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Ray mine - photo courtesy of ASARCO (Grupo)
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e ~ 450 districts

* Copper deposits
were made only 2
times in AZ geologic
history —

* Other 14 ore deposit
intervals produced:

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Arizona Mineralization through Geologic Time

Mineralization is related to mountain l ~
building episodes (orogenies)

* Precambrian = orogenies
added to fringes of continent —

i-oceanic rdge

» Paleozoic = AZ on trailing edge |Mialcdy

- Eastern orogenies  —

Mesozoic-Cenozoic = AZ on
leading edge =

Latest Cenozoic = subduction
cut off by San Andreas
transform margin -

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Orogenies
in Arizona

(e)

Jan C. Rasmussen, Ph.D., R.G.

Aluminum &

‘Orogenic
Orogeny Phase Age (Ma) Alkalinity Resources Mining districts
San Francisco voicanic field, San
San Basin & Sand, gravel, salt, reolites,
2 130 MQA = (:atlt»caﬂ\m'nf Emerald Isle
e | 113 | maa | s uma [ Onmen Memmoh Rovie,
Galiuro
Early (South
Mosstels 30-22 MCA Au +/-(Cu, W) Little Harquahala, Kofa
Eadiest Ajo Comelia, Copper Butte (from
{Mineta) 3828 U, clay, exotic Cu Ray)
Late Oracle (Wilderness granite),
(Wil ) 5543 PC; PCA Au, W (Be) Boriana, Las Guijas, Gokd Basin
Ajo, Ray, Christmas, San Manuel,
Middie Mineral Park, Pima, Bagdad,
(™ ) 65-55 MCA porphyry Cu-Mo-Ag Silver Bell, Globe-Miami,

Bisbee Group sedimentary Limestone (Paul Spur near
S W rocks (113-100 Ma) Bisbee)
Latest 155-145 MCA Not yet recognized in AZ Yerington, NV
Ealy | 230208 | maA AR
Alleghenian (Ouachita) | 325-252 U, NaCl, KO, a0 aavaiton a ""; e
Lull between Acadian &
Allegheni 355-330 Limestone Redwall Ls., Escabrosa Ls.
Acadian/ Caledonian/
(W) 410-370 UltraDeep Hydrocarbon? Percha black shale

Grenville

“Oracle/Ruin”™

Mazatzal

Yavapai

TOTET




Alkalinity and Potassium-Depth Ratios

SERPENTINITE MUD DIAPIRS
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Source: Keith, 1978

QA = Quartz alkalic = pink
AC = Alkali-calcic = orange
CA = Calc-alkalic = yellow
C = Calcic = pale yellow
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K20 vs SiO2 variation

diagram with alkalinity
fields - unaltered whole
rock geochemistry
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Arizona has oxidized crust

Oxidation state map of Arizona defined by oxidation states of plutons or
associated mineral district models; | _ SN

Ferric/Ferrous Ratio
of associated plutons

> 09 Oxidized

B 0.6 -0.9 Weakly Oxidized
0.3-0.6 Reduced

< 0.3 Strongly Reduced

o

\?\.
/‘x)
Source: Keith, 19086 / 3‘\’
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FIGURE 9.2 Proterozoic evolution of the Laurentian craton. (a)
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1335 Peaks
1750- Mazatzal Mts., Phoenix Mts.,
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1.75 billion - 1.8 billion

2.5 billion - 3.0 billion

™
Az

1.8 billion - 2.0 billion *

Source: Wicander,
Historical Geology

FIGURE 9.2 Proterozoic evolution of the Laurentian craton. (a)
During the Early Proterozoic, Archean cratons were sutured along de-
formation belts called orogens. (b) Laurentia grew along its southern
margin by accretion of the Central Plains, Yavapai, and Mazatzal oro-
gens. (c) A final episode of Protoerozoic accretion occurred during

the Grenville orogeny.
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Yavapai - Jerome VMS (1.8 — 1.775 Ga)

Orogenic Aluminum &
Phase Alkalinity

Resources Mining districts

Big Bug (Iron King), Verde

E0-CH NS E AR (Jerome), Old Dick (Bruce), Pikes

pac VMS, BIF




Yavapai - Jerome VIVIS (1.8 —1.775 Ga
Orogenv (P);caf:nic Age(Ma ::::;"::3‘ . Resources Mining districts

Zn-Cu-Au VMS, Zn-Cu-Ag Big Bug (Iron King), Verde
(Jerome), Old Dick (Bruce), Pikes
VMS, BIF
Peak Fe
Modern
Black
Smoker

erde dist. Prod. = 3,625,000,000 Ib Cu . ] ]
93,000 Ib Ph Volcanogenic Massive Sulfide

97.352.000/1b Zn
poss. 5,000,000,000 Ib Zn reservesThis is a Zinc deposit - Clarkdale

,573,00002 AU g e]ter not set up for Zn
57,313,000 0z Ag

ource: Keith et al, 1983

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Yavapai - Big Bug m.d. — Iron I(ing VMS
N e

Big Bug (Iron King), Verde

Zn-Cu-MIVMS, ZnCU-AB) | 1o rome), O Dick (Brice), Pikes

VMS, BIF

Big Bug dist. prod
(1902-1969) =
6,200,000 1b Cu
14,300,000 1b Pb
233,000,000 lb Zn
462,000 0Z Au
16,771,000 0Z Ag

Source: Keith et al., 1983, AZGS Bull 194

Gold from Big Bug mine —

micromount
Sugar White photo, Ed Huskinson sample

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



\E\'E al Oro env (1.75- 1 6 Ga

1800- Zn-Cu-Au VMS, Zn-Cu-Ag Big Bug (iron King) Verde
Favapal (Jerome), Old Dick (Bruce), Pikes
1775 VMS, BIF SRl

Laramide Bagdad porphyry copper intruded
same crust as Old Dick (within the alteration

zone), but does not have the Zn signature.
Old Dick district prod. (1917-1977) =

The Bruce mine in the 106,396,000 1b Cu
Old Dicl( mining Ihm}'l’OTAl.Z MC YAVAPAI VMS 3,041’000 lb Pb
district is a 306,584,000 1b Zn
* volcanogenic 3,555 vz AU

652,000 0z. Ag

massive sulfide
deposit,
 Cu:Znratio=1:3

Jan C. Rasmussen, Ph.D., R.G.

