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detailed structural, stratigraphic, and
petrological study of the San Francisco
Peaks Volcano north of Flagstaff. This
project is designed to provide a better
anderstanding of the geological and
petrochemical evolution of the volcano
and its role in the development of the San
Francisco Volcanic Field.

A second project consists of studies to
petter understand the geological and
petrological evolution of smaller silicic
centers of the volcanic field. Two recent
graduate theses have made major
contributions to this project. One, by
Charles Kluth, describes the
volcanological and structural
development of Elden Mountain, on the
northern outskirts of Flagstaff. The
second, by Kent Murray, is a study of
Williams Mountain, a complex of silicic
domes, east of Flagstaff.

A third long-term project is designed
to better understand the structural,
volcanological, and petrochemical
evolution of a part of the San Francisco
Volcanic Field between the San Francisco
Peaks and the Mogollon Rim. This project
has involved studies of detailed
relationships between volcanism and
faulting, including the Oak Creek Fault,
in the Woody Mountain area southwest of
Flagstaff and of Shadow Mountain, the
northernmost vent of the San Francisco
Field. Finally, a reconnaissance geologic
map of part of the Coconino National
Forest is being prepared in cooperation
with the U.S. Forest Service that involves
detailed structural, volcanological, and
petrographic studies of the area between
Anderson Mesa on the east and Sycamore
Canyon on the west.

In other areas of Arizona, graduate
theses related to igneous petrology have
been completed or are in progress and
include a detailed study of the younger
Precambrian basaltic rocks of the Grand
Canyon by John Hendrix; a massive
calcite body (a possible carbonatite) near
Wickenburg by David Sanders; an
emplacement of Precambrian granite near
Payson by Rondi Martinsen; and a field
study of Older Precambrian metamorphic
and plutonic igneous rocks at Weble

Mountain, southwest of Buckeye,
Arizona, by Carl Smith.
A major project involving the

Biostratigraphy of the Devonian system
in northern Arizona is being done by Dr.
Stanley S. Beus and two graduate
students. One major paper on the general
stratigraphy has been published and work
is continuing on the Paleontology and
Paleoecology of the system, particularly
in northwestern Arizona. Also in this
area, a thesis project by John Matthews
has been initiated on the general
Paleozoic stratigraphy in the Wheeler
Ridge area.
Paleontological

Pennsylvanian  system,

the
the

studies of
especially

Northern Arizona University

The Grand Canyon of the Colorado River has been the subject of geologic study and
research since the time of John Wesley Powell’s historic pioneer river trip through the canyon,
over a century ago. It continues to present intriguing geological problems fo university faculty
and students. The view is one looking downstream in upper Marble Gorge.

Naco Formation in Central Arizona, is
proceeding satisfactorily and one paper
has already been submitted for
publication.

Considerable work is in progress by
Drs. J. Dale Nations and Thor N. V.
Karlstom, Adjunct Professor from the
U.S.G.S. Astrogeology Center, in the
Mesozoic and Cenozoic in the general
area of northeastern Arizona. The
paleontology and paleoecology of the
Cretaceous Fruitland Formation in
northwestern New Mexico, the Triassic
Moenkopi near Meteor Crater, the
Cretaceous Mancos Shale in Black Mesa,
the Holocene Naha Formation in Tsegi

Canyon are all being investigated. In
addition, one major paper has been
published on the biostratigraphy of the
Pliocene-Pleistocene Verde Formation
and research 1is continuing on the
paleontology and paleoecology of this
unit.

The sedimentary rocks in northern
Arizona have been investigated by several
staff members and graduate students.
Research by Dr. Augustus S. Cotera Jr. is
almost complete in two Precambrian
sandstones, the Shinumo and Hakatai
Formation in the inner gorge of the
Grand Canyon. Together with completed
studies of the other units in the Unkar
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Group of the younger Precambrian, this
research will be submitted as a special
publication to the GSA and will provide a
complete summary of the petrology,
sedimentary structures and
paleogeographic interpretation of the
Unkar Group. In addition, work has been
initiated on the stratigraphy and
sedimentology of the Nankoweap
Formation, which overlies the Unkar
Group in the inner gorge of the Grand
Canyon,

A second research area has been
focused on facies analysis of several
carbonate units in the Paleozoic rocks of
northern Arizona. Studies are complete
and published on the marine facies of the
Toroweap Formation, and further studies
are being extended into Utah and Nevada.
Analysis of the non-marine facies in the
Toroweap has also been completed and
published. Further carbonate research in
various units of the Mississippian,
Devonian, and Permian . systems in
northern Arizona are in progress with the
petrographic facies analysis of the
Redwall Limestone in Chino-Verde
Valley virtually complete.

