/

~Arizona Minerals. -
through Geologlc Tlme

Copper Blsbee

200 Ma (million years ago) 75 Ma Gold, Gold Basin, 69 Ma
Mohave Co., AZ

by Jan C. Rasmussen, Ph.D.
WWW.janrasmussenscomy/research
Assisted by Stanley B. Keith

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com


http://www.janrasmussen.com/research

Orog-
enies
in AZ

1840 Ma

Jan C. Rasmuss

Quachita

Pangea

318-271

NaCl, K, salt

Holbrook salt, potash

Orogeny Phase Age (Ma) Resources Mineral districts/ systems Minerals
Late 26-0.012 | divine; gypsum Peridot Mesa, Camp Verde Olivine, glauberite; gypsum;
San Andreas
Early 13-26 Zeolites, salt San Francisco volcanics, Luke sait Clinoptildlite, hectorite, halite
Late 28-10 Mn, U, Au-Ag Artillery Mts_. Andersen, Oatman, Mammoth Mn oxides, camotite, gold, Tiger suite, specularite
Galiuro Middle 28-15 PbZnAg(AuCu) Ash Peak, Red Cloud, Aravaipa Casslterite; silver, galena, sphalerite
Early 30-21 Au (CuWAg) Kofa, Scuth Mountain, Gila Bend Mountains, Gold, todorokite, chalcophanite, pyrolusite
65-29 Aclinolite, gamet Cemetery Ridge, Garnet Ridge Actinolite, serpentine group, pyrope gamet
Late 70-35 Au Gold Basin, Vulture gold, kyanite
60-40 W Biue Bird wolframite group, scheelite
Laramide ma
e Ajo, Ray, San Manuel, Mineral Park, Pima, Bagdad, F :
Middle 65-55 Cu-Mo-Ag Silver Bell. Globe-Miami, Morenci chalcopynte, molybdenite, pyrite, bornite, epidote, gamet
Early 75-65 Ag,Pb-Zn Tombstone, Glove, Empire, Ruby, Salero galena, sphalerite, alabandite, tetrahedrite, silver, enargite
Earliest 89-75 Cu-Au-Ag Old Yuma, Mexican Hat, Golden Rule goid, galena, cerussite, mottramite, wulfenite, vanadinite
Late 93-91 U Black Mcuntain (U) carnctite; tyuyamunite, hewettite
Middle 100-89 Coal, fire clay Dakota Ss, Deer Creek coal Coal, kaolinite
Sewvier
Early 135-110 calcite flux Paul Spur calcite
Early 154-135 U-V-Cu (Ni-Co) Orphan, Hermit, Arizona 1, EZ-2, Pigeon pyrite, uraninite, bravoite, sphalerite, chalcopyrite, galena
175-156 Au Nogales goid
Late 175-155 W veins Las Guijas. Juniper Flat wolframite group, hubnerite, scheelite
160-155 Kyanite Tung Hili dumortierite, rutile. scheelite
173-155 Pb-Zn-Ag Comobabi Mts.. Cababi (Mildren-Steppe Mine) galena, sphalerite, tetrahedrite
Nevadan Middle W AZ ;
189-155 AuCu (AgWPb) La Cholla, Sugarloaf (Big Bertha), Jaeger quartz, pyrite, gold, chalcopyrite, specular hematite
. SE A 191-175 Pb-Zn-Ag(CuAu) Gleeson (South Turquoise), Hartford galena, sphalerite, tetrahedrite. cerussite, wulfenite
arly
201-191 Cu-Au, PGE Warren (Bisbee), Turquoise (Courtland) chalcopynte, bomite; azurite, malachite, cuprite, copper
Eary N AZ 237-201 U-V-Cu (Ni-Co) Orphan, Grandview; Monument Valley uraninite, chalcopyrite, galena, torbernite; camotite

sylvite, camallite, potyhalite. halte, gypsum, anhydrite

Antier (NV)

Laurentia

380-357

oolitic iron

Payson “diamond quartz"; Ranch Cr, Fe

'Herkimer habit' quartz, oclitic hematite

Keweenawan falled rifting 1104-1035 | asbestos; U (Cu) Sierra Ancha, Hope chrysotile asbestos, lizardite; uraninite, pyrite
Elzevirian Arc 1360-1240 | hematite Apache Iron, Chediski Iron hematite, apatite, muscovite, chert
— Late 1460-1370 | Be,Li Ce Ta-Nb White Picacho; Wagon Bow, Tungstona spodumene, lepidoiite, scheelite, beryl, wolframite group
Early 1470-1420 | Fe, amethyst Four Peaks Amethyst amethyst, hematite, fluorapatite
Cate 7630-1610 | AU (AQ Pb Cu BI) Vellowstone Gold, quariz, baryte, bismuth minerals, tourmaline, zircon
— Early 1630-1590 | W, Be, F, LREE; Black Beauty, Kingman Feldspar scheelite, beryl, allanite-Nd, bastnaesite; microcline
Middle 1680-1630 Au Roosevelt, Spring Creek, Prescott, Thumb Butte goid
Early 1702-1680 | Be F Breadpan Fm., Gordon Creek pyrophyllite acicular beryl, tourmaline, topaz, pyrophyliite
Late 1715-1680 | W(Be) Boriana, Money Maker-North Star scheelite, beryl, hubnerite, wolframite, microcline, quariz,
Yavapai Early 1770- 1715 | Hg:Au(Ag);MoCu Phoenix Mts. Hg: Groom Creek; Squaw Peak cinnabar, kyanite. tourmaline; gold, quartz:molybdenite
Early 1750-1720 | £-CVAOVMST | vigs Jerome. Antler; Pikes Peak Fe-Si Moadie, pyrrRe: et Retmais (s
Mohave 1820-1780 None None muscovite, garnet, feldspar