WWwWw.janrasmussen.com



Mazatzal Orogeny (1.75-1.6 Ga

Orogenic Aluminum &
Phase Alkalinity

Orogeny Resources Mining districts

Mazatzal Mts., Phoenix Mts.,

Mazatzal MC Hg, Au, Sn Green Valley

* Hg in Mazatzal Mtns.

» Hg production from
Phoenix Mtns. dist.
(Dreamy Draw,

Phoenix)
TOTAL 3 = MICA MAZATZAL

Cu(lb)Pb(Ib)zn(lb) Mo Au Ag Mn W (b U308 V20\Hg (Ib)
(lb) (oz) (oz) (Ib) or (b)) (lb)
stu?)

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com
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Grenville Orogeny (1200-900 \YE)

[
Serpentine asbestos, U, Sierra Ancha U,
{Cu) Chrysotile (Salt R. Canyon)

Grand Canyon supergroup
(Unkar Gp. (incl. Cardenas

basalt - 1070 Ma Rb-Sr),
Nankoweap Fm., Chuar Gp.)

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Grenville Orogeny (1200-900 Ma)

Orogenic Aluminum &
Phase Alkalinity

Resources Mining districts

Serpentine asbestos, U, Sierra Ancha U,
(Cu) Chrysotile (Salt R. Canyon)

Chul Park, Tucson

Diabase in contact with Mescal
Limestone made marble and
serpentine asbestos

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WwWw.janrasmussen.com



[
A1 0ZC Jrogenie 8 ASTe
fo)
Orogenic Aluminum & s s
Orogeny Phiate Age (Ma) Alkalinity Resources Mining districts
Alleghenian (Ouachita) | 325-252 : U, NaCl, K,CO; Faysonuamium; Holrook salt;
potash
Lull between A.c adian & 355-330 Limestone Redwall Ls., Escabrosa Ls.
Alleghenian
Acadian/ Caledonian/
Antler (NV) 410-370 - UltraDeep Hydrocarbon? Percha black shale
Taconic. 460-430 - Hosts for later replacement
— \»*:‘.;‘x‘ t\;r‘;‘w:‘ -

UPPEN ORDOVICIAN
SATANENTARY FACIES
i eatan

Inat ©F ey o




Lull - Mississippian Limestones in Arizona

Orogenic Aluminum & s 5
Orogeny Phase Age (Ma) Alkalinity Resources Mining districts
Lull bet Acadian &
erween Acadian 355-330 Limestone Redwall Ls., Escabrosa Ls.
Alleghenian

Clarkdale Cement plant

Sahuarita Marbig

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Arizona’s position switched with respect to plate tectonics after Paleozoic

Island arc Oceanic trenc

Big
changes
at 252 Ma

Mesozoic - Arizona switched to the
leading edge of N. American continent =
mountain building, volcanoes, earthquakes,
igneous intrusions, metal deposits

i-oceanic ridge Andesitic volcano <4~

Oceanic trench

Paleozoic - Arizona was
on trailing edge of N.
American continent =
calm seaways = no metals

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Cordilleran magmatism & resources

Orogenic
Phase

Aluminum &

Alkalinity

Resources

Mining districts

Late
(Whipple)

Early (South

18-13

MQA

Au-Ag (Cu) F, U, Mn

Oatman, Mammoth, Rowley,
Tiger

Earliest

Mo itali 30-22 MCA Au +/- (Cu, W) Little Harquahala, Kofa
Earliest . Ajo Cornelia, Copper Butte (from
(Mineta) 38-28 - U, clay, exotic Cu Ray)
Late . Oracle (Wilderness granite),
(Wilderness) g P il Boriana, Las Guijas, Gold Basin
Ajo, Ray, Christmas, San Manuel,
Middle Mineral Park, Pima, Bagdad,
(Morenci) B39 hach POENYTY CU-MO-Ag Silver Bell, Globe-Miami,
Laramide Morenci, Superior

Cordilleran Orogeny (200 - 15 Ma)

(Hillsboro) 89-85 MQA Cu-Au-Ag (Pb, Zn) Hillsboro, NM
145-89 ) Bisbee Group sedimentary Limestone (Paul Spur near
rocks (113-100 Ma) Bisbee)
a 155-145 MCA Not yet recognized in AZ Yerington, NV
l Warren (Bisbee mine), Turquoise
Middle | 205-180 MQA porphyry Cu-Au (COEI S Yun:; Kig
Ra | Early 230-205 Moa | U, V, Cu Qtphans Srandview, Monment




Nevadan Orogeny (230-145 Ma)

Orogenic
Phase

Oceanic Accretionary

crust

Trench

o —

Lithosphere

Asthenosphere

Jan C. Rasmussen, Ph.D., R.G.

wedge

Forearc basin

August 12, 2015

Warren (Bisbee mine), Tu rquoise
(Courtland), Yuma King
Orphan, Grandview, Monument
Valley

