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February 4, 2014 DINNER MEETING
Who: Ralph Stegen will speak about "The Morenci Porphyry Cu-Mo Deposit, Greenlee County, Arizona:
A Geologic Summary with Emphasis on Hypogene and Supergene Mineralization.”
Where: Sheraton Tucson Hotel and Suites, 5151 East Grant Road, (at the intersection of Grant and
Rosemont on the North side of Grant in the PIMA BALLROOM (enter at northwest corner of the building)
and go upstairs to the meeting room.
When: Cash Bar at 6 p.m.—Dinner at 7 p.m.—Talk at 8 p.m.
Cost: Members $27, guests $30, Students free with online reservation ($10 without).

RESERVATIONS are REQUIRED: CALL (520) 663-5295 by 11 a.m. by Friday, January 31 or
reserve on the AGS website (www.arizonageologicalsoc.org). Please indicate regular (Baja Enchiladas:
chicken machaca, Anaheim tomatillo sauce, manchego cheese, avocado lime creama, ancho honey),
vegetarian, or cobb salad meal preference. Please cancel by Friday, January 31 at 11 a.m. if you are unable to
attend—no shows and late cancellations will be invoiced.

The February dinner meeting is sponsored by:
ARIZONA OIL AND GAS, INC.

AGS is grateful for Arizona Qil and Gas, Inc.’s sponsorship, which
helps us to offset dinner meeting costs. Learn more about Arizona Qil
and Gas at www.azoilgas.com.

ABSTRACT

The Morenci Porphyry Cu-Mo Deposit, Greenlee County, Arizona: A Geologic
Summary with Emphasis on Hypogene and Supergene Mineralization

Ralph J. Stegen' and David B. Parker’
!Freeport-McMoRan Copper & Gold, 10861 N. Mavinee Dr., Oro Valley, AZ 85737
’Freeport-McMoRan Copper & Gold, 4521 U.S. Highway 191, Morenci, AZ 85540

The Morenci porphyry copper-molybdenum deposit is located in southeastern Arizona approximately
260 km east of Phoenix. The Morenci mine consists of four active open pits, one concentrator, and four SX/
EX plants that produced 631 million pounds of copper in 2012. Mining operations commenced in 1872 and
were centered on underground mining of high-grade oxide mineralization hosted within Paleozoic sedimentary
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rocks. Underground mining then focused on high-grade chalcocite within enriched veins and stockwork
masses along dikes in Laramide intrusions. Underground mining ceased in 1932 and open pit mining com-
menced shortly thereafter. Production amounts are incomplete prior to 1937, but since then approximately 1.4
billion metric tons of concentrator ore averaging 0.70% Cu and 6.1 billion metric tons of crushed leach and
run-of-mine leach materials grading 0.26% Cu have produced about 32.5 billion pounds of copper. Proven
and probable reserves for Morenci as of December 31, 2012 were 685 million metric tons of mill ore averag-
ing 0.50% Cu and 0.021% Mo, 422 million metric tons of crushed leach ore grading 0.52% Cu, and 2,911 mil-
lion metric tons of run-of-mine leach material with an average grade of 0.18% Cu. Year-end 2012 mineral-
ized material amounted to 596 million metric tons of mill material grading 0.35% Cu and 0.020% Mo, and
2,278 million metric tons of leaching material averaging 0.21% copper. A new concentrator is currently under
construction that will increase mill ore production from 50K metric tons per day to approximately 115K met-
ric tons of ore per day.

The Morenci district lies at the juncture of three important geologic provinces: the Basin and Range,
Transition Zone with the Colorado Plateau-Basin and Range, and the Mogollon-Datil volcanic field. Geologic
attributes of these provinces are recognized in the Morenci district. Proterozoic granitoid stocks are overlain
by a 250 — 300 m sequence of Paleozoic clastic and carbonate rocks consisting of the Cambrian Bolsa and
Abrigo Formations, El Paso Limestone (Ordovician), Martin Formation of Devonian age, and the Mississip-
pian Escabrosa Limestone. A Cretaceous sandstone and shale (Pinkard Formation) disconformably overlies
the Escabrosa Limestone. Emplaced within these rocks are Eocene hypabyssal intrusions consisting of stocks,
laccoliths, and associated dikes and sills that constitute a comagmatic, calc-alkaline series of porphyritic intru-
sions. The intrusive complex was followed by block faulting and erosion that persisted to the middle Tertiary.
Renewed magmatism associated with the onset of Basin and Range tectonics resulted in a series of basaltic to
rhyolite volcanic episodes that buried the Morenci area. Volcanism commenced in the early Oligocene and
persisted to the early Miocene. From about the middle Miocene, erosion of the Morenci area formed the thick
sections of basin fill deposits of the Gila Group.