Alkalinity and Minerals

In oxidized crust (Arizona)
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Modified from:

.Kelth’ 1978 K20 vs SiO2 variation
Pink = AuCu diagram with alkalinity
Orange = PbZnAg fields for whole rock
Yellow = CuMo geochemistry of associated
Pale yellow = CuZn igneous rocks
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Arizona Mineralization through Geologlc Time
Mineralization is related to
mountain building episodes

........

v
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* Precambrian = orogenies
added to fringes of continent

Stages fM nta
Building Bel (Og 5)

= Paleozoic = AZ on trailing edge
- Eastern orogenies

Mesozoic-Cenozoic = AZ on
leading edge = Cordilleran
orogeny —

Latest Cenozoic = subduction
cutoff by San Andreas
transform margin -

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



Precambrian Orogenles in Arizona

B

1.5 billion - 1 4 billion
1.6 bilion - 1.7 billion
1.7 billion - 1.8 billion
B8 1.8 bilkon - 2.0 billion

B 25 billion - 3.0 bilkon

900 million - 1.2 billion

Orogeny Phase Age (Ma) Resources Mineral districts/ systems Minerals
Elzevirian Arc 1360-1240 | hematite Apache Iron, Chediski Iron hematite, apatite. muscovite, chernt
Ete Late 1460-1370 | Be,LiCe Ta-Nb White Picacho; Wagon Bow, Tungstona spodumene, lepidalite, scheelite, beryi, wolframite group
Early 1470-1420 | Fe, amethyst Four Peaks Amethyst amethyst, hemalite, fluorapatte
Late 1630-1610 | Au (Ag PbCu BI). Yellowstone  Gold. quartz, baryte, bismuth minerals, tourmaline, zircon
i Early 1630-1590 | W, Be, F, LREE: Black Beauty, Kingman Feldspar scheelite, beryl, allanite-Nd, bastnaesite; microcline
Middle 1680-1620 Au Roosevelt, Spring Creek, Prescott, Thumb Butte gold
Early 1702-1680 | Be, F Breadpan Fm.; Gordon Creek pyrophyllite acicular beryl, tourmaline, topaz; pyrophyliite
Late 1715-1690 | W(Be) Boriana, Money Maker-North Star scheelite, beryl, htibnerite, wolframite, microcline, quartz,
Yavapai Early 1770- 1715 | Hg:Au(Ag),MeoCu Phoenix Mts. Hg: Groom Creek; Squaw Peak cinnabar, kyanite, tourmaline; gold, quartz;molybdenite
Early 17501720 | E-SURd YMS: | v Jerome. Antier; Pikes Peak Fe-Si bl i e b bt b
Mohave 1820-1780 None None muscovite, garnet, feldspar




Yavapai - Jerome VIVIS (1.8 — 1.7 Ga)

Zn-Cu -Ag VMS; VME (pyrite, chalcopyrite, sphalente, galena, cubanite,
" 1709720 | pes BIF, VM Jerre: g Ehes Eamc el arsenopyrite, pyrrhotite; chert-hematite (magnetite),
l [ [
Volcanogenic Massive
(
Sulfide (VMS)

Pyrite, chalcopyrite,
sphalerite, galena,
cubanite, arsenopyrite,
mackinawite, pyrrhotite,
magnesian chlorite

/n-Cu-Ag

chalcopyrite

B | Azurite, R
Chalcoc1te, Rock Currier MinDatS d 1 hotger Dat
Jan C. Rasmussen, Ph.D., R.G. edgewick photo évlp? 18 2018



Yavapai - Jerome VMS (1735 Ma)

47 Zn-Cu-Ag VMS X A VMS (pyrite, chalcopyrite, sphalerite, galena, cubanite,
- 1750-1720 Fe-Si BIF; VMS:Jerome, Antler; Pikes Peak Fe-Si arsenopyrite, pyrrhotite; chert-hematite (magnetite)

Sea level

Fractionation
from a rhyolite
magma source

Deposition of Volcanogenic
Massive Sulfide ore

Black smoker, modern seafloor

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



Middle Yavapai Orogeny (1. 77-1.71 Ga)

Ooge | Prase | AseMa | Resources Minerl st systoms  wmews
1770- 1715 | Hg:Au(Ag).MoCu Phoenix Mts, Hg. Groom Creek, Squaw Peak cinnabar, kyanite, tourmaline; gold, quartz;molybdenite