Dr. John D. Strobell, Adjunct
Professor from the U.S.G.S. Astrogeology
Center, in Stratigraphy and Economic
Geology, is continuing his research on the
oil and gas possibilities of the Colorado
Plateau. Dr. John F. McCauley, Adjunct
Professor of Lunar and Space Geology
from the U.S.G.S. Astrogeology Center, is
cooperating with Dr. Cotera on the sand
dune landscape project on the Navajo
Reservation.

From the above summary of research
in Geology at Northern Arizona
University, it is evident that we do a lot
of field work. In northern Arizona, we
have an excellent field laboratory and it is
our firm contention that our students
learn geological principles best in the
field, where geology is. We should like to
extend a sincere invitation to you, the
reader, to come up into the high country
and visit with us. We will delight in
sharing this magnificent country with you
at any time.

U of A Continued

Molybdenum mineralization appears to
be about 4 million years younger than the
main phase of copper mineralization.

The Potassium-Argon dates, patterns
of eruption, and periods of mineralization
of the Tertiary volcanic rocks of the
Mogollon-Datil Province of New Mexico
and surrounding regions were published
in the Geol Soc. Am. Bull. by W. E.
Elston, P. E. Damon, P. J. Coney, R. C.
Rhodes, E. I. Smith, and M. Bikerman.
They found three major volcanic cycles
28-23 m.y. and 23-30 m.y., each of
which consists first of andesite to rhyloite
lava flows, then ash-flow-tuffs, and ends

with basaltic andesite lava flows. Alkali
basalt and tholeiite (basalt poor in
olivine) became the most common types
of volcanic rocks after 20 million years
ago.
Dr. P. E. Damon, M, Shafiqullah, and
D. J. Lynch have determined
Potassium-Argon age dates of 12 to 17
million years on volcanic rocks associated
with Miocene sediments which have a
profound angular unconformity. This
unconformity is the result of faulting,
tilting, and erosion, after which other
sediments were deposited on the angular
surface. After 12 million years ago, the
basins have been subsiding relative to the
ranges with only minor tilting of the
strata. Several basins contain salt or
anhydrite, which indicates extreme
evaporite conditions during late Miocene
and Pliocene time. :

Potassium-Argon age dates of over 30
volcanic rocks in the San Francisco
Volcanic Field have been used by Dr.
Damon, Dr. Shafiqullah, and J. S.
Leventhal to calculate the rate of erosion
of the Little Colorado River. During the
last 2.4 million years, the average rate of
downcutting has been 315 feet per
million years. Most of the erosion of the
Little Colorado River occurred during the
Hemphillian, before the Bidahochi lake
beds were deposited. Their chronology is
consistent with M. E. Cooley’s (1962)
geomorphologic classification of volcanic
stages.

A Potassium-Argon date of 6.7 million
years has been published by R. E.
Scarborough, P. E. Damon, and M.
Shafiqullah for a basalt of the middle
volcanic member of the Bidahochi
Formation about 2 miles northwest of
White Cone on the Navajo Reservation.
This lava flow occurred after the lake
deposits of Pliocene aged Hopi Lake and
before the Pliocene stream deposits in the
same area.

A reliable conversion table from
radiocarbon years to tree ring years has
been published by Dr. Damon, Dr. Long,
and Dr. E. I. Wallick. The conversion
chart covers the last 7355 years before
present (before 1950 A.D.), although the
radiocarbon time scale is more precisely
defined from 500 through 2200 years
B.C.

Dr. Spencer Titley has published
several articles concerning the tectonic
framework of southeastern Arizona
porphyry copper deposits and criteria
applicable to the search for them. Dr.
Titley is also the author of an article in
Fieldnotes on “Copper Mining and Land
Use Planning.”