The Eocene intrusions can be separated into at least six texturally and mineralogically distinct phases
that range in composition from early diorite followed by quartz monzonite, monzonite, and quartz monzodio-
rite. The earliest Tertiary intrusive activity is a weakly mineralized diorite porphyry found as small plugs and
sills in the southern area of the district. Large stocks of monzonite dated at 55 Ma, and quartz monzodiorite
(age of 55 Ma) are associated with hydrothermal processes that formed the porphyry Cu-Mo deposits and cal-
cic skarn in Paleozoic rocks. The monzonite porphyry occurs as a NE-trending elongate stock centered on the
Morenci pit has prominent dikes along its margin. Intruding the monzonite is a quartz monzodioritic rock
consisting of several irregular stocks and NNE-trending dikes that occur north of the monzonite. Several brec-
cia bodies are associated with the quartz monzodioritic porphyry, none of which controlled ore-grade hy-
pogene mineralization. Diabase and sub-ophitic gabbro occur as irregular dikes that were intruded along ma-
jor east-striking faults and as sills within Proterozoic rocks. The diabase dikes intruded monzonite in the Mor-
enci pit, and in turn are cut by quartz monzodioritic stocks and dikes. Situated north of the quartz monzodio-
rite is a quartz monzonite plug and sill complex. The quartz monzonite has an age of 55 Ma and formed
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localized skarn in Paleozoic carbonate rocks and contains sparse sericitic veins. The youngest intrusion is a
post-hypogene quartz monzonite plug dated at 54 Ma that was emplaced within the older quartz monzodiorite
stock. The younger plug truncated K-silicate and sericitic veinlets in the older stock, and is characterized by
weak pervasive argillic and sericitic alteration.

The earliest faults in the district are easterly-trending, pre-hypogene in age, and are crosscut by north-
easterly-trending faults. The monzonite and quartz monzodioritic stocks are elongated northeast and associ-
ated dikes and sericitic veins are oriented along this northeasterly trend. Northwest-trending faults present in
the southwest area of the district displace the northeast-striking faults, Eocene stocks and hypogene veins.
Faults with northerly strikes displace the northwest faults, northeasterly-oriented faults and dikes, and the Oli-
gocene volcanics in the northern part of the district. In the southern area of the district, a major northerly
trending fault truncates the northwest-trending faults, and juxtaposed Neogene sedimentary rocks against Pa-
leozoic and Mesozoic sedimentary rocks.

Crosscutting hypogene veinlet relationships indicate that temporal variations of intrusive-hosted hydro-
thermal assemblages are identical district-wide. Earliest veinlets consist of quartz that has sharp veinlet walls
with no selvages are found in the apical part of the stocks. These veinlets are closely followed by quartz
veinlets with K-feldspar + sulfide (cpy, py) * biotite selvages. In mafic igneous rocks, pervasive biotite re-
placement of the rock is found between quartz + K-feldspar + sulfide veinlets. These are in turn crosscut by
quartz = molybdenite veinlets. These early veinlets are spatially restricted to the medial and deeper parts of
the host intrusion and exhibit variable veinlet orientations. Some of these veinlets have an outer sericitic enve-
lope that is interpreted as transitional from K-silicate to sericitic alteration. Multiple generations of quartz +
sericite + pyrite + chalcopyrite + magnetite veins overprint the K-silicate veins. The sericitic veinlets are asso-
ciated with intense wallrock alteration, have variable orientations, and are found throughout the district.

Large, through-going quartz-sulfide fissure veins traverse the sericitic stockwork veinlets and are the latest
expression of hydrothermal mineralization. In addition, calcic alteration that manifests as actinolite + epidote
veinlets and replacement of feldspars occurs along the outer margin of an oreshell hosted within a Proterozoic
diorite stock. Deep drilling beneath K-silicate alteration zones has encountered greisen veins consisting of
coarse-grained muscovite and quartz. Propylitic alteration is not well developed in the district, but localized
areas with specularite and weak chlorite in Proterozoic granite are found outside the sericitic alteration.

