locally in the west-
ern area a white pumice bed . Overlying the cinders
are non-vesicular light to medium grey andesite flows
characterized by abundant red specks which are prob-
ably iddingsite derived from olivine.
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The characteristic cinder and ash beds have been
mapped from the Superior area to the Gila Bend area
and constitute a very good marker bed even though
they are thin and not present in all outcrops of andes-
itic volcanics.

III . Older volcanics. A dark gray , to black ves-
icular basalt lies disconformably on the underlying
volcanic rocks, predominantly andesitic , in the western
part of the report area . Associated with the basalt is a
complex sequence of andesitic , rhyolitic , and latitic
flows and vents . In the Superior-Globe-Miami area, the
Division III unit is a complex of trachyte , rhyolite,
glassy lavas , and other flows, which , in Arnett Creek
is known to overlie the "red speckled" andesite and
the red-brown cinder-ash beds of Division II . A major
unconformity occurs at the top of the complex Divi-
sion III .

IV. Younger conglomerates. The younger con-
glomerates appear to occupy very restricted basins and
are primarily composed of material from the eroding
and reworking of the nearby older volcanic-conglom-
erate sequence. Especially characteristic is the abun-
dant debris derived from the older volcanics of diverse
types. With the conglomerates are abundant tuff-
aceous sandstones, and some mudstones .
V. Tuffs and ignimbrites. A vast amount of ash

material, ranging in composition from rhyolitic to dac-
itic, and of pastel colors , make up the units of this
division. The material is characteristically a welded
tuff or ignimbrite which often has a dense black vitro-
phyre layer near the base. The structural complexities
of the ignimbrites are minor compared to the under-
lying units (especially the older volcanic rocks) al-
though the ignimbrites are cut by faulting . A minor
unconformity separates the units from the overlying
younger basalts .

VI. Younger basalts. Dense, black basalts overlie
the ignimbrite forming material . The basalts are found
as isolated "caps" throughout the region , but are also
found as widespread , though dissected , sheets .

DESCRIPTION OF AREAS

Five areas, from Globe to Gila Bend, and their se-
quence of post-Laramide rock units are discussed in
this section . Figure 1 shows the geographical relation-
ship of the areas . Figure 2 is the proposed correlation
between the six divisions previously described .

Globe-Miami

In the Globe-Miami area the older conglomerate
unit of Division I is represented by the Whitetail Con-
glomerate which may rest on any of the older rocks .
The conglomerate is composed of coarse, bouldery
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diabase detritus with subordinate amounts of Pinal
Schist, Apache Group, and Paleozoic limestones . N.P .
Peterson (1962, p. 37) writes: ". . . . the lower part is
wholly unsorted and unstratified. Higher in the sec-
tion crude stratification can be recognized, and lenses
of poorly sorted gravel occur that undoubtedly repre-
sent temporary stream channels . Approximately the
upper 50 feet of the formation is well stratified and is
composed of layers of dark sand and gravel interbed-
ded with layers of white tuffaceous sand ."

The andesitic volcanics, Division II, are not repre-
sented in the Globe-Miami area and the older volcanics
of the complex Division III rest directly on the White-
tail. The correlation of N. P. Peterson's "Earlier Vol-
canics" with Division III is based on Blucher's (1958)
and D. W. Peterson's (1962) work in the Superior area .

The Division III unit is a complex assemblage of
bedded tuffs (some of which are waterlain), felsitic
and glassy lavas, and perlitic glass . These volcanics are
separated from the overlying volcanics by an "interval
during which some erosion of the rocks of the first
eruption occurred" (N . P. Peterson, 1962, p . 37) .

This interval of erosion undoubtedly is the interval
represented by Division IV, younger conglomerates,
but no remnants of any conglomerate have been re-
ported .

The Division V, tuffs and ignimbrites, ("Later Vol-
canics" of N . P. Peterson, 1962) have a base of white
to gray crystal-tuff which grades upward into a black
vitrophyre, which in turn is overlain by the massive
welded tuffs or dacite which have a slightly variable
light brownish-gray-orange color .

Superior

The Whitetail Conglomerate (Division I, older con-
glomerates) crops out in the Superior quadrangle in
several places and in Queen Creek within the Thomp-
son Arboretum area of the Picketpost quadrangle . The
Whitetail Conglomerate, as described by D . W. Peter-
son (1962) is " . . . . fluvial deposits composed of
angular to subangular fragments derived from all older
rocks, mainly from underlying or nearby rocks . Most
fragments are pebble size, some larger. Matrix is
coarse-grained, poorly sorted arkosic to lithic sand-
stone, moderately well cemented; bedding planes poor-
ly defined or absent ."