Mountain belt Sedimentary
basin

Backarc

Magmatic thrust belt

Craton

www.janrasmussen.com



Early Nevadan (Triassic -250-200 Ma)

Aluminum &

Alkalinity Resources Mining districts

Orphan, Grandview, Monument

I— Diameter of Swface Depression —i

Holocene Allusham

| Meeakepl
Farmaton

| Kaibab Haorichorg Mewhes
| Limestane
|

| Waeods R Mo 4\
|‘""“' Torady Canyom Member
|

Farmaton

Fassil Dleuntain Member

Soligreas Maber
Cacanine Sandstene

Esplanade
Sandstens

Wossogame
Farmation

Marnakazha
Farmation

Watamemigl
Formatien

\

Pernsytcanan

Surprise Canyon Farmation
Mississipgian)

Rodwel Limeateos

s Breccia pipe in Grand Canyon

Source: K. Wenrich

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Ea rly J urass | C«[—N—@v.a_d‘an Orogeny| (230'2004\//‘ d )

Orphan, Grandview, Monument

Jan C. Rasmussen, Ph.D., R.G.

August 12, 2015

Valley

Orphan district prod.
(1951-1961) =
4,534,000 1b Cu
7,000V 1D Pb
600 b Zn
<10 0z Au
80,000 0z. Ag
4,360,000 1b U

www.janrasmussen.com



Middle Nevadan - Warren m.d. (Bisbee)
f ormeny | proe™ | Ao | oy | Pesowees | Mg

Warren (Bisbee mine), Turquoise
(Courtland), Yuma King

'.4.4?’,.‘ ket~
Campbell shaft
N~ ﬂﬁ Sacramento Stock =

%:}“)‘4‘ 190 Ma MQA
S Juniper Flat granite =
' P 160-165 Ma MAC

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WwWw.janrasmussen.com



Warren district (Bisbee) azurite

Orogenic Aluminum & .. —
Warren (Bisbee mine), Turquoise

e

o Bisbee azurite, malachite,
turquoise, chalcocite,
cuprite

- Warren district
production (1880-1981) =
7,865,827,000 1b Cu
324,255,000 1b Pb
355,048,000 1b Zn
2,792,000 0z Au
102,215,000 OZ. Ag

. i 28,000,000 1D Mn
w1 > B _’0 . Source: Keith, et al., 1983
|

cuprite
August 12, 2015 WWWw.janrasmussen.com



- . . . ./
Jurassic mineralization - Western-Arizona

s | | St
Warren (Bisbee mine), Turquoise

N A RI1ZONA

Strong possibility for additional
Bisbee-type porphyry copper-gold Vo ) E

deposits in western Arizona '

Quartz Monzonite - Re-Os on molybdenite - 190 Ma
(date from Anglo-American - Keith pers. comm.)

Spiderweb Turquoise

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Turquoise district — Courtland-Gleeson

Orogenic Aluminum &
Phase Alkallmty

- Warren (Bisbee mine), Turquoise
m rim | o | | Wi

Resources Mining districts

¥4 Defiance mine, wulfenite, Donor: Les Presmyk

Courtland area = 180-190 Ma - possible Quartz alkalic;
Gleeson Qtz Monz. Ridge = 165-170 Ma - probable Alkali-calcic

Silver Bill mine, wulfenite

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Sevier orogeny - alkalinity zones - 105-85 Ma

Orogenic Aluminum &
Phase _ Alkalinity

Orogeny Resources Mining districts

Bisbee Group sedimentary Limestone (Paul Spur near

Sever rocks (113-100 Ma) Bisbee)

85— 105 Ma

Sevier orogeny = constant dip subduction; most magmatic
activity was in California.
Arizona was undergoing erosion, folding and thrust faulting.

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Sevier sedimentation, faults (145-89 Ma)

Orogenic Aluminum &
Phase _ Alkalinity

Orogeny Resources Mining districts

Sk Bisbee Group sedimentary Limestone (Paul Spur near

. A\

Mural Ls. (Bisbee Group) E. of Bisb_ee?ﬁ;ﬁe_‘d at
. Paul Spur near Douglas

o

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Laramide Orogeny (89-35 Ma)

PALEO-TECTONIC MAP OF THE SEVIER-LARAMIDE TRANSITION
IEEIEZIMa Paleocene to Latest Cretaceous - Southwest United States
R. F. Livaccari, S. B. Keith and M. M. Swan, 2009
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o o o
Orogeny g;:f:mc Age (Ma) :::::"::;n & Resources Mining districts
Late : Oracle (Wilderness granite),
(Wilderness) SEA i Au, W ie) Boriana, Las Guijas, Gold Basin
Ajo, Ray, Christmas, San Manuel,
Middle Mineral Park, Pima, Bagdad,
(Morencl) | 922 MIGH POrpiiyty|Cu:-Ma-Ae Silver Bell, Globe-Miami,
Laramide Morenci, Superior
Earliest : : . ;
(Hillsboro) 89-85 MQA Cu-Au-Ag (Pb, Zn) Hillsboro, NM
%%‘:?--ﬂ California Arizona New Mexico
T R ? ? e OIL SHALE SHM o b2 5 2
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Earliest Laramide -Laramie (89-85 Va)

Orogenic
Phase

Aluminum &
Alkalinity

Resources

Mining districts

Earliest
(Hillsboro)

Cu-Au-Ag (Pb, Zn)

Hillsboro, NM

J

\ \
Laramie assemblage % \

‘.\.
\ \
A
\
Hoc?
/' ce?