Hypogene protore throughout the district averages 0.2 to 0.4% Cu as chalcopyrite and 2-3 wt % pyrite
in K-silicate veinlets that form oreshells localized along the monzonite and quartz monzodiorite stock mar-
gins. Mo with grades of 0.01 — 0.03% is found inward and overlaps the lower and center part of the Cu ore-
shells. District-wide sericitic zones average 0.1 to 0.2% Cu as chalcopyrite in veinlets and halos associated
with 4-7 wt % pyrite. Highest grades occur in sheeted dikes proximal to the large stocks.

The vast majority of ore mined from the district and carried in reserves is the product of supergene
processes. The supergene profile consists of a surface zone of leached capping with copper grades of 0.03 to
0.05% characterized by hematite found above chalcocite mineralization with goethite and jarosite present
along the fringes. Situated within and proximal to leached capping is an oxide copper zone consisting
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mostly of chrysocolla, malachite, and brochantite veins with Cu grades of 0.15 to 0.40% in intrusions and
manto bodies that were very high-grade (>20%) in skarn. Beneath the oxide zone is a zone of partial leaching
of chalcocite that consists of iron oxide, Cu and Fe sulfate minerals coating and replacing chalcocite that is
situated atop the chalcocite enrichment deposits. Comprising the enriched zone is chalcocite & digenite +
covellite mineralization that forms a laterally-extensive blanket 15 to 450 meters thick over an area measuring
11.4 by 8.7 km. Enriched copper grades range from 0.15 to 0.3% for ROM leach material, but crushed leach
and concentrator ore have grades of 0.4 to 0.9% Cu. Copper grades of chalcocite mined underground were
extraordinarily high and ranged from 2 to 10%. A zone of lesser sulfide enrichment that is beneath the chal-
cocite-dominant blanket and is transitional to hypogene mineralization consists of variable amounts of chal-
cocite, digenite and covellite that partially replaced chalcopyrite.

The available geologic observations and geochronologic data indicate that leaching and enrichment
initially occurred prior to Oligocene volcanism as demonstrated by leached capping and chalcocite mineraliza-
tion situated beneath volcanic flows. Basin and Range faulting commenced in early to mid-Miocene time in
southeastern Arizona with the development of high-angle faults that presumably lowered the base level and
exposed the older supergene profiles and hypogene mineralization to a new cycle of leaching, oxidation and
enrichment. This later cycle of leaching and enrichment has yielded *°Ar/*’Ar dates for supergene alunite that
range from 13 to 2 Ma.

About the February Dinner Meeting Speaker

Ralph Stegen is currently vice president for mine site exploration with Freeport-
McMoRan based in Oro Valley. He has exploration and resource block modeling re-
sponsibility for mines and inactive properties in North and South America and the
Democratic Republic of the Congo. Prior to this he was chief geologist at Morenci
and Tyrone, and attained those positions by working as a project and senior geologist
at Morenci. Before, Ralph worked at the Questa porphyry Mo deposit in New Mex-
ico and this was preceded with project and reconnaissance duties with several compa-
nies focused on sed- and volcanic-hosted precious metal projects in Nevada and
Utah. His MS thesis was under Dr. Tommy Thompson at Colorado State University
on the carbonate-hosted manto deposits at Aspen, Colorado and prior worked for No-
randa as a mine geologist at Park City and on exploration projects in Colorado and Utah. He started work
as a geologist with the Utah Geological Survey working on mapping projects with Hellmut Doelling.

Short Papers by Arizona Geological Society Members

The Arizona Geological Society web site has added a new page, where our members can post short papers that
they have written.

If you have something you have personally written that you'd like to share on Arizona geology, general topics
of geological or educational interest, mineralogy, structure, or exploration/mining history among other topics,
please submit to the AGS Secretary for consideration. Please submit papers using Microsoft Word file for-
mat. AGS reserves the right to review the submittal for appropriate content.
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News from the Arizona Geological Survey
Newly Released Arizona Geology Articles

Interview with Dr. Spencer Titley: Revisiting the History of Porphyry Copper Exploration in Arizona.
The interview includes two short video segments with Dr. Titley expounding on the geologic framework
of Arizona and on his long experience investigating porphyry copper deposits.

The Geologic Framework of Arizona — Dr.
Spencer Titley (~3 minute video)

The Nature of Mineral Provinces — Dr.
Spencer Titley (~ 3 minute video)

Director's Message — Lee Allison looks back on
the Survey’s 125 years of service and addresses
AZGS’s new funding model going forward in
the 21* century.