KyMstewa Peak,

Ray Grant, K. Nash MinDat

Piemontite, Piestewa Peak, Pe
Jan C. Rasmussen, Ph.D., R.G. WWW.janrasmussen.com




Late Yavapai Orogeny (1.71-1.69 Ga)

" oogny | e | Aot | Resowces | Mo e systoms

g _ 1715-1690 m Borlana, Money Maker-North Star scheelite, beryl, hubnerite, wolframite, microcline, quartz,

Boriana Tungsten Scheelite, beryl, wolframite group, fluorite, microcline,
quartz, muscovite, chalcopyrite, pyrite, apatite, zircon,

molybdenite, andalusite

L

Molybdenite, Cleator,

owner Chuck Cominski

Scheelite, Harvard collection

Scheelite, viark Hay collection ~ Andalusite, Bradshaw
Mts., Rob Lavinsky, MinDat

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



Early Picuris Orogeny (1470-1420/[\/Ia/)/

" oogeny | e | Agen | Resowces | vt ystoms T

g - 1460-1370 | Be,Li,Co, To-Nb White Picacho, Wagon Bow, Tungstona spodumena, lepidolite, scheelite, beryl, wolframite group
Hleuns
1470-1420 Four Peaks Amethyst amethyst, hematite, flucrapatie

amethyst, hematite, fluorapatite

Amethyst, Four Peaks mine, Mazatzal Mts., Maricopa
Co., MinDat photo

3
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Late Picuris Orogeny (1460-1370 I\/Ia)/

mmm“
1460-1370 | Be,Li.Co,Ta-Nb White Picacho: Wagon Bow, Tungstona spodumene, lepidolite. scheelite, beryl. wolframite group
cuns
Y N ISP

; White

"_ Picacho,

4 Wagon Bow,
Tungstona

Euxenite Y,Ca,Ce,u,Th)(Nb,Ta,Ti),0 Oracle Granite, Santa Catalina Mts.
White Picacho pegmatites

beryl spodumene, lepidolite, scheelite, beryl, wolframite;
albite, cassiterite, epidote, hematite, microcline,
monazite-Ce, quartz, rutile, xenotime-Y, quartz

Eucryptite,
- White
§ pAe, ,ﬁ‘ Picacho, f
SRS - Chris Clemons, , |
3?’ o i MinDat i -
. . TN
-t -

ryl, Whlte Plcacho Beryl, White Picacho

lan C qmueeen Sept 10 2018 WWW Ianrasmaiissen com



Keweenawan (1104-1035 IVla

failed rifting 1104-1035 | asbestos; U (Cu) Sierra Ancha, Hope chrysotile asbestos, lizardite, uraninite, pyrite

Grand Canyon supergroup
(Unkar Gp. (incl. Cardenas basalt - 1070
Ma Rb-Sr) Chuar Gp.)

)
-

“ Source: Shakel,
N former Tohono Chul
Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018
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‘W“ —“
WW.|dIITdSIussen.com



Keweenawan (1104-1035 Ma

failed rifting 1104-1035 | asbestos; U (Cu) Sierra Ancha, Hope chrysotile asbestos. lizardite; uraninite, pyrite

Apache Gp., chrysotile asbestos, lizardite

Diabase in Apache Gp. ,Tohono
Chul Park, Tucson

Diabase in contact with
Mescal Limestone
made marble and
serpentine chrysotile
asbestos

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



Paleozoic Orogenies (540-251 Ma) — E US

Antler (NV) 380-357 Payson “diamand quartz”; Ranch Cr. Fe ‘Herkimer habit’ quartz, oolitic hematite
e e 1

Arizona was on the
Collisions of western, trailing edge
eastern N.A. with
Europe or Africa
made large
mountain ranges.

DEVONIAN PALECGEOGHAPHY
! f— Moetly shalow manna

| | [ Moatty deep marine

{71 [ Lowends baing oroded

‘ Mountiinous arass

Sl agn Veleeroes  Scale 125,000,000

Gray wreas proviga D 500 1000
no data . ;;‘..._.I

Arizona mostly had seas go
in and out transgression/
regression).

FIGURE 8.4 Paleography of North Amernica during the Devonian Period.

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



Lull - Mississippian Limestones in Arizona

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

Rillito Cement lant

Sahuarlta Marble

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com




Arizona’s position switched with respect to plate tectonics after Paleozoic
Big
changes
at 252 Ma

Island arc Oceanic trenc

Mesozoic -

V i/ Arizona switched to the leading edge of N.
American continent = mountain building,

volcanoes, earthquakes, igneous intrusions,

metal deposits

j-oceanic ridge Andesitic volcano ;
Rift valley Oceanic trench Z

Paleozoic -

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

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 i Www.janrasmussen.com



Nevadan (Tri-Jurassic) Orogeny (237-155 Ma

Orogeny Phase Age (Ma) Resources Mineral districts/ systems | Minerals |
175-155 | Au Nogales gold
Late 175-155 W veins Las Guijas, Juniper Flat wolframite group. hubnerite, scheelite
160-155 Kyanite Tung Hill dumertierite. rutile, scheelite
i e 173-155 Pb-Zn-Ag Comobabi Mts., Cababi (Mildren-Steppe Mine) galena, sphalerite, tetrahedrite
iddle W
Nevadan 189-155 AuCu (AgWPD) La Cholla. Sugarloaf (Big Bertha), Jaeger quartz, pyrite, gold, chalcopyrite. specular hematite
ek SEAE 191-175 Pb-Zn-Ag(CuAu) Gleeson (South Turquoise), Hartford galena, sphalerite, tetrahedrite, cerussite. wulfenite
arly
201-191 Cu-Au, PGE Warren (Bisbee), Turquoise {Courtland) chalcopynte, bomite; azurite, malachite, cuprite, copper
Early N AZ 237-201 U-V-Cu (Ni-Co) Orphan, Grandview; Monument Valley uraninite, chalcopyrite, galena, torbernite; camotite