Dr. Denis Norton is studying the heat
and mass transfer in and around igenous
bodies. The cooling process is relevant to
metamorphism and to hydrothermal
processes which are very important in
forming ore deposits. In a related research

S

project, Dr. Norton is using the theory of
chemical mass transfer to interpret data
on characteristic mineral zones jp
porphyry copper deposits. Dr. Norton is
also applying mathematical modeling and
field investigations to a feasibility study
for evaluating geothermal water resources
in Arizona.

Dr. J. M. Guilbert and J. D. Lowel]
have published information on variationg
in zoning patterns in porphyry ore
deposits in the Bull. Can. Inst. Min, A
talk to the Min. Society of America on
hypogene mineralogy of porphyry base
metal deposits is also an outgrowth of Dr.
Guilbert’s continuing research on he
chemistry, mineralogy, and environment
of porphyry copper deposits. Dr. Guilbert
is directing numerous graduate student
investigations in this project. Some of
these include Verl Smith on Alteration at
Esperanza and Hypogene and Supergene
Alteration, John Mohon on
Sodium/Potassium ratios in micas, Darrell
Dean on Alteration at El Alacran, Clancy
Wendt on Alteration at Batamote, and
Roger Laine on Geochemistry of
Alteration. Jerry Davis has investigated
the alteration, fluid inclusion
geothermometry, and trace elements
geochemistry of drill core samples from
San Manuel-Kalamazoo for his Ph.D.
dissertation, which will be published in
Economic Geology when it is completed.
Dr. Guilbert has also given several talks
on natural resource consumptions,
shortfalls, and planning.

David Spatz has completed a master’s
thesis on the geology and
alteration-mineralization zoning of the
Pine Flat prophyry copper occurrence in
Yavapai County. He concluded that
mineralization 1is probably
time-correlative with alteration since
copper recurs with main-stage alteration
and lead and =zinc with Ilate-stage
alteration. Current erosional truncation
has exposed a shallow level of the original
intrusive complex and the techniques
used in the thesis offer useful guides to
exploration.

Although much of Dr. W. B. Bull’s
published research uses examples from
California, the processes are applicable
for Arizona as well. His article in the
Geol. Soc. Amer. on geologic factors
affecting compaction of deposits in a land
subsidence area is applicable to southern
Arizona valleys such as the Picacho-Eloy
area.

The impact of mining gravel from
urban streambeds in the southwestern
United States was pointed out in an
article in Geology by Dr. W. B. Bull and
K. M. Scott. Digging gravel pits in the
stream bottom lowers the local base level
which causes erosion of the stream
bottom upstream from the pit and
endangers bridge piers. The stream banks
also become more susceptible to erosion.
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Ground water recharge is also reduced
when clay is deposited in the bottom of
abandoned pits from the muddy pools
left after rains. Because inactive channels
can easily become active, gravel mining in
inactive channels poses the same major
threat to upstream bridges and housing
developments.

Dr. W. B. Bull has also developed
equations to analyze the landforms near
the mountain to basin boundary and
predict present stability. Dr. Bull has also
investigated the playa (dry lake) processes
in the volcanic craters of the Sierra
Pinacate, Sonora, Mexico. Dr. Bull is
presently researching the Quaternary
alluvium and terraces of the Lower
Colorado River. The terrace profiles
suggest that they were deposited as a
braided river and that there has been no
vertical uplift since the terraces were
formed in the Holocene.

A comprehensive catalog of mineral
occurrences in Arizona has been prepared
by Dr. J. W. Anthony, Dr. S. A. Williams,
and R. A. Bideaux. The book, which will
be published by the University of Arizona
Press, recognizes about 585 mineral
species. It is arranged by county and
mining district and includes descriptions
of the most interesting mineral
occurrences. The book will be illustrated
with line drawings and color plates.

Dr. Anthony and Dr. W. J. McLean
have also described a new mineral,
jurbanite, a hydrous aluminum sulfate,
from the 2700-foot level of the San
Manuel mine north of Tucson.

Dr. Richard F. Wilson has written a
summary of the Mesozoic stratigraphy of
northeastern Arizona for the 1974
Flagstaff meeting of the Geological
Society of America. Dr. Wilson is also
currently collecting data for a
stratigraphic atlas of Paleozoic and
Mesozoic formations of Arizona and
adjacent regions.