New Releases

State Geological Survey Contributions to the National Geothermal Data System: Accomplishments for
Federal Fiscal Year 2013 October 1, 2012 to September 30, 2013, 2014, Allison, M.L., Richard, S.M. and
Patten, K.

World Potash Developments (AZGS Special Paper #9), 2014, Cocker, M. and Orris, G.

Newly posted at the Arizona Geological Survey’s Online Document Repository

Residual Aeromagnetic Map of Arizona * (1:1,000,000 scale), W.A. Sauck & J.S. Sumner (1970)

Residual Bouguer Gravity Map of Arizona * (1:1,000,000 scale), Lysonki, J.C. et al. (1980)

o Posted courtesy of the University of Arizona Geophysical Society.

GeoSNAPS 2013 Image of the day ended on December 31*. With the help of the geologic community of Ari-
zona, we plan to carry forward with GeoSNAPS — photos of geologic features — in 2014. Please contact Mike
Conway about supplying your favorite images of Arizona Geology. Michael.conway(@azgs.az.gov |
520.209.4146

Follow AZGS online at: Arizona Geology Blog | AZGS Facebook | AZGeology on Twitter

The Arizona Geological Society is grateful to Ruen Drilling, Inc. for
filling in at the last minute as sponsor for the January 2014 Dinner
Meeting.
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Geology meets art in Tucson
By Bob Kamilli

A few months ago, a few graduate students in the University of Arizona Department of Planetary Sciences de-
cided that it would be cool to have an exhibition of science-related art. So I entered some works that have been
hanging in my office and lab for many years.

Then the Tucson Museum of Art found out about the exhibition and decided to select the best works for a spe-
cial exhibition of their own. In the late 1970's, when my mother was actively painting, I asked her to make an
oil painting from a photomicrograph I had taken. Its title is "Photomicrograph of Sillimanite Schist with Zir-
con Crystal and Crossed Polarizers".

That painting was chosen for inclusion in the museum art exhibit. The two paintings on the right are by my
mother.

Continued on Page 7
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I am most definitely not an artist, but my mother was.
She is the person who taught me to see art and beauty
everywhere. The label for my mother’s two pieces said,
in part, “Marie E. Kamilli (1919-2006), born Philadel-
phia, PA. Homemaker who encouraged her son to be-
come a scientist. Despite graduating from a large public
high school with highest honors, she was unable to at-
tend college because of the Great Depression. In her
later years, she was able to pursue her early passion for
art.”

I also entered the following piece, which was not chosen
for exhibit at the Tucson Museum of Art. I call it
“Twelve Orders of Magnitude Difference”. Description:
A comparison of the famous “Earthrise” photograph
(taken by William Anders during the Apollo 8 mission
in 1968) with a photomicrograph of sodium acetate with
crossed polarizers.

The exhibit by the Department of Planetary Sciences
was considered so successful that it was decided that it
should be an annual event, so go through your photos
and other science-related works of art and be ready for
next year!
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ANNOUNCEMENTS
Welcome New AGS Members

Sarah Baxter - Student, University of Arizona
Timothy Busby - Student, University of Arizona
Ana Ingstrom - Student, University of Arizona

Robert Prescott - Asarco, Tucson Arizona

Arizona Geological Society is grateful to Freeport-McMoRan Copper and Gold for
their generous support of our student members!

Freeport-McMoRan is sponsoring student dinners for the 2014 AGS monthly meetings.

2014 AGS MEMBERSHIP APPLICATION OR RENEWAL FORM

Please mail check with membership form to: Arizona Geological Society, PO Box 40952, Tucson, AZ 85717
Dues (check box) O 1 year: $20; O 2 years, $35; O 3 years: $50; O full-time student (membership is free)

NEW MEMBER or RENEWAL? (circle one) Date of submittal
Name: Position:
Company:
Mailing Address:
Street: City: State: Zip Code:
Work Phone: Home Phone:
Fax Number: Cellular Phone:
E-mail: Check this box if you do not have an email address [

All newsletters will be sent by email. If you do not have an email address, we will mail a hard copy to you, but we
cannot guarantee timeliness.

If registered geologist/engineer, indicate registration number and State:

Enclosed is a tax-deductible contribution to the J. Harold Courtright Scholarship Fund.
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