crust wedge " Backarc basin

Trench Forearc basin Magrrréatlc thrust belt Craton

INENENNEEENN

Lithosphere

Asthenosphere

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWWw.janrasmussen.com



Earl NevadanxOro en 237-205 WIE

- Early N AZ 237-201 U-V-Cu (Ni- Co) Orphan, Grandview; Monument Valley uraninite, chalcopyrite, galena, torbernite; camotite

215-210 Ma

war

Jan C. Rasmussen, Ph Sept. 10, 2018 WWW.janrasmussen.com



Early Nevadan (urassic (230'180 Ma)

I!

m m Cu-Au, PGE Warren (Bisbee), Turguoise (Courtland) chalcopynte, bomite; azurite, malachite, cuprite, copper

Helocene Alluvham

Early N AZ 237-201 U-V-Cu (Ni-Co) Orphan, Grandview; Monument Valley uraninite, chalcopyrite, galena, torbernite; camotite
i B L s
I— Dismeter of Swface Depresaion —| Vg e
M| - * - -

Maeeabept
Farmation

| Kaibab
| Linsstens

|gorowe?f 3 Bemdy Canya Merber
| Seligraus Mersbier
‘ Cacenine Sandstane

Hermit

Swrprise Cangon Formation
Mississippian)

Source: Karen Wenrich

b .
|

Uranium Breccia pipe in Grand Canyon
Jan C. Rasmussen, Ph.D., R.G.

Sept. 10, 2018

WWW.janrasmussen.com



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

petrified
wood,

Coconino
Co.

AzMMM specimen

Grandview mine; cyanotrichite

on antlerite
AzMMM specimen

www.janrasmussen.com



Middle Jurassic volcaniciarc (201-155-IVla

 [Tome [oaAr [ Comon W Coton (Warseppetine [ guena soreere tehete
.
20151 | uurE | Waren @isbon Tuse Coutons) | chkpyne ot sz it cprte capper |

AMQSICPMEOGEW
[::Mmlwm
["] Mostty deeps marine
[ towtands being eraded
nuomm»oulwn

4255 Vocanoes  Scale 1:29, 000,000
Crary oress provide 0 _e_nio lapo
_mdu —"_'."

FIGURE 117 Generalized paleogeographic map for the Jurassi

Jan C. Rasmussen, Ph.D., R.G. u Sept 10, 2018 ‘ C www. ]anrasmussen com



Middle Nevadan — Bisbee (201-191 Ma

I-m 201-191 Cu-Au, PGE Warren (Bisbee), Turguoise (Courtland) chalcopynte, bomite; azurite, malachite, cuprite, copper

Lavender Pit, Bisbee

R o Ll S S )l

Campbell shaft

Sacramento Stock =
200 Ma MQA

Tan C Raecmiiccen PRh D R C Cant 10 201K ATATAZ I3 N TACSM11SSen COM



Bisbee (200 Ma) primary minerals
oo [ ehwe | Ao | Resowces | Wnedsemssems | wewews

I-m 201-191 Cu-Au, PGE Warren (Bisbee), Turguoise (Courtland) chalcopynte, bomite; azurite, malachite, cuprite, copper

Bisbee

Primary: Chalcopyrite, bornite, galena, specularite, sphalerite, chalcocite

» e
, O R

Chalcopyrite,
* Lavender Pit,
ﬁwﬁgﬁggﬁgw Luetcke photo,
S5 MinDat.org

= v = Bl 7 . ~
i : o TR, S ’Jg.‘ L
Bornite, from mine dumps Chalcocite, G. Ciccolini, MinDat

www.janrasmussen.com

Patricia Renz phé)to MinD%t.org

Jan C. Rasmussen, Ph.D., R.G. ept. 10, 201



azurite, malachite, chrysocolla,
chalcocite, copper, cuprite,
hematite, calcite, aragonite,
cHaja hemimorphite, turquoise,

cuprite, photo by Doug Graeme

turquoise

copper &

P B

Kt 2 3 e
bisbeémfhingandminerals.cém

es. " B S S TR
bisbeeminingand
Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018
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S. Turquoise district = Gleeson (191 Ma

-
I P RN

Gleeson (South Turqueoise), Hartford

galena, sphalerite, tetrahedrite, cerussite, wulfenite
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»
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Silver Bill mine, wulfenite, AZMMM

