Future Exploration for Arizona Porphyry
Copper Deposits: Do’s and Don’ts

Jan C. Rasmussen & Stanley B. Keith
SME Tucson, May 9, 2018

Rasmussen & Keith www.JanRasmussen.com May 9, 2018



Trlbute to Dr. John M. Guilbert

JOHN M. GUILBERT « CHARLES F. PARK, JR.

THE GEOLOGY OF

|| DEPOSITS
May 12, 1931 - October 17, 2017
Mlnlng Hall of Fame LeadV|IIe Sept. 29, 2018

Rasmussen&Keith ~ www.JanRasmussen.co May 9, 2018




Lowell and Guilbert, 1970 — Alteration
Guilbert and Lowell, Variations in Zoning

ECONOMIC GEOLOGY PORPHYRY COPPER DEFOSITS

Variations in Zoning Patterns
BULLETIN OF THE SOCIETY OF ECONOMIC GEOLOGISTS
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Laramide porphyry copper (69-55 Ma)
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Resolution Copper

Rasmussen & Keith
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Hehnke et al., 2014

Resolution 1% Cu Shell

“day
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Initial
discovery
1994;
Confirmed
1998 DH
1.75% Cu,
0.029% Mo;
Resources
(2017):
1,787,000,000
Metric Tons @
1.54% Cu,
0.035%Mo;
Encouraged
EIEWE
copper
exploration in
Arizona
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Magma-Metal Series Classification

1 Empirically based correlation of
magma chemistry and metal/
mineral associations linked in time
and space

1 Repeatable, Specific, Source-based

1 Cause and effect
relationship between magmatic source
and hydrothermal products |EESEE==—




Magma-Metal Series Classification

1 Reduce exploration risk in a sequenced
regional-to-drillnole scale methodology

 Goal: identify specific, low-risk drill targets
In economically favorable systems

 Tools:

J Pluton Vectoring

1 Element Dispersion Analysis
d Kinematic Structural Analysis
1 Detailed Geologic Mapping
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Using the Magma-Metal Series Approach

Local mineral system to drillhole scale

1 |dentifies the economically favorable
portion of the system

1 Characterized by specific mineral and
element assemblages

1 Specific low-pressure structural site
within the pluton-mineral system

New Cornelia pit, Ajo,
o showing differentiation
» vectors for intrusive
.| complex and Stage 4
target in and SE of the

plt May 9, 2018




Mountain Buildin
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porphyry copper
deposits
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Alkalinity and Depth Source - AZ

LIZARDITE

SERPENTINITE MUD DIAPIRS

SERPENTOSPHERE

Subcontinental
Antigorite
Serpentosphere

CA

Earthquake foci
caused by “serpentosphere”
dehydration and embrittiement

Upper seismic zone

Lower seismic zone

(s10jowolry) HiId3A

Potassium Depth Calculation
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Extraction of
Metal from the
Layered Mantle
Source Regions

1 Extraction is by
volatile (mainly
water)-induced
melting of material
from the layered
mantle source In the
hanging wall of the
Farallon subduction
zone.

Keith and Swan, 1996

Petrotectonic
model

For Arizona-
Sonora-

New Mexico
Porphyry copper
Cluster.

(From Keith

and Swan, 1996)
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Alkalinity of
metaluminous magmas
associated with weakly

oxidized to oxidized
magma sources of
Arizona
porphyry copper

deposits
K50%

Bisbee Type "

Quartz alkalic ' €

Morenci type
Calc-alkalic

T e MAGNESIAN,

CU_MO_Ag 030" ”40“ 7 50 60 70 80

Whole rock geochemlcal i Keith and others, 1991

SI 02°/o
analyses
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Arizona
Porphyry
Copper
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Middle Laramide —
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Laramide porphyry Cu - MCA
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Texas Zone elements
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Importance
of structure

Laramide porphyry copper
deposits exploited
transtensional zones
related to deep-seated
Texas Zone faults
operating in left slip
between 72 and 52 Ma
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Middle Nevadan - Warren m.d. (Bisbee)

Orogenic
Fhase

Arizona
Magmatism

Late & Canelo Hills Metalum porphyry Cu-Au Warren (Bisbee mine),

Middle Middle volcanics; o at Bisbee, Turquoise (Courtland-
; ; Alkalic

Jurassic plutonic rocks Gleeson Gleeson

Qrogeny Age (period) Alkalinity Resources Mining districts

Nevadan

Lavender Pit

Alkalic
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DECREASING AGE
TEMPERATURE AND PRESSURE —>

Stage 34
parent liquid

A ——
.\~ -~

"’ [ Quartz-feldspar )
|\, porphyry +

0.8 wt.% Ca0 7
7475 wt.% S0,

Stage 2-3 -—\-»
parent liquid

5.3 wt.% Ca0
57 wt.% SIO;

UPPER CRUST

9.0 wt.% Ca0
50.0 wt.% SiO;

Stage 1
parent liquid

, >
Parent liquid for -
entire sequence

LOWER TO MID CRUST

Hornblende gabbro ,..