Overlying the Whitetail Conglomerate north of Pick-
etpost Mountain is the distinctive brown to red-brown
ash bed which in turn is overlain by a massive blue-
black andesite ("Blue Basalt" of Blucher, 1958) with
altered red crystals - probably iddingsite after olivine .
These volcanic units represent Division II, andesitic
volcanics, of this paper . In Arnett Creek the ash beds
rest directly on either Pinal Schist or Laramide granite,
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while in the road cuts west of the Arboretum they rest
on Final Schist and poorly preserved conglomerates .

Blucher and Kinnison in 1960 (Personal Communi-
cation) recognized a disconformity separating the Divi-
sion II red ash and "Blue Basalt" units from the over-
lying complex (Division III) of tuff, spheroidal agglom-
erate with perlite, and rhyolite of the Arboretum area .
Eastward the units are apparently part of the sequence
which D. W. Peterson (1962) describes as : "Rhyolite :
Lava flows composed of rhyolite and perlitic obsidian .
Light to medium-gray rhyolite . . . . generally prominent
flow laminations, locally contorted . Perlitic obsidian
generally forms top or bottom of rhyolite flows . . . .
Includes minor deposits of tuff, tuff breccia, and flows
of andesite and trachyte ."

D . W. Peterson (1966) suggests that the tuffs and
rhyolites on Picketpost Mountain are younger than the
dacite; however previously (1962), he maps and des-
cribes the thick rhyolite which underlies the dacite
northeast of Picketpost .

A break suggesting an "unrecognized erosion cycle"
(Blucher, Personal Communication) separates the com-
plex sequence of Division III from the overlying dacite
and welded dacite tuff of Division V . As in the Globe
district, this interval is represented by Division IV .

The dacite of Division V is described by D . W. Pet-
erson (1962) as " . . .ash-flow sheets ; non-welded tuff
at the base grades upward to densely welded black
vitrophyre that is overlain by densely welded tuff with
cryptocrystalliine groundmass. Progressively upward
from the vitrophyre the welding gradually decreases,
the amount of crystallization in the groundmass in-
creases and the color changes from light brown to
moderate red to very light grey ."

Blackwater-San Tan

ASARCO geologists Blucher and Kinnison conduc-
ted the bulk of the mapping in this area and the fol-
lowing descriptions are from their reports.

The lowest post-Laramide unit found was termed
the "Yellow Peak conglomerate" for its excellent ex-
posure on Yellow Peak northeast of Olberg. This Divi-
sion I, older conglomerate , is equivalent in position to
the Whitetail Conglomerate of the Globe -Superior re-
gion. The "Yellow Peak" (as reported by Blucher)
" . . . .is a poorly sorted, poorly indurated , fluvial de-
posit . . . . made up principally of pebbles , cobbles, and
boulders of Coolidge granite in a silty matrix." The
Coolidge granite is the report term for the Laramide
granite of the area.

The basal unit of Division II, not everywhere pres-
ent, is red-brown cinders and ash beds ("Olberg Beds"
of Blucher and Kinnison) which rest directly upon the
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"Yellow Peak conglomerate" as well as the Laramide
granite. Overlying the red-brown cinders and ash beds
is Blucher's "Blue Basalt" which is seldom amydaloi-
dal or vesicular . The basalt weathers to a soft bluish-
gray surface. This sequence of cinders and basalt is
directly correlated with the Division II sequence at the
Arboretum, Superior, Arizona .

Units composing the complex group of Division III,
older volcanics are not exposed in the areas mapped
by Blucher and Kinnison, but they may be present in
the volcanic complex of the Malpais Hills to the north
and west .

Overlying the "Blue Basalt" is the "Rock Peak con-
glomerate" which is assigned to the younger conglom-
erates of Division IV. This unit is composed of " . . . .
tuffaceous sandstone, siltstone, and conglomerate
which weathers to a light tan pock-marked surface"
(Blucher, private company report) .

The tuffs and ignimbrites of Division V cap Rock
Peak and Yellow Peak and are exposed in most of the
cliffs west of the peaks . This thick sequence of dacitic
volcanic rocks is correlated with the dacites to the east
and consists of tan dacite tuff, welded tuff, or tuff
agglomerate with a brown to black vitrophyre near
the base of the series .

The younger basalts (Division VI) cap many of the
isolated buttes in the region . They were named the
"Walter Butte basalt" by Blucher for exposures on
the butte .