Gleeson Quartz Monzonite = g
191.3 Ma Rosasite, Silver Bill m. 5. A
Jan C. Rasmussen, Ph.D., R.G. Rob Patinelao®MinDat oro Biute Murphy,scm-lDat.
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Phase Age (Ma) Resources Mineral districts/ systems Minerals
65-29 Actinolite, gamet | Cemetery Ridge, Garnet Ridge Actinalite. serpentine group, pyrope gamet
Late 70-35 Au ‘Gold Basin, Vulture - goid, kyanite
60-40 ') Blue Bird wolframite group, scheelite
: jo, Ray, {, M | Park, Pima, dad, : ; 7 5 :
Middle 65-55 Cu-Mo-Ag gﬁ/ergll.sgor:-n;ieami_mM?en; ima, Bag chalcopyrite, molybdenite, pyrite, bornite, epidote, gamet
Early 75-85 Ag Pb-Zn Tombstone, Glove, Empire. Ruby, Salero galena, sphalerite, alabandite, tetrahedrite, silver, enargite
i Old Yuma, Mexican Hat, Golden Rule gold, galena, cerussite, mottramite, wulfenite. vanadinite

Producti

Gold Basin Wildernece

s|Morenci

| B PCA MCA

Cu (I 334,187  545,779}72,253,000,000
Pb < 1,455,606 _2,437,061| 273,800,000
Zn 307,333  210,257| 1,292,000,000
Mo 0 ol 172,640,000
w 01,742,651 O

Au 170 125,604
Ag 29,335 10,212 5,960,00(]
Ag:Au 41:1 47:1

Cu:Au 3210:1 | 180,000:1
Cu:(Pb+Zn) 1:3 14:1

Zn:Pb 6.8:1 Be

MAC A
) 7,655,000(6,753,800
48,690,000]> 456,169

17,130,000

12,400
1,197,000
96:1
620:1
1:9

1.2

5,632
22,489
4:1
1199:1

I

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

Sept. 10, 2018

WWW.janrasmussen.com



Earliest Laramide (~80) Old Yuma Mine
e

. Phase Age (Ma) Mineral districts/ systems
I_ 89-75 Cu-Au-Ag Old Yuma, Mexican Hat, Golden Rule gold, galena, cerussite, mottramite, wulfenite, vanadinite

Anglesite
Calcite
Cerussite
Chrysocolla
Descloizite
Fornacite
Galena
Hematite
Malachite
Minium
Mottramite
Plattnerite
Quartz
Tetrahedrite
Vanadinite
Willemite
Wulfenite

Vanadinite,

Pbs5(VO4)3Cl, owner Les

& Paula Presmyk, TGMS
- 2012 display

Hr,l”“ e fu, j&\ ml(\{... |

Mlnlum (Pb>+, Pb4+O ,) 6 mm
FOV, photo by Mlchael C.

Roarke, mindat.or
Www.janrasmussen.com

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


https://www.mindat.org/min-233.html
https://www.mindat.org/min-859.html
https://www.mindat.org/min-934.html
https://www.mindat.org/min-1040.html
https://www.mindat.org/min-1267.html
https://www.mindat.org/min-1583.html
https://www.mindat.org/min-1641.html
https://www.mindat.org/min-1856.html
https://www.mindat.org/min-2550.html
https://www.mindat.org/min-2721.html
https://www.mindat.org/min-2792.html
https://www.mindat.org/min-3237.html
https://www.mindat.org/min-3337.html
https://www.mindat.org/min-3924.html
https://www.mindat.org/min-4139.html
https://www.mindat.org/min-4292.html
https://www.mindat.org/min-4322.html

N. Tucson Mts. Evidence of epeiric uplift & erosion =
Eocene erosion surface above flat subduction zone

METERS
J00

Angular unconformity between Late
Cretaceous Yuma Mine volcanics and mid-
Tertiary volcanics of Safford Peak

D’
FEET
4000

Tumamoe Hill

Eocene erosion
surface

\/
LE
1000

Figure 18-25 The subsummit surface formed by the Un COIlfOI‘HlitY un d er Tumam oC Hlll mi d—Tertiary

flat-topped Rocky Mountains. This surface, seen here near

Derby Peak. Colorado, formed near the end of the Eacene Overlying Twin HIHS DaCite and Cat Mtn. RhYOllte (Late

Epoch and has since been uplifted and dissected by erosion.

(Michael Collier.) CI'etaCCOUS)




Wulfemte - Old Yuma Mi

. Phase Age (Ma) Mineral districts/ systems

I_ Cu-Au-Ag Old Yuma, Mexican Hat, Golden Rule gold, galena, cerussite, mottramite, wulfenite, vanadinite
>

Owner Jim & Gail Spann

Owner Stan Keith

ez 4,’-"

. \"', ’” “11’

'?‘

es & Paula Presmyk

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



Earl Laramide Tombstone 75-65 WE

mm Tombstone, Glove, Empire. Ruby, Salero galena, sphalerite, alabandite, tetrahedrite, silver. enargite |

Mt. Pinatubo, Philippines, 1991

_—:\_‘ - ey

Tombstone Hills - ijnclé Sam Tuff

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



Early Laramide (76-74) Tombstone - silver

I_m Tombstone, Glove, Empire. Ruby, Salero galena, sphalerite, alabandite, tetrahedrite, silver. enargite |