\bAl/A

4th Stage:

Porphyry Mo-K-H (Ag-Pb-Zn-W-As-Cu-Mn-F)
system associated with hydrolysis event
following biotite disappearance.
Occasionally economic.

\ Te {foBowinghorablendidiesppasrance.
" Commonly very economic.

2nd Stage
Porphyry Fe-Mg-Na-Ca (Cu)

\ system associated with hydrolosis
avent following steep decline in
hornblemde maximum abundance.
Minor economic significance.

l 1st Stage
Carbonate (quartz) system

. associated with carbon dioxide
hydrogen gas unmixing in

l response to oxidative hydrous
metamorphism in mid and

lower crust.

Non-economic.

) Ly




Pluton Vectoring

1 Porphyry metal deposits typically represent the
economic portions of a sequence of separate
fluid releases that accompany a sequence of
Intrusives.

1 Maps of these fractional differentiation
sequences reveal a laterality that allows specific
and predictive map delineation of drill targets.
To some extent, map views of the sequence
constitute cross-sectional views of the entire
differentiation process. Consequently, many
porphyry metal systems have yielded new
exploration targets by considering the
laterality of the process.

1 The lateral nature of the process implies an
assoclation with lateral structural features,
especilally strike-slip faults.

& Keith www.JanRasmussen.com May 9, 2018



Pluton
Vectoring —

WETORVATSS
of different

case
histories

Twin Buttes

Rasmussen & Keith
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g B 25 =
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IT’'S THE WATER - Faster convergence rates
Wetter plutons = bigger hydrothermal systems
(hornblende-stable = Iin wet window)

Volcanism e o SEVIEN 1< LARIMIDE < UNNAMED ___]
MAC = much (ower H,0) OROGENY "1~ OROGENY OROGENY
2

= ' Morenci 2N
MCA = rare (hlgh HZO) ————~ igneous data (this.paper) / \
PCA = none (very high H,0) /Most,
PC = none (very high H,0)

commen - Coney (1976)
S )|/ magma
emmmenmes Coney (1978) A/Molume\

®@ Solomon and others (1977) ; | W-Be \

| [Ne\

B Jurdy (1978) 3 volecanis
| Py

Convergence Rates
MAC = 7-10 cm/yr (low
water)

MCA = 9-25 (32) cml/yr
PCA = 14-427? cmlyr
(very high water)

+—+—\

’quz:," 4 ,&.2_,;"
Least — /A" /

Depth of Magma -5
Emplacement 7} 7
MAC = 3-0 km (low water)
MCA = 5-2 km -

PCA =8-12 km i o Voleapiam e
PC = 10-15 km (very high e
water) AGE X 10 YEARS
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John Guilbert was instrumental In the beginning of Stan Keith’s career ~ 1970

Sergel Dlakov
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Mistaken Concepts

1. Volcanics are not usually associated with porphyry
Copper deposits on timeline; they are not lithocaps.

2. Calderas are not related to porphyry copper deposits

3. Pb-Zn-Ag is not a zoning fringe of Stage 3 porphyry
copper plutons

4. (However, Pb-Zn-Ag may be fringe to arsenical

(tennantite) Stage 4 copper veins. Ex. Magma vein, Old
Dominion vein)

5. Qtz-sericite-pyrite QSP is not exclusively associated with
porphyry Copper. Itis common to many deposit types.

6. Propylitic alteration (mainly Na feldspar, epidote,
chlorite, magnetite, actinolite) is not a fringe time-
equivalent halo of porphyry copper; it predates the
porphyry coppers.
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No Stratovolcano above Porphyry Copper

PORPHYRY sTock [+ %]