Dr. J. F. Schreiber, Jr. and his
graduate students are continuing research
on coastal geology studies near Puerto
Penasco, Sonora, Mexico. A
sedimentation survey of Rose Canyon
Lake, Santa Catalina Mountains is also in
progress.

A master’s thesis by William Jones has
unraveled the general geology of the
northern portion of the Ajo Range in

Pima County. The Ajo Range is
principally composed of mid-Tertiary
volcanic rocks and has been tilted

eastward approximately 25 degrees along
north-northwest trending normal faults.

Constance N. Dodge has analyzed and
compared the pebbles from the Chinle
and Morrison formations in Arizona and
New Mexico for a master’s thesis. The
place the distinctive pebbles (such as
fossiliferous, volcanic, and white chert
pebbles) came from was probably moved
by strike-slip faulting (with horizontal

movement of adjacent masses) between
the Late Triassic of the Chinle Formation
and the Late Jurassic of the Morrison
Formation.

Dr. G. H. Davis and his students have
written several papers about the

mid-Tertiary gravity-glide folding off the
Rincon Mountains near Tucson. The main
mountain mass, which is composed of
Catalina Gneiss, was uplifted relative to
the basin between 20 and 24 million

University of Arizona

Excellent exposures, such as shown here
in the Mescal Mountains, offer an ideal field
laboratory for geologic studies and research
by faculty and students. Note how the
erosion of the steeply dipping formations
give a false impression of folding.

years ago. The Paleozoic and Mesozoic
sedimentary rocks, which were above the
gneiss, “slid off the hill” and were
intricately folded. Davis presents evidence
in favor of gravity-gliding from the
mountain rather than overthrusting from
the basin. Dr. Davis is also using ERTS
photos in a photogeologic and field
analysis of macroscopic folds in the
Colorado tectonic province of Arizona.
Tom Heidrick gave several talks on
fracturing and diking in Laramide
plutons, work which will add significantly
to our understanding of southwestern
tectonics.

In his master’s thesis, Joe Wilkins has
used induced-polarization (IP) and
resistivity methods to locate the zone of
meteorite particles at Meteor Crater at
the base of the impact breccia.

An aeromagnetic study of the
Colorado River delta area, Mexico by M.

De la Fuente Duch has detected a
spreading center which should be
investigated for possible geothermal
resources.

The Second Annual Geoscience Daze
Student Colloquium was held April
10-11, 1974 with participation by
approximately one-fourth of the graduate
students. Over half the papers presented
covered some aspect of the geology of
Arizona.

Talks on the mineralogy or petrology
of certain rocks in Arizona included the
O’Leary Porphyry, the Red Cloud Mine,
tuff rings, and the Monte Cristo
Pegmatite. Katherine Bladh studied the
O’Leary Peak volcanic dome of northern
Arizona and did some experimental work

on rapakivi texture (oligoclase rimming
sanidine). Gary M. Edson studied the
mineralogy of the Red Cloud Mine, Yuma
County with particular emphasis on the
distinctive, red-orange mulfenite crystals.

Daniel J. Lynch explained the origin
of tuff rings in multi-vent basaltic
volcanic fields. John P. Mohon applied
the geothermometer, which is based on
Sodium substitution for Potassium in
muscovite, to the Monte Cristo Pegmatite
in Yavapai County.

Talks on structural geology included
gravity gliding, isostatic rebound, and the
Texas lineament. Eric G. Frost, John P.
Schloderer, and Dr. George H. Davis
scrutinized folded gravity-glide sheets in
Saguaro National Monument east of
Tucson. R. Brett Liming analyzed the
deformation in the Martinez Ranch area
on the southeastern margin of the Rincon
Mountains near Tucson. He questions

Drewes’ (1973) interpretation that
Laramide thrust faulting moved the
Paleozoic “block” 10 to 20 miles

northeast and suggests that the ‘“block”
moved south-southwest off the high
Rincon Mountains. John P. Schloderer
also questions previous thrust faulting
interpretations for the presence of
sedimentary and metasedimentary rocks
in the Redington Pass area east of Tucson
and suggests folding resulted from gravity
sliding along bedding planes. Monte M.
Swan examined the Stockton Pass Fault
which truncates the south end of the
Pinaleno Mountain Precambrian Gneiss
complex in Graham County. He
concluded that the Stockton Pass Fault,
which is expressed as a N. 70°W. shear
zone, is an element of the Texas
Lineament and that it demonstrates
major Precambrian left-lateral wrench
faulting as the origin of the Lineament.