Alabandite MnS b o ok

— — amn |

| Alabandite
Mn''s
Tombstlone, Cochise Co
AMNHE 52023

- &
T Wulfeni
3 g < ulfenite
. o ek o fough Nut ming Tombstone
L ey 13 Cochise Co Arizona
P s >
T AR AT,
S e Y
- % 4

trisona fHiinercal Creasures

Stlver
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Early Laramide (©75 IMa) Glove Mine

oogem | e [ ootia | meowces | Wmemwmemmoms | wewa
T | ey | 7685 [AaPozn | Tombstone, Glove, Empre, Ruby, Saieo guens, sphaie, alsbandt, teahedrie, siverenargte |

4
B

Argentiferous galena, sphalerite, small amounts of
pyrite, chalcopyrite & quartz

Extensive solution by hydrothermal fluids of the
limestone and deep oxidation concentrated cerussite,
anglesite, wulfenite, and smithsonite

o0t

Fic. 5, Generalized view of the Glove ore body.

Smithsonite, Glove m.,Michael Cline photo, 5.5 cm
Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018
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Middle Laramide - Morenci (65-55Ma

O T O b ot e prte e e s

Porphyry copper-
molybdenum mines

Arizona Major Mines
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Middle Laramide: orphyry Cu (65-55 Ma

Laramide
-m 65-55 Cu-Mo-Ag /S“iﬁ/e?gllsgor:-n;iﬂ meM?gnF:m Pima, Bagdad, chalcopyrite, molybdenite, pyrite, bornite, epidote, gamet

Ray mine - photo from ASARCO (Grupo)

>N
.,'-r\.

Jan C. Rasmussen, Ph.D., R.G. WWWw.janrasmussen.com




Orogeny m Age (Ma) Mineral districts/ systems Minerals
Laramide - - -
65-55 Cu-Mo-Ag g%e'fgnsgor:ﬁghﬂ&?;n?m Pima, Bagdad, chalcopyrite, molybdenite, pyrite, bornite, epidote, gamet

stromeyerite, Magma
Magma Cu. Co. donor

Pyrite

A bed,
Michael

. N 't A= ,t&"‘u’.: Cline,

) .:‘ ./.(.4 . “ .
| Barite, A bed, Magma,
Chris Whitney-Smith, MinDat
;'_'_._‘_, ‘::' tennantite
PARERE N
S > - -.Y:L, '\-_;"

hematite

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



Latest Laramide — Wilderness 55-43 Vla

L aramide

LARAMIDE OMOGENY (8BS +-43m g3

Sept. 10, 2018 www.]anrasmussen.com



/
Latest Laramide (Wilderness) (55-43 Ma)

Orogeny Phase Age (Ma) | Resources | Mineral districts/ systems | Minerals
65-29 Actinolite, gamet Cemetery Ridge, Garnet Ridge Actindlite, serpentine group, pyrope garnet
Late 70-35 Au Gold Basin, Vulture gold, kyanite
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ite, Shelby m., Gold Basin,
son photo, MinDat.org

Gold, Gold Basin,
Mohave Co.
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Re- organlzatlon Secondary Enrlchment

Weathermg (45 35 Ma)

leaches copper
from top,
leaving them
reddish |
colored. Copper Hematite/turgite, .,
is precipitated oot |
at the water
table, enrichingit .
the deposit _
with ChﬂlCOCItE Chrysocolla,
copper, azurite, E";Eﬂ::jn
malach ite, Flagg Min Col.
chrysocolla

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018

Chalcoc1te
" Morenci Rolf Luetcke

Chalcopyrite, Ray

www.janrasmussen.com



ization — Seconda(y
BOSIts (45 35 Ma)

Eoc%sion_a_ndMRe-org
Enrichment of Porphyry Copper

Hematlte/turglte,
Ray, Flagg Min. Col.

......

.....

Chrysocolla on malachite,
Inspiration, Flagg Min Col.

Malachite

on Azurite
Ajo
Photo by Dan

Weinrich
In Mindat.org

Cuprite on Copper Ray
Larry Maltby photo Mindat
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79 Mine
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w@ f Cu skarn portions of Porphyr @gpg S

~ *Christmas mine [ " 5 \

KINOITE
Copper Silicate

Jan C. Rasmussen, Ph.D., R.G.
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N. Tucson Mts
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Orogeny

Phase

Age (Ma)

Resources

Mineral districts/ systems

Minerals

Late

28-10

Mn, U, Au-Ag

Artillery Mts_ Andersen, Catman, Mammoth

Mn oxides, camolite, gold, Tiger suite, specularite
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_ 28-10 Mn, U, Au-Ag Artillery Mts_ Andersen, Catman, Mammeoth Mn oxides, camalite, gold, Tiger suite, specularite
- ® @ v [ 4 i
]

cerussite =~ "

R ¢ e
%—-&Mf—:?f:b.‘;—r

Wulfenite, dioptase hemimorphite

/\/ gdlaalalids A
Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com




San An

Orogeny

Age (Ma)

San Andreas

Basin and Range Valleys
filled with sand, gravel,
clay, gypsum, & salt -

Late

26-0.012

Early

13-2.6

T\true extension

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

dreas — Basin & Ran

Peridot Mesa. Camp Verde

San Francisco volcanics, Luke salt

WWW.janrasmussen.com

Sept. 10, 2018



San Andreas fault cuts off eastward-subducting slab

Orogeny Phase Age (Ma) Resources Mineral districts/ systems Minerals
_ 28-10 Mn, U, Au-Ag Artillery Mts . Andersen, Catman, Mammoth Mn oxides, camotite, gold, Tiger suite, specularite

EARLY MID-TERTIARY OROGENY (43-22my.0

=y

No-slab
window

LATE MID-TERTIARY OROGENY (22 ~i13m.y.0.)