[
J

7
J

5
/
-

.

i =
Hillsboro assemblage = =

early initial Laramide orogeny

Jan C. Rasmussen, Ph.D., R.G.

.

S AF

L J
e
FoY —

q'..c.J“ *
B i i

o™

.

August 12, 2015

TOTAL 13 = MQA HILLSBORO

www.janrasmussen.com



Earliest Laramide -Hillsboro (89-80 Ma)

(P);::mc Age (Ma) ARimintin & Resources Mining districts

Alkalinity
‘ Earliest

(Hillsboro)

Orogeny

89-85 MQA Cu-Au-Ag (Pb, Zn) Hillsboro, NM

SIS CSTE TS

Moderate volumes of OROGENY ’Jl“ GROGENY —%‘2—3’48&'25‘?—*

metaluminous quartz
alkalic monzonitic

——=— igneous data (this.papers)

CEOCOOOTEEE R Ty Comy (1978)

intrusions (earliest
Laramide) are

emmueeannea - Coney (1978)

® Solomon and others (1977)
associated with slower @ Jurdy (1978)
convergence rates.
initial flattening
subduction, local
volcanism, and minor
copper-silver

production

CONVERGENCE RATE (cm/yr)

TERMINATION OF SUBDUCTION

100 9;) B
Jan C. R Ph.D. R.G AGE X 10° YEARS Source: Keith, 1982,1986
an C. kasmussen, D, KRG, — S ] ’ N




Early Laramide (Tombstone) (85-65 Ma)

Orogenic Aluminum & e o
Phase Age (Ma) Alkalinity Resources Mining districts

Orogeny

Tombstone assemblage = MAC

Preceded porphyry Cu
by ~10 Ma in each

: Topin | mountain range

W : RN et R Pb-Zn-Ag mines

g srticiiee

e r 2w ’ “Barren” ‘porphyry

e mevac) v, stowing bath
siper od ower binges

ey Gvertumed fold e o s X
atrite-s ' .'- - b sl ) d -
—.‘:c ‘:r':«":u faule & g 2 Cu epOSltS
> B volcanics, alkalt-calcic b )
) M= Www.janrasmussen.com
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Early Laramide (Tombstone) (85-65 Ma)

Orogenic Aluminum & e o
Phase Age (Ma) Alkalinity Resources Mining districts

SEVIER > |< QROGEN . UNNAMED ___ |
DROGENY OROGENY OROGENY

Orogeny

|

Moderate volumes of
metaluminous alkali-
calcic quartz
monzonitic intrusions
(early Laramide) are
associated with
slower convergence
rates. initial
flattening
subduction,
significant volcanism,
and significant zinc-
lead silver
production

——=— igneous data (this. paper)
cmmmseen - Coney (1976)
wmmmmrmnmea - Coney (1978)

B Solomon and others (1977)

B Jurdy (1978)

TERMINATION OF SUBDUCTION
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Early Laramide (Tombstone) (85-65 IVia)

Tombstone dist. prod. (thru 1981) =
7,765.000 1b Cu
48,122,000 1b Pb
652.000 1b Zn
141.600 0Z Au
32,083,000 0Z Ag

Source: Keith et al., 1983, Bull. 194
TOTAL 14 = MAC TOMBSTONE

M. Pirzétubd, i’hilippine;; 1991

20K, D00
150,000, D0
000,000, D0
00,000, D00
i}

Jan C. Rat T TR T R Y T TR PV August 12, 2015 WWwWw.janrasmussen.com



Middle Laramide - Morenci (65-55-Ma)

Orogenic
Phase

Middle
(Morenci)

Laramide

an C. Rasmussen, Ph.D., R.G.

Aluminum &

U ”
- W

Photo courtesy of ASARCO (Grupo%

ugust 12, 2015

Alkalinity

Resources

porphyry Cu-Mo-Ag

Mining districts

Ajo, Ray, Christmas, San Manuel,
Mineral Park, Pima, Bagdad,
Silver Bell, Globe-Miami,
Morenci, Superior

@ "—':/-'--».'H_‘ _,.-\'u_uo:\nn
~ Drane | —

\
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Sy,
[ Y @
PAZ ! Y

E e
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Middle Laramide - Morenci (65-55 Ma)

Ajo, Ray, Christmas, San Manuel,

Middle Mineral Park, Pima, Bagdad,
pOrpIVEY CU- W5 Ag silver Bell, Globe-Miami,

(Morenci)
Morenci, Superior

Laramide

72-56 Ma Paleocene to Latest Cretaceous - Southwest United States

Metalumin R. F. Livaccarl, S. B. Keith and M. M. Swan, 2000
ous Calc-

Alkalic =
yellow

72-56 Ma

Colorado Mineval &
Magmatic Bol  \e<

lllllll

- I “q \J \
r L cal lhh(#-ﬂ $}‘ -
oa*'p Akl e \‘, A\

August 12, 2015

WWWw.janrasmussen.com

Jan C. Rasmussen, Ph.D., R.G.