Geophysical investigations in the Basin
and Range Province of Arizona are
discussed by Carlos Aiken and Dr. John
Sumner. They have correlated the
Bouguer Gravity Anomaly Map of
Arizona (West and Sumner, 1973) with
the Residual Aeromagnetic Map of
Arizona (Sauck and Sumner, 1970).

A geochronological study is being
conducted by Robert B. Scarborough on
the vitric air-fall volcanic ashes which are
found in Pliocene valley fill sediments in
southern Arizona. Thus far, he has
recognized two volcanic episodes. One
episode between 5 and 6 million years
ago produced at least 7 ash falls in the
lower San Pedro Valley, Verde Valley,
and lower Colorado River. A younger
episode between 2 and 3 million years
ago produced at least 4 thin ash falls in
the upper San Pedro Valley and Sulfur
Springs Valley. Chemical studies suggest
that no more than 2 major source
volcanoes were responsible for all these
deposits.
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Economic geology was represented by
papers on alteration at the San Manuel
ore body by Jerry D. Davis and the
secondary dispersion of tungsten by
Richard Frederickson, which have been
discussed above. Other papers include the
alteration assemblage at Esperanza by
Verl L. Smith and strata-form sulfides at
the Copper Queen Mine by Ken Brook.
Both the wall rock and the layered sulfide
ore at the Copper Queen Mine near
Mayer, Yavapai County have undergone
similar deformation. Therefore, Ken
Brook concludes that the sulfide bands
were present in the rock before the
deformation occurred.

University of Arizona

The age of rocks older than a few million years can be determined by measuring the
radioactive rate of decay of the isotope rubidium-87 to strontium-87. The rubidium-strontium
ratio method is used for such problems as the age of porphyry copper deposits or of the ancient
Precambrian rocks of the Grand Canyon. The picture shows the electronic equipment in the
geochronological laboratory which is used in conjunction with a mass spectrometer to make
such age determinations.

George Eliopulos examined the
geology of the Mineral Mountain area,
Washington County, Utah near the
eastern margin of the Basin and Range
Province just north of Arizona. Tom
Andrews summarized the structural and
igenous geology of the Troy mining
district in the central Dripping Spring
Mountains southeast of Ray, Arizona.

Jeffrey A. Boyer investigated the
hydrogeology of the Carefree Ranch area
north of Scottsdale to determine the
groundwater availability. Frank A.
Packard discussed some discontinuous
streams near Tucson and proposed a
theoretical model for their formation.

M&G-ENG Continued

Undergraduate enrollments in
geological engineering have increased
recently in the Department and job
opportunities and starting salaries for
graduates are excellent. Even though this
growth cannot be attributed entirely to
the energy crisis, that phenomenon
focused attention on the importance and
challenges of applying geology in the
mineral and construction industries as
well as in environmental and wurban
problems — a key element when a young
man or woman is choosing a career.

Spurred on by larger enrollments and
expanded research and teaching
programs, the Department has embarked
on a number of new activities. Simulation
of actual problems and
characterisitics has played a large role in
the teaching methods as indicated in the
following selected sketches, illustrating

field -

how students may learn to adapt
themselves to real-life situations that they
may meet in their later professional years.

Exploration is the first step in finding
new mineral resources. With the rapid
depletion of known mineral reserves and
the increasing difficulties and costs of
discovery of new sources, the geological
engineer needs all the scientific training,
imagination, logic, and experience he can
muster.

Dr. W. C. Peters offers the following
example of a problem in the search for
ore and the design of an exploration
program.

The Casi Cuatrocientos mountain
range rises in rugged isolation above the
desert alluvium in Geronimo County:
6000 square miles of relatively unmapped
and unexplored Mesozoic rocks with
reported occurrences of lead-zinc districts
in similar geologic terrain.