PHANERITIC
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HYDROTHERMAL (5577
INTRUSION BRECCIA
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B
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Fic. 1. Idealized cross section of a typical, simple porphyry copper deposit showing its position at the boundary between
plutonic and volcanic environments. Vertical and horizontal dimensions are meant to be only approximate.
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Stay away from Alkali-Calcic = Cu-Barren

Alkali-calcic metaluminous
magmas associated with A
weakly oxidized to oxidized

magma sources mesothermal
lead-zinc-silver
vein/replacement deposits

S
¥
X
10 : &
. &
S
&

MAPIMI (skarn, veins)
TYPE alkali-calcic Pb-Zn-
Ag-As(Cu-Mn-F-Mo)

TINTIC TYPE

7
£
v
: .
,
N ’
N % »
| ', V/
ﬂ )

alkali-calcic Pb-Zn- iy = f

0 = == | MAGNESIAN
'T'T'T‘T‘I’TT'T“I"‘T'T'T

Ag(CU'AS'Mn-Te-BI) 0 % 50 60 70 80

i02%
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Stay Away from Alkali-Calcic
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AZ Porphyry Copper Exploration: Don’ts
1. Don’t chase strong IP anomalies (indicated pyrite).
(Moderate is OK for Stage 3 porphyry Cu)

2. Don’t chase epidote- or magnetite-stable sulfide
anomalies associated with propylitic alteration
associated with Stage 2 hornblende diorite fluid
releases (e.g. chlorite-epidote-pyrite alt. in diabase)

3. Stay away from Metaluminous Alkali-Calcic Systems
(Johnson Camp, Cerro Colorado, Robber’'s Roost
breccia pipes at Tombstone and Tombstone,
Washington Camp)

4. Stay away from caldera models and volcanics —
They are not lithocaps to underlying porphyry Cu. —
In AZ, Laramide volcanics are typically 10 Ma older

5. Do Not Chase Laramlde Peralumlnous Plutons

sssssssssss May 9, 2018




Don’t Chase
Laramide
Peraluminous
Plutons

Two-mica granites
with biotite &
muscovite, are
younger than
Laramide porphyry
copper systems.

Are W- or Au-rich

Keith and Wilt, 1986
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L atest Laramide (Wilderness

o [

Late W Blue Bird, Reef, Quinlan

« Largest volume of peraluminous e Tl Peralum|n9us
calc-alkalic gran|t|c |ntru5|ons e B, e

and significant W or Au production.

__ _SEVIER _* LARIMIDE UNNAMED _
OROGENY = OROGENY OROGENY

——=— igneous data (this.paper)

« ex. W(Be)=Reef, Quinlan, Canoa
Ranch, Bluebird, Wilderness; Au=
Gold Basin, Vulture

« Zero volcanism — crystallized too
deep when water exsolved and froze
the granites.

« W and Be are inherited from melted et
crust - Picuris age peraluminous oz
granite ) I

Rasmussen & Keith ) www.JanRasmussen. Gl AcE x 10° yEars Keith. 1992 1986

ooomem - Coney (1976)
emmmmznme - Coney (1978)
& Solomon and others

B8 Jurdy (1978)

CONVERGENCE RATE (cm/yr)



Sucker Plays

(Break Your Pick)

Tortilla Mountains propylitic
alteration

Little Gold Gulch Stage 2
magnetite alteration

Williamson Canyon epidote-
rich propylitic alteration

[-10-Johnson Camp ZINC-
minor Cu

Wooley pipe western Tortilla
Mountains

Mammoth magnetite pipes
west of Bagdad
Magnetite-chlorite-epidote-
pyrite-stable alteration in
diabase (Dripping Spring
Wash, Troy West)
Alkali-calcic ‘Death Trap’
copper occurrences = Pb Zn
Ag (Tombstone, Cerro
Colorado, Johnson Camp,

Copper; Development

A
e

Mine Products

[-10, Black Diamond,

Middlemarch Canyon)

Rasmussen & Keith
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Post-porphyry copper normal faulting —

San Manuel (Lowell and Guilbert, 1970)
San Manuel tilted and faulted — discovery of

Kalamazoo via offset copper shells

Orientation after tilting and faulting
SAN MANUEL FAULT

Cc

- Led to numerous attempts to find
similar offsets — without success

- Was the first successful porphyry
discovery by deep drilling (which led Si=-ainsm
to other successful deep discoveries) Gt &