Table Top-Sand Tank

Throughout this region are numerous exposures of
the older conglomerate - here termed the "Antelope
Peak conglomerate" for its excellent exposure on that
peak in the Antelope Peak quadrangle west of Casa
Grande. The Division I conglomerate rests on Pre-
cambrian granite at Antelope Peak, on Apache Group
rocks on Table Top Mountain, on Pinal Schist through-
out the area, and on Paleozoic limestones and Lara-
mide granite south of Freeman Underpass on the Casa
Grande-Gila Bend Freeway. Mapping in this area was
conducted by the author. The "Antelope Peak con-
glomerate" has a sandy-silty-tuffaceous matrix, often
with waterlaid biotite tuff lenses and contains pebbles
and boulders of Laramide and older rocks . Some vol-
canic porphyry-type pebbles are present in minor
amounts but none resemble the overlying volcanics .
Boulders of conglomerate similar to the Glance Con-
glomerate (Cretaceous) of the Vekol Mountains are
also present .

Division II, andesitic volcanics unit, is composed of
two distinct units . The lower member, the "Freeman
beds" (exposed in the roadcuts at Freeman Underpass)
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is composed of brown-red cinders and ash with white
pumice. The upper member, "Double Buttes volcan-
ics" (named for the exposures in the Table Top quad-
rangle), is composed of purple-gray andesite contain-
ing the characteristic altered red crystals, lava scoria .
cinders, agglomerate, and sometimes local units of
dacitic tuff.

In the Sand Tank region, the volcanics of Division
II are mapped as the Sauceda volcanics of Cretaceous
age by Wilson et al (1957). As the volcanics overlie
the older conglomerates which contain fragments of
Laramide-type rocks, the volcanics must be younger
than Cretaceous .

The interfingering of the lower conglomerate type
unit with the first phases of extrusive volcanic action
of the Division II units is well demonstrated in expo-
sures in the region . However, it is not known whether
the interfingered conglomerates are merely the result
of erosion and reworking of the main conglomerate
units or whether it reflects the continued inflow from
the conglomerate source areas. The exposures show,
however, that the change from dominantly sedimen-
tary processes to dominantly volcanic processes is
sharp and complete .

Overlying the andesitic volcanics are units of Divi-
sion IIl. In the Table Top area, Division III is a basalt
sequence of dark glassy basalt and dark andesitic ba-
salt; whereas, to the west in the Sand Tank area the
basalt is associated with a complex of andesitic, latitic,
and basaltic volcanics interbedded with minor tuff
aceous units .

The younger conglomerates of Division IV are poor-
ly exposed throughout the region but scattered out-
crops of conglomerate containing fragments of all pre-
vious volcanic types in the area can be found. One
exposure is at Indian Butte (Table Top quadrangle)
where a tuffaceous, often caliche-cemented, conglom-
erate contains numerous fragments of the older val-
canics and basalts. Northwest of the Table Top Moun-
tains an outcrop of conglomerate containing all types
of voicanics is found underlying a rhyotite ignimbrite .

Capping many isolated buttes, especially north of
the Freeman Underpass, is a distinctive pinkish rhyo-
lite ignimbrite which generally has a basal tan tuff and
black vitrophyre. The tuff, vitrophyre, and rhyolite
ignimbrite are assigned to Division V . An unconform-
ity separates Division V units from the underlying
units, and the upper units have been subjected to only
minor faulting and tilting .

No dense black basalt of the Division VI type was
found in the area mapped .
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Southeastern Gila Bend Mountains

The work of Heindl and Armstrong (1963), follow-
ing the previous work of Babcock and others (1948),
was a rapid reconnaissance of a small part of the south
end of the Gila Bend Mountains . Heindl defined and
described the "Sil Murk Formation" in this report and,
although additional work is needed to definitely
establish the correlation, the sequence of units they
describe in this formation resembles the sequence of
units in the Tertiary section farther east .

The Division I conglomerates are mapped over much
of the Gila Bend area and were named the "Sedimen-
tary Member" of the Sil Murk Formation .

The "Volcanic Member" overlies an angular uncon-
formity cut on the conglomerate and is sequence in
which Heindl lists the following, ascending, types :
Eolian tuffaceous sandstone, brownish-red ash, black
vitrophyre, and dacitic welded tuff (all Division II) ; a
fine-grained black basalt {Division III) ; a conglomerate
containing both gneissic and volcanic rocks (Division
IV); and a lavender tuff, possibly dacitic (Division V) .

Also found on the northwest side of the area (but
not mentioned by Heindl) is the distinctive pink
rhyolite ignimbrite of Division V, which is underlain
by conglomerates having volcanic material and belong
ing to Division IV .
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