Can a group of students with the
background provided by the University of

Arizona’s courses in geoscience,
exploration, and mining find a hidden
orebody in the Casi Cuatrocientos

Mountains? A course in the department
of mining and geological engineering,
using a simulation gaming technigue
adopted from management training, lets
them try. It provides students with ¢
learning experience to bridge the gap
between textbooks and the ‘‘real world.”
Real world exploration conditions are
simulated: budgets, costs, time schedules,
decisions, unforeseen developments, and
competition between groups of students
trying to find the same orebody.

The model for the Casi Cuatrocientos
Mountains is real, but it exists half-way
around the earth from Arizona. None of
the students have had the prior advantage
of seeing it, so all begin on an equal
footing.

In order to give one of the recent
simulation games a southwestern flavor
and to hide the identity of the model
until the final “moment of truth,” two
mining districts, Touissit-Bou Beker and
Aouli in Morocco, became the
Tarantula-Big Bug and Anteater districts,
Avrizona. The towns of Matarka, Tissaf,
and Mahirisa became Mad Dog, Two
Guns, and Mesa Ridge on the borders of
the Casi Cuatrocientos Mountains.
Nothing else was changed; the terrain, its
geological, geophysical, and geochemical
characteristics, and its Arizona-like
climate remained as in Morocco.

Exploration teams, each with two or
three students, submit weekly
exploration plans, with each week
representing two months in the field. The
results of exploration — field geologic
maps, geochemical data, geophysical
profiles, and drillhole logs — are furnished
by the professor so that each team can
argue and anguish over them as a basis for
the next plan.

Interest and competition mount with
each step as the budgeted funds for
exploration shrink and the unexplored
area is reduced to anomalies and targets.

A stream sediment sampling program
may disclose a minor drainage area with
higher lead content than elsewhere, but
subsequent rock sampling shows no
specific anomalies. Another look at the
reconnaissance geologic map and the
pattern suggests a broad, anticlinal
structure. Look once more at the
aeromagnetic map and a basement uplift
is indicated. Now try ground magnetics
for stronger indications. Induced
polarization is tried; it gives a significant
response, but not where expected. Try
changing the assumptions (the tentative
exploration model). Back to more
detailed geologic mapping, and the
limestone plotted on reconnaissance maps
is now seen to contain a reef member.
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Meanwhile, where are the other
competing teams working? Is there time
for a drillhole? What will the budget
permit?

One team may have decided that they
will drill some holes for stratigraphic
information. Suppose that some of the
holes encounter no bedrock and one hole
encounters unexpected mineralization.
Shall we deepen some of the holes, drill
additional holes, or continue with the
original schedule? The clock is ticking,
the budgeted funds are shrinking. This is
as close to the ‘real world” as a student

can get while still in the college
laboratory.
Meanwhile, back at the source of

original data, the professor doles out the
information as it is “bought” from
budget funds on a realistic cost basis.
Nothing more is supplied until the
next-to-final course meeting when the
orebody is unveiled. Then, winners and
losers exchange congratulations and
commiserations.

At the final meeting in the course
there is a critique, and a comparison
between each team’s approach and the
program used in the discovery from
which the original information was
gathered. The students now have an
inkling of how they will be called upon to
make professional decisions. This time it
was a simulation, the next time will be
“for real” in a world pressed by mineral
shortage.

A part of the answer to problems of
mineral shortage lies with exploration;
exploration based on science, stimulated
by imagination, guided by logic, and
made practical by experience. The
geological engineering course at the
University of Arizona in “‘simulation
gaming in exploration” should help
students become tomorrow’s engineers
who will have to find the answer.

Another important aspect of mining
geology is mineral economics. In order to
greatly expand our capabilities in the
latter field, we are fortunate to have Dr.
DeVerle Harris join our faculty to
continue his research and teaching in
mineral economics, especially
quantitative exploration models and
statistical methods for mineral resource
appraisal.

Most civil engineering projects require
the acquisition, interpretation, and use of
geological knowledge concerning the
materials in the Earth’s crust. This branch
of geology is called geotechnics. For
Sstudents oriented more towards
geotechnics than mineral exploration,
simulation problems, similar to the
following, are given by Dr. Charles Glass.
D1. Glass’ main fields of teaching and
research are earthquake engineering,
engineering geology, and photogeology.