Rasmussen & Keith www.JanRasmus
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sedinents

| Keith and Wilt, 1986
Post-

porphyry
slide i
domains e iRCRETNN

Inferred reverse fault
direction of transport on fault

low-angle normsal fault, teeth on upper plate

thob bttt

" inTerred low-angle normal fault

Strike s1ip fault

Only the San
Manuel
porphyry
copper has
been
successfully
reconstructed
using the
slide block
(detachment) A siamblas
model re 5. Map of Whipple assemblage of the culninant

Rasmussen & Keith Galiuro orogeny in Arizoga,mnksdnissen.com
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Modifications to the ‘Light Bulb’

« Propylitic alteration is not related to the ‘light bulb’; rather it is related to prior
propylitic alteration released from Stage 2 hornblende diorites.

« The copper shells are deposited at the change from potassic to phyllic alteration, as
part of the alteration zoning of the Stage 3 fluid release accompanying the biotite
hornblende granodiorite.

« The changeover reflects a pH shift to oxidative proton metasomatism (phyllic).

« Argillic alteration is typically not part of the ‘light bulb’ and is associated with low pH,
stage 4 fluid releases from biotite granodiorite and is associated with late quartz feldspar

porphyries.

SAN MANUEL FAULT
KALAMAZUD\\ SAN MANUEL Stage 2
SEGMENT /S-E?E_E_N‘[__,____ . Don!t

PROPYLITIC

Chl- Epi-Cart Stage 3

—t——

)

yorrr 1
" PHYLLIC £2
a- Sy Do\
// \\ \
4

VEINS

Pisseminated = supecritical
Veins = subcritical YE!N$

VEINLETS

NLETS >
SEMINATED

low total
aulfide

\
LRGI LLIC POTASSIC A\
Q- Kaol - Q-K-teld-Bi- |
] tser ¥ ank I
1

c

. F16. 3. Concentric alteration-mineralization zones at San Manuel-Kalamazoo. (a) schematie drawing of alteration
zones.  Broken lines on Ka]a.m;lnmo side indicate uncertain continuity or location and on San Manuvel side extrapolation
irom Kalamazoo, (b) schematic drawing of mineralization zones. (¢) schematic drawing of the occurrence of sulfides.

\ |
Lowell and Gui ,/1970
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Porphyry Copper Exploration in AZ: Do’s

1. Chase Cu-related alteration associated with Stage
3 biotite granodiorites of Metaluminous Calc-
alkalic, hydrous, oxidized, magma-metal series

2. Think lateral as well as vertical, especially at
the district scale (i.e., use pluton vectoring)

3. Look for Stage 3, Cu-rich fluid releases in
favorable host rocks (especially biotitic and
rutilated diabase)

4. Look for transitions between potassic and phyllic alteraton
types (Guilbert showed in San Manuel diagram) — pH shift from
basic phlogopite-orthoclase stable ("A” & “B” veins) to quartz
sericite pyrite; to more acid, low-pH; Cu drops at pH shift =
proton metasomatism = “D” veins of Gustafson and Hunt (1975)

RER IVEE & Keith www.JanRasmussen.com May 9, 2018
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Stage 2.75 biotite (hornblende) granodiorite cut by Stage
3.0 biotite granodiorite cut by Stage 3 quartz-pyrite-
sericite-vein which cuts/re-enters

early stage 3 K-feldspar-chalcopyrite vein

uartz-Pyrite
K-Feldspar- cgy 4 Sericite N $E’}/1Fé§n1c5h 46"

" : b i
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Do: Precambrian Diabase Host Rock
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Known Diabase Resources

@ Resolution Cu-Mo-Ag deposit (1.787 billion tons @ 1.54 wt.% Cu,
.035 wt% Mo ([3 ppm Ag, and 50 ppb Au from Ballantyne et al.
2014; latest Cu Mo resources 2017).

2 Ray sulfide ore (mainly hosted in diabase) (1.524 billion tons @ .75
Cu) reserves as of 1995 reported in Long (1995)

g » :
-4 s
5 - W
Svava “' M
- .v‘;-.-.v.-.'----_--__Q___Q-
—~

- - ‘U-'-ﬁ‘.‘..-.A o T e e P g

t"}*....s ’s*

High grade copper ore as chalcopyrlte quartz phlogopite veins hosted in biotized diabase
In core from Resolutlon Cu-Mo-Ag deposit. Photo by S. Keith early June, 2010.



Coincidence of Diabase and Stage 3 porphyry Cu
The Big ‘Do’
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