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com



San Andreas — volcanism (13-0 Ma)

Orogeny Phase Age (Ma) Resources

Mineral districts/ systems Minerals

26-0.012 | divine; gypsum Peridot Mesa. Camp Verde
San Andreas

Clivine, glauberite; gypsum;

Zeolites, salt San Francisco volcanics, Luke salt Clinoptilolite, hectorite; halite

) = . = il
| Ty
! ' ,l 5 }‘ 0-5 my |
g, ,
| g : (3 s-iomy |
e £ 10-13 !
Yooh @, el 10-13 my. .
CEY Y W pe—a™ |

Natrolite,

\ Horseshoe Dam,
donor Stan Celestisn

San Andreos

orogeny magmatism S '

JdIl CU. RdASITuUSSseIl, ri.u., X.\ag.

Set 10. 20 of volcanism of the San Andreas orogeny in Arizona, AT B bae
I - b



San Andreas — Basin & Range (13-0 Ma

26-0.012 Peridot Mesa, Camp Verde Olivine, glauberite; gypsum;
San Andreas
San Francisco volcanics, Luke sal Clinoplicite, heclorte; haite

R AOPL S

' i
*!l.' A
b, i.&A\, .v:"l

cinders
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San Andreas (13-0 Ma) rifting - basins

26-0.012 Peridot Mesa, Camp Verde Olivine, glauberite; gypsum;
San Andreas
Zeclites, salt San Francisco volcanics, Luke salt Clinoptilolite, hectonite; halite

Rillito ~ 21 Ma

g

B OLAAASIRE 0% S0 TERTIARTY vy Lty FIEDRONT FALIES

B SR TENTIAEY AR ImENT) WRLLET-CANTES FRlies
5 Baitw riL CRARIE-GAA WD BV

TEARACET M FLOGEMLAIN

Willcox Playa
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Sa%as — zeolites in basalt (14 Ma),
sai’ine/minerals from young basins (5-0 Ma)

Minerals

Natrolite, Horsesh
donor Stan Celestisn

ite, Camp Verde
r, MinDat

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



‘San Andreas — Basins (14-0 Ma)-

~ Industrial minerals from oun basins
m

= ;W&Q _;.‘7".-. : PP -
Sand & gravel Kalamazoo Clay - 1987 g;\eisdum ot

Salt - Picacho Basin — UnoCal photo

Jan C. Rasmussen, Ph.D., R.G. Sept. 10, 2018 WWW.janrasmussen.com
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Re-organization events between mountain building episodes,
allow oxidation of the sulfides into collectible minerals.

|

l

— —— = Lakeshore vcas sCs -s540 Tortolita wcac sosss48
Marble Mountain - — o — - — =
AR fsabolia rce s -0 LY Canada del Oro Marblo Poak
Montezona Peas AgCuPsas) 4546 0P 5847 MCA pCu 7347
Black Jack mass we-2.167 m“"ﬁ_:. Sliver Ball meas peu-444
o (New Comnelia) Cimarron Mountains % MCAwscu e on  —
‘ wo pCuMcAUAG] 64 RL... PO Au 0540 =t
' Ajo Cornelia w macy -2 Gu Achi Waterman MATz PEAG ~78-70
WOAS CLAGALPD -164 NACH PrA <7548 [ 5 Old Yuma Redington
Cadillac mas ws 1517 WOke Auble 08767 Cataling wea cossss NGRS Cu P34
i Roskruge
Siorra Blanca ~ Amole =
’ Growler 3.'2319:'5:','“ vtk v PRSAOS WACS PREary 110 Bi8 ROCK uas v 28197
) Brownell voa ascusg) 1687
btrirtal sy [ Little Chiof Quion Sabo wcas pou ssas
chare 44T B s @ e I B8 Sedimentary Hills .
| PCa Au 6350 WCA gCudt Saginaw Hill woso pcu ez
io‘mm PCA? Gl -THEN Bullion Bar Guswgm Sscin PCs AU §8-457 Quijoton woa au 1w Saint Jude Cardinal Avo. wo 8307
MACH Paag ~TH
= B \ ¢y KNOX MGAws pGu 517 Ben Nevis Mc«nqulan Comobabi scae cung -s7 g
~ NG Rt~ v ey Roadside
e 'Q"‘“m\lllo ol ::::- 2= % Jean E " MAGO Gutghy -5 467 San Xavier ucas posssse ‘
~— - Cababi pcie o MACwe? Privg 597 or 62 WOA W AEY ’cwm ?:":":'ﬁm o Cross Hill
o Montozuma m: 9 70A7 Cuiniig 0T MCAS 0T84 v
~—— PCAR AGIICA) 83 807 MGAwo e =199 Quinlan @ Kitt Peak rcareossr !
PCAS W -60-54 P, Cuprite  Empire
s “:mao‘b Twin B WA pORASS57 1 pac sreny 2040
~— o q WA (G0 AEAS y ‘
Black om 4 Esponnn WCAD pLw ALY
MOAD W ~267 Stone
Baboquivari jwsace IANCa AgPD T8 Slorrita weas scessar ml.:‘kuﬂml
. Camg| BOhws Au -35-23 Jackson
lea co. WCho Cong 45857 Greaterville woa cusoasss
> Mildrod Poak s >
3 Ol Baldy Mine Canyor
MMS, Metals, Ages IS Arivaca Croak o s« CEL T Ao e P08
R e ' . Cemro Cave Creek mac ruzeagssss?
L a8 . VAL AgPb =76 T4
Lo ouie S |
Wil