The Pima Gas and Electric Company
has contacted the firm of Glass-Peters and

Associates to make a feasibility study for
twin pressure tunnels to be constructed in
an area of northern Arizona. A
preliminary outcrop geologic map s
available from the client which show a
predominant conglomerate-sandstone-
shale facies with rather peculiar
topographic relief. Can a group of
students design an exploration program
to locate the geologic hazards in the area
and based on their conclusions make
recommendations regarding design? Can
they do it within a fixed budget? Vertical
and angled boreholes and open and closed
trenching will be the exploration tools,
and a computer will provide the cold,
impartial means by which they get their
results. A deep hole in the hard
conglomerate may deplete three-quarters
of one student’s budget. Another student
spends $18,000 of his allotted $20,000 in
a shotgun pattern and misses the
numerous wide fault zones slicing
through the area. Planning, careful
plotting, and geologic and engineering
skill pay off when the students arrive at
their final tunnel alignment and
preliminary design factors. Not only is
the student harried by the whims of the
geologic environment and the pressure of
a tight deadline and budget, but before he
can spend the money he must present
orally the logic behind his exploration
program. After his geologic map and
cross-sections are complete, he must
make an oral presentation of his report
and recommendations to a sometimes
skeptical group of professors and students
representing the interests of the client.
Yes, in the ‘‘Geotechnical
Investigations” course at the University
of Arizona, students wmake mistakes,
squander clients’ money, and learn how
hard and embarrassing it is to try to
explain a poor exploration program orally
in front of a group of professionals.
Brutal? Perhaps. But, better here than
later in their professional career.
Geomechanics is another subject
taught in the Department and one in
which active research is being carried
forward. This branch of geology deals
with the structural response of natural
materials to deformation or changes due
to the application of stress or strain.
Teaching in this field are Dr. R, D. Call, a
part-time lecturer specializing in slope
stability, and graduate student D.
Nichols, covering underground openings.
A great deal of research effort in the
Department has been directed toward the
planning and development of open-pit
mines. Dr. Young Kim, specializing in
geostatistics and computer applications, is
involved in two interesting projects
related to the evaluation of surface
mining ventures. One project is directed
toward verifying Matheron geostatistical
concepts (a specialized statistical
interpretation) on a large Arizona

porphyry copper deposit. Graduate
student Pete Knudsen is completing his
master’s degree on this project.

The second study by Dr. Kim is a part
of a major project, funded by the
Canadian government, concerned with
producing a Pit Slope Design Manual. Our
contribution to this effort is to develop a
generalized model for the financial
evaluation of altering the pit slope angle
in a surface mining operation. The
incentive for mining at a steeper slope is
obvious — less waste or unprofitable
material needs to be mined to extract the
ore. For large, deep open-pit copper
mines, an increase of a few degrees in the
slope angle can literally mean the saving
of millions of dollars.

However, steeper slopes mean that a
failure, such as a slide, is more likely to
occur with the resulting expense of
cleanup or perhaps even suspended ore
production and equipment damage. Thus,
there are clearly costs as well as benefits
associated with steeper pit slopes. Our
objective is to find the slope angle which
will produce the highest expected net
results.

First, there is the problem of defining
the cost of a failure. Cleanup costs may
be straightforward, but what about the
costs of lost production or lost ore?
Secondly, stope failures clearly are not
dependent solely on the slope angle. A
large number of other parameters, largely
geologic such as the characteristics of the
rock or alluvium, moisture content, and
local structure and slope heights, also are
relevant. One slope may stand very well
at 60 degrees while another will fail at 35
degrees.

The first problem of cost of failure has
been attacked by defining a number of
failure models from which the program
user may select the likely failure modes
for his mine. Alternatively, he can specify
a unique failure model with associated
costs if he wishes to do so. The second
problem of other factors has been
overcome by adopting the “probability of
failure” concept. Here, the geomechanics
specialist will estimate the likelihood of
failure under varying conditions for each
slope as a function of slope angle and
slope height. Then by using Monte Carlo
sampling methods, a procedure in which
random figures are used to approximate
the solution to an intractable problem,
we can simulate the mining of the deposit
many times to find a probability
distribution of possible net benefits.

The value of the study is the
methodology involved rather than any
specific results. Although slope angle is a
critical variable in the financial analysis of
surface mining ventures, there are many
divergent operating philosophies
regarding slope angles. Our work attempts
to provide a method for analyzing the
elements pertinent to that decision.
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