Middle Laramide - Pima district porphyry Cu

Pima dist. prod. (1880 - 1981)
TOTAL 15 = MCA - MORENCI + much additional ore since Bull. 194
80,000,000,000 published =

8,359,754,000 Ib Cu.
70,000,000,000 75,795,000 1b Pb

132,964,000 1b Zn
60,000,000,000 - 26,100 0z Au
56,336,000 0z Ag
50,000,000,000 - 290,796 1b Mo
S Source: Keith et al, 19083
TOTAL 20 MQA WHIPPLE |
40’000’000’000 i TOTAL 19= MAC DATIL |

TOTAL 14 = MCA SOUTH MOUNTAIN |
TOTAL 2 PCGOLD BASIN |
" Ag (0z)

30,000,000,000 - d:m 15 = MCA - MORENC! | > ® Au {02)
TOTAL 14 = MAC TOMBS ! = Mo (Ib)

TOTAL 13 = MQA HILLSBORO | uZn (Ib)
TOTAL S MQA SIERRA ANCHA U
20,000,000,000 - TOTAL 4 = PAC ORAC S
. x  Cu (ib)
TOTAL 3 = MCA MAZATZAL |
TOTAL 2 = MCA YAVAPAI VEINS |

10,000,000,000 - @ = MC YAVAPAIVMS o

o 40,000,000,000 80,000,000,000

U T T T I I I 1
Cu (Ib) Pb(lb)  Zn(lb) Mo(lb) Au(oz) Ag(oz)

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Middle Laramide — Morenci (65-55 Ma)

Ajo, Ray, Christmas, San Manuel,
Middle Mineral Park, Pima, Bagdad,
(Morenci) ponAnmgtuzMo-g Silver Bell, Globe-Miami,
Laramide Morenci, Superior

Large volumes of Oracle Granite
probably occupy most of the deeper
crust in the Tucson region.

The Oracle Granite has a metal
signature of W and Be.

The Laramide porphyry copper deposits do not have the
same W and Be characteristics as the Oracle.
It is difficult to get Cu by flushing or melting Oracle Granite.

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



A more favored explanationis a
mantle source for the copper.
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Middle Laramide — Morenci (65-55 Ma)

:J);:E:mc Age (Ma) ARImMENT S Resources Mining districts

Alkalinity
Ajo, Ray, Christmas, San Manuel,

Middle Mineral Park, Pima, Bagdad,
B3-38 MEA PQrpHyEy. Cu-Ma-Ag silver Bell, Globe-Miami,

Morenci, Superior

(Morenci)

Laramide

QROGEN
Large volumes of DROCERY —>f<— GROGERT —>T<—OnoceRy —1
metaluminous calc-
alkalic granodioritic
intrusions (middle
Laramide) are
associated with

——=— igneous data (this paper)
oo Coney (1976)

wmmmmenmea - Coney (1978)

B Solomon and others (1977)

B Jurdy (1978)

a
general lack of
volcanism; and by

major copper-
molybdenum
production ‘ o 100 80

CONVERGENCE RATE (cm/yr)

TERMINATION OF SUBDUCTION

50 _ 40 .20 10
Jan C. Rasmussen, Ph.D., R.G. AGE X 106 YEARS Source.:lgelth, 1982,1986




Latest Laramide — Wilderness (55-43 Ma)

Orogenic Aluminum &

Phase Alkalinity
Late ¢ Oracle (Wilderness granite),

(Wilderness) e (Be) Boriana, Las Guijas, Gold Basin

Resources Mining districts

PALEO-TECTONIC MAP OF THE LATE LARAMIDE B
56 - 37 Ma Eocene - Southwest United States ke Uinte & g, ORTH AMERICAN
R. F. Livaccari, S. B, Keith and M. M. Swan, 2009 R N 7 N PLATE

7 =7 _, 1
v ’ > > N ! i

'/ peuminous /|
2?7 |
. .

Mil

colorado_l
B ]— e

i

FARALLON

1 [ Alkali-Calcicy,
. =

=T C:S; kalic \ Alkali-Calcic
§ @

Jan C. Rasmusse ¢ - v (



Latest Laramide — Wilderness (55-43 Ma)

Orogenic
Phase

Aluminum &
Alkalinity

Resources

Mining districts

an C. Rasmussen, Ph.D., R.G.

LATE

LANAMIDE URUGENY (86 -

Au, W (Be)

Oracle (Wilderness granite),
Boriana, Las Guijas, Gold Basin




Latest Laramide (Wilderness) mining districts

S| | e

Oracle (Wilderness granite),
Boriana, Las Guijas, Gold Basin

Gold Basin dist. prod. (188-1942) - TOTAL 2 PC GOLD BASIN
TR e T 4,“:, 587 lb Cu 2,000, (000 PC
o 34,132 1Ib Pb Ty
- olbZn .
9,352 OZ Au 1,000,000
2’903 OZ Ag SO0 000 I
Source: Keith 2002 Grade/ton database N l

Cufib) Poib) Zn(ib) Mo (I Rg (0x) Mn{ib) W (Ib or U3OR
stu?) ()

Boriana dist. prod. (1919-1964)

TOTAL 2 PCA WILDERNESS

S Peraluminous 4055000 1b Cu
e Calc-alkalic olbPb
po— _ olbZn
o <100 0Z Au
1,500,000 lzfsnn - Ag
o ' 4 121,324 stu W
o I m Source: Keith et al. 1983

Cu(lb) Ph(lb) Zn{ib) Mo (lb) Aufoz) Ag(oz) Mn(lb)

WWwWw.janrasmussen.com



Latest Laramide (Wilderness

\-m BS;:;':,‘::":::;:-‘:;‘:;::::::;.,

* Largest volume of peraluminous
calc-alkalic granitic intrusions

(Latest Laramide) is associated
with

and significant
W or Au production.

SEVIER
DROGENY

TERMINATION OF SUBDUCTION

——— igneous data (this.paper)

cxmmmmen  Coney (1976)
L

* ex. W=Reef, Boriana, Las Guijas,
Bluebird, Wilderness; Au= Gold
Basin

e Zero volcanism — crystallized'too
deep.

W and Be are inherited from g ————
imelted srust ccOracle Granite s v -o- T e R AL

s Coney (1978)

w
N

® Solomon and others (1977)

RATE (cm/yr)
3

B Jurdy (1978)

3 b

CONVERGENCE



Galiuro Orogeny - mid-Tertiary (43-13 Ma)

Orogenic Aluminum & e o
Late Oatman, Mammoth, Rowley,
(Whipple) mm SasiGl Tiger

Earty (Smfth 30-22 Au +/- (Cu, W) Little Harquahala, Kofa
Mou ntain
Earliest . Ajo Cornelia, Copper Butte (from
(Mineta) 38-28 - U, clay; exotic Cu Ray)

' K ¢ X
I\ 3 .l, ‘.- ._ a
{ g | 5 : .
r ’(" } . “):‘.’,y' ;“ Fo . . l 8 % g :
o = A Y i B nterirs o 4 g e R ety
' e Sagusaro v v )
| X National Monument ;{.’,”?" i e
e .‘,..N.:.“. .‘.'.. .“ . .'_: : '_. : : - "’V"’ vf w
" : t A Yo i B o X . ‘_7'1“:-11-
i e s = e Ty, PE <55 A L A
Chiricahua Mts. Ash flow tuffs N. Tucson Mts.

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Early Galiuro — Mineta (38-28 Ma)

Orogenic Aluminum &
Phase Alkalinity

Earliest B Ajo Cornelia, Copper Butte (from
. - U, clay, exotic Cu
(Mineta)

Resources Mining districts

Pantano Clay, East
Tucson - 1987

Jan C. Rasmussen, Ph.D., R.G. June 2, 2015 WWW.janrasmussen.com



Middle Galiuro — South Mtn. (30-22 Ma)

Orogenic Aluminum &

Phase Alkalinity

Early (South
Mountain

Resources Mining districts

MCA Au +/-(Cu, W) Little Harquahala, Kofa

;South Mountain, south Phoenix

TOTAL 14 = MCA SOUTH MOUNTAIN

400,000

75 80
350,000

gure 2. K20 va. 85102 diagram of South Mountain facies igneous rocks.

300,000
250,000

200,000

150,000

100,000

50,000
0 T | | | | |

Cuf(lb) Pb(lb) Zn(lb) Mo(lb) Au(oz) Ag(oz) M™n(lb)
Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.Janrasmussen.com
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~ v — NAaril
. ” v J

ax® sediments

< volcanics {alkali-calcic or calc-alkalic)

G» plutons {alkali-calcic or calc-alkalic)

+ arches or anticlines

—4— volcano-tectonic troughs or synciines il

—4— monoc] ines

aaa reverse fault, teeth on upper plate

-~ strike-slip fault

Q RS
] % W

— e

We % 20

figure 1 130 ws.  F107 diagres of Deti] Lavies lgneuss

GALIRO AZSEMBLAGE

Broad NW-trending
folds, NW- and NE-
trending dikes

Galiuro 1R Cu Compression, not
Assemblage extension

Figure 4, Map of Galiuro assemblage of the medial
Galiuro orogeny in Arizona and vicinity.

anrasmussen.com




Middle Galiuro — Datil (28-18 Ma)

Aravaipa dist. prod. (1901-1971)

i, .‘%*?E”:*'«' 282,000 1b Cu
5 el 34,492,000 1b PG
27,863,000 |b Zn

: : 4.400 0Z Au
Galiuro Volcanics 363,000 0z Ag

4 i = AP o : _ - Source: Keith etal. 1983

Silver dist. prod. (1880-1951)
2,000 1b Cu

2,456,000 Ib Pb 90,000,000 ;
0 ib /n 80,000,000
<100 07 Au 70,000,000
1,311,000 OZ Ag 60,000,000
..o 50,000,000
Gl ‘ 40,000,000
R A - AN na 30,000,000
Pt “ B ¢ 20,000,000

10,000,000
Red Cloud Mine is in Silver district, La Paz

Cu(lb) Pb(lb) Zn(lb) ™o (lb) Au(oz) Ag(oz) Mn(lb)

Jan C. Rasmussen, Ph.D., R.G.



Middle Galiuro — Datil (28-18 Ma)

Orogenic
Phase

Moderate volumes of
metaluminous alkali
calcic quartz monzoniic
intrusions (early
Laramide) are
associated with

)

steepened subduction,

and significant

(eg. Aravaipa,
Middlemarch,CA,
Castle Dome,
Silver)

Jan C. Rasmussen, Ph.D., R.G.

CONVERGENCE RATE (cm/yr)

Aluminum &

Alkaliny | Resources

Mining districts

124

< SEVIER LARIMIDE _ ALIURO
ODROGENY et e OROGENY ORQ N
& £

——s— igneous data (this paper) / \ g
i cxmmmsoen - Coney (1976) \ ~
oI 97 / \ 0
321 @  Coney (1978) + \ 8
® Solomon and others (1977) | \ g
L B Jurdy (1978) / r \\ \\ “
/ W
244 __’_j___. \ \ °
MAC-Zn-Pb-Ag 1/ \ |\ 3
20+ / =~
3
2
=
&
~

Jem/yr
MO e S
RO o i s e e
L L A 1 1 1
130 120 10 100 90 80 70 60 S50 40

AGE X 10° YEARS

T3 20 w0
Source: Keith, 1982,1986




Late Galiuro — Whipple (18-13 Ma)

Orogenic Aluminum & -
Phase Alkalinity Resources Mining districts
MQA Au-Ag (Cu) F, U, Mn Oatman, M'ar::‘:th,_ Rowley,

- Denudation tilt domains are in many
: directions, not all SW-NE presumed
extension directions.
“Detachment” faults are alternatively 'p -
interpreted as large landslide blocks . j. T R
with a basal plane commonly B

.« eqe . . Papago Park, Phoenix
coinciding with re-activated former

thrust faults. Oatman dist. (1870-1980)
T e 60,000 1b Cu
S*"\" il olb Pb
";\: = \)i; " (0] lb ZIl
(3 ‘ s 4 ., |
& % ' | 1,966,000 0z Au
: }3‘3 Y 1,147,000 0Z Ag
: f’ - 3 '\ S -\.'f‘.\» - _ ) , Source: Keith etal. 1983
| ' . c\l‘(a N e
Whippie ko X b
Assemblage = T _,". \.“\
e 2L \ipaie sisemblop ot the culataent N {4

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Late Galiuro- Mammoth-St. Anthony mine (Tiger)

Orogenic Aluminum & e e
Late Oatman, Mammoth, Rowley,
| g | 1813 | Mo | mus(irymn

Mammoth dist. prod. (1886-1981)
10.44c ooa Ib Cu
132,680,000 1b Pb TOTAL 20 MQA WHIPPLE
87,312,000 1b Zn
349,000 0Z Au
1,660,000 0Z Ag
Source: Keith et al. 1983

Jan C. Rasmussen, Ph.D., R.G. Cu(lb) Pb(lb) 2Zn{lb) Mo(lb) Auloz) Agloz) Mn(ib) AEAETIEENIEID RN




Late Galiuro — Whipple (18-13 Ma)

Moderate volumes of
metaluminous quartz
alkalic intrusions
(Miocene) are
associated with

high K
rhyolite volcanism,

and epithermal gold
(base-metal)

production (ex.
Tiger, Oatman,
Alice Camp)

Jan C. Rasmussen, Ph.D., R.G.

CONVERGENCE RATE (cm/yr)

Orogenic Aluminum & e o
Phass Alkalinfty Resources Mining districts
Late — ; Oatman, Mammoth, Rowley,
(Whipple) 18-13 MQA Au-Ag (Cu) F, U, Mn Tiger

44 — I -
== AR — P —

404 N\

——=— igneous data (this paper) / \ g

% e Coney (1976) / \ ~

wmmmemme C 1978) / ! S

321 eyt —f— \ 8

® Solomon and others (1977) | \ g

2 @ Jurdy (1978) / /f \\ \\ “

/ W

24- S P \ Qo

|/ \ 2

20- / \ S

MOA - Au-Ag e\ |5

16- =

S

121 §

Jem/yr - /
P e
SCM/L'.: e EE_ g Vet / /
Jempye A oA
A — -
130 120 10100 %0 80 70 60 50 a0 30 20 10
AGE X 10% YEARS  Source: Keith, 1982,1986
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_Assemblage districts | Ore (tons) Cufb) ___pPbdb)l __ Zndb) | _ Mo(b) _Auf(oz)  ___ Ag(0z)
TOTAL 2 = MC YAVAPAI VMS 11 51,578,338 | 3,888,322,588 | 238,326,788 | 6029573316 0| 2,107,819 76,757,861
TOTAL 2 = MCA YAVAPAI VEINS 18 363,300 5,937,984 | 5645115 | 1,225,436 0| 100,916 1,757,127
TOTAL 3 = MCA MAZATZAL 7 21,582 708,982 50,734 0 0 4,781 17,831
TOTAL 4 = PAC ORACLE 18 71,163 650 0 0 0 614 651
TOTAL 5 = MQA SIERRA ANCHA U 5 352 6,108 | 560 0 0 2 2060
TOTAL 10 = MQA NEVADAN 57 175,789,900 | 7,937,882,568 | 324,901,497 | 355,157,204 0| 3,125,475 | 102,432,112

297,530

2,482,308

748,340

7,008

TOTAL 2 = PCA WILDERNESS 22 1,303,048 (0] 401,836
TOTAL 2 = PC GOLD BASIN 14 1,967,772 800,520 3,233,180 677,554 0 695,800 485,240|
TOTAL 14 = MCA SOUTH
MOUNTAIN 26 687,438 226,598 375,864 1,475 0 265,548 155,14

= Tl 46 3,581,969 4,905,748 78.153.739 38.014.655 1.260 133,579 19.331.09
TOTAL 20 = MQA WHIPPLE 74 15,875,583 770,823,917 | 139,980,327 | 87,838,354 3,943,046 | 3,398,773 10,789,148

Ore (Mn, W (Ib or

Assemblage etc.) Mn (Ib) stu?) U308 (Ib) | V205 (Ib) Hg (Ib)

TOTAL 2 = MC YAVAPAI VMS 68 37,500 0 0 0 0

TOTAL 2 = MCA YAVAPAI VEINS 0 0 8 0 0 0

= TZ4l 0 0 0 0 0 489 000 | Arizona

TOTAL 4 = PAC ORACLE 62 0 10,943 184 2 0 }

TOTAL 5 = MQA SIERRA ANCHA U 25,476 0 ()} 114,690 0 0 production

TOTAL 10 = MQA NEVADAN 68,889,976 | 18,478,558 0 | 18,395,555 0 0 through 1981

TOTAL 13 = MOA HILLSBORO 214 168,700 0 0 0 0 (Keith etal.,

TOTAL 14 = MAC TOMBSTONE 1031 337,315 0 2808 14 0 1983

TOTAL 2 = PCA WILDERNESS 21,822 28,500 173,590 57,623 98,000 0

TOTAL 2 = PC GOLD BASIN 0 0 0 0 0 0

MOUNTAIN

TOTAL 19 = MAC DATIL 43,136 25,478,356 3,327 70,400 721,800 0

TOTAL 20 = MQA WHIPPLE 663,406 | 263,733,167 | 21,187,378 33,762 | 2,552,657 0



San Andreas fault cuts off eastward-subducting

1250 miles (2000 km)

30 million years
(RO AMETRN PATE

EARLY MID-TERTIARY OROGENY (43-22m.y.0

LATE MID-TERTIARY OROGENY (22 ~i3m.y.0.)

l

Present

BASIN oand RANGE DISTURBANCE (I13-0 my.a)

Spreading center—Arrows indicate
X direction of movement

Subduction zone—Sawteen on
upper plate

s Fault—Arrows indicate direction of
T relative movement

Triple Junction

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



San Andreas — Basin & Range (13-0 Ma)

Orogenic Aluminum & -
Phaco Alkalinity Resources Mining districts

Basin & Sand, gravel, salt, zeolites San Franclsco volcanic field, San
MQA '8 PESS 2 Carlos olivine, Emerald Isle

Rangs exotic Cu

Basin and Range
valleys are filled with

sand, gravel, clay,

gypsum, & salt -
True extension

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



San Andreas (13-0 Ma) rifting - basins
Orogenic Aluminum & S M
San Basin & Sand, gravel, salt, zeolites, San Francns.cg Vislcanic fiaed; San
Andreas Range um Carlos olivine, Emerald Isle
g gyps exotic Cu

LARAMIDE OR MID-TERTIARY VOLCANICS PIEDMONT FACIES

MID-JERTIARY SEDIMENTS VALLEY-CENTER FACIES
BASIN FILL COARSE-GRAINED ALLUVIUM

TERRACES AND FLOODPLAIN




San Andreas Sediments — Basin & Range (13-0 Ma)
w

~Ind

ustrial minerals from basins

>

Gypsum
rose — St.
David

g.._ : 4..
o . e AT

Salt
Jan C. Rasmussen, Ph.D., R.G.

photo

www.janrasmussen.com



San Andreas — S
Basin & Range [ e
(13-0 Ma) :
volcanism

.
D e 1 ]
— B,

- d-# '? .
g - 3 ;rﬁ;’ » LA .
-_ >r\ \VQ_\. -
R San Andregs \\\
San Francisco Peaks, Flagstaff sroqeny wogmaliso:

Map of volcanism of the San Andreas orogeny in Arizona. L
A llgllSt 12, 2015 Www.janrasmussen.com

Jan C. Rasmussen, Ph.D., R.G.



San Andreas volcanism— Basin & Range (13-0 Ma)

Orogenic Aluminum & e Sl

San Francisco volcanic field, San
Carlos olivine, Emerald Isle
exotic Cu

Sand, gravel, salt, zeolites,

5 ‘~.J“.

£y 5 i f‘: e %
i T T o SLIHE
v&?ﬁ . L‘? ;'.fk(l ‘.4'..‘ ': ot Ol 3

Olivine in basalt, San Carlos

cinders
San Carlos AZ Peridot

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



Significant Points e e
, B e [ v [ remscuruwn
e Copper deposits formed in

only 2 time periods — U, clay,exotic Cu
° . Au; W (Be)
Jurassic & Laramide.

655 |

* Other 16 times were Zn, Pb-
Ag, Au, W, U. £
| 160150

e The crustis not the

source of copper

deposits =
P '

 Cannot get different
metals by flushing the ji=8
same crust.

2000-
1800

Not yet recognized
205-180 porphyry Cu-Au
salt, potash
UltraDeep Hydrocarbon?
Hosts for later
replacement
Asbestos, U (Cu)

W, Be, LI, Ta-Nb, U

Zn-Cu-Ag-Au VMS, BIF

3
o

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015



Significant Points —
e Metal associations are
correlated with
alkalinity, related to

sources in various
mantle layers.

* As subducting slab became flatter
through time, metal associations
changed depending on the source layer
in the mantile.

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



High volume of
copper in middle
Laramide is
associated with fast
spreading rates and
flatter subduction.
Largest volumes of
intrusions are
associated with

uouaomnomosoaomeowaomto

flattest subduction. SIS

pource: Keith, 1982

Jan C. Rasmussen, Ph.D., R.G. August 12, 20 WWW.janrasmussen.com



Significant Points

Mid-Tertiary extension is minor.
Compression and ore deposits associated
with subduction continued from the
Laramide into the mid-Tertiary.

True extension began
about 12-10 Ma when -
the Sr initial ratios
changed and basalt
volcanism began with no
associated metals.

Source: Annis & Keith, 1986

Jan C. Rasmussen, Ph.D., R.G. August 12, 2015 WWW.janrasmussen.com



. . . . | Age (Ma) | Alkalinity |
Arizona Mineralization

- a1 | war | AcAscarumn |
through Geologic Time
| mca |
. -_ U, clay, exotic Cu
* Copper deposits are -mm—

rare through geologic
time in Arizona.
* Presence of other

metal deposit types in
the same crust %
through geologic time
indicates the crust is
not the source of
copper.

Jan C. Rasmussen, Ph.D,, R.G. August 12, 2015 1800

Cu-Au-Ag (Pb, Zn)

Not yet recognized

porphyry Cu-Au

U, salt, potash

UltraDeep Hydrocarbon?

replacement
Asbestos, U (Cu)
W, Be, LI, Ta-Nb, U

Zn-Cu-Ag-Au VMS, BIF