:gzﬂm Peak

Eastor -
N PCA WawAg ~41 10 ’

Amad v
Oceanic ‘ 0 PCo Agiagl 40

[OE Aricased AJRX (0 Adsnia) MACO Py -TRI4
9334 T Edwards (s Aduncal MRS Au ~26347

" San Luls
OGP W

TS Cerro de Freenal roao aww -4




-
D
a
DEd
a
[
[)
0 C \
D,

wve

a . [ ] [} ' . [ ] o
L/
L
HOfoomy —l;n]n 'N‘u—o tlill i ﬁ;youcoc r.mm dlmkm ;yuum "'—‘ll'\."d-l
b/ Abduaa Lale 2060012 | ovine gn'vwm Pencol Mesa. Camp Verce Olivne. gaubente gypeum
Early 13246 Zooktos, salt San Francsco volosnios, Luke st Cinoptbaite, hectonte; Nalke
Lale 210 M U Auag Artibery Mis | Angerson, Oatman, Nammot Mn ondes. camaete. goid, Tiger sufte. speculante
Galluro MWdadle 20418 PuZnAgiAuCy) Ash Pest, Red Cloud, Avavaips Cassilante; sitver, galenn, sphaserits
Earty - Au (CuWAg) Kofe, Bouth Mountain. Gia Bend Mountains GoM, looorokte, chalcophanite, pyrolusts
¥ QOUD. pyTops
Lute 7095 | A Ciokd Bawn, uitture gokd. Wpanite
80-40 W Blve Birg wolframile group, scheeite
un— e 0555 CuMo-Ag 2:’.",‘;".‘5::‘"&‘”““".‘mm';’.‘”';'" Fima. Bagded chaloopyrite. molybdanite, pyrite. borite, epadote, gamet
Earty 7408 A P-2n Tombstone, Giove, Empire. Ruty, Selero palona, [ Maban ate . Nilver, snarpie
Enrbiost 075 Cu-Au-Ag Ol Yumn, Mexican Mat, Golden Rule Qoid. gaiena. cerussite, motramile, wulfeniie, vanadnie
Latn 9 U Block Mountam (U) carnatite. tywyamuivte, hewelite
Mudale 100-09 Coal fre clay Dakota Su, Deer Croex cosd Coal, Kmotrvte
e Earty 135110 calote fMux Paul Bpwr celcile
Earty 154108 UNCu (Ne-Co) Orphan, Hermil, Angone 1. EZ-2, Pigeon pyrile. uraninite, bvavolle, sphalerfte. chalcopyrte, galens
Lule 175158 W veins Lok Guijus, Junvper Fiat wolltamite group, hiltnerdite scheelite
100158 Kysnite Tung Hitl aumontierte rutle, scheelile
! 173188 Po-InAg Comobaty Mia Cabetil (Midren- Steppe Mne) galone, sphasarite, tetrahedrite
Neveden N 180-188 MCu (AgWPD) La Cholla. Sugartoal (B:g Bertna ). Joeger quartz. pyrte. goid. chalcopyrite spocular hematite
R W78 P ZnAg Culu) Gleoson (South Turquome). Martford galena, sphasente, telrahednte, cerussite, wulfenite
201140 Cu-Ay, PGE Watren (Bishes). Turguoise (Courtland) chalcopynite. bomte. aturile, malachite, cuprite. copper
Eorty N AZ 237200 UNACu (-Coy Orphan. Grandview , Monument Valley uraninite, chaloopyrie. galena, torbernite. camotite
Ouschita Panges Na3N NaCl, K, salt Holbroox sall, potash sylvite, camadile, poryhalile. halte, gypsum. anhyadte
Anbier (NV) Laurentin 380-257 oolitic ron Payson “diamond guarts”; Ranch Cr. Fa Merkmer habit quarnz, colti hematde
Xowsongwan | folledniting | 13041008 | ashestos UiCy) 1 Slerrs Ancha boge shrgsctie pabeston \zardile wraniniie pyile
'mi:;}r..;v.u.\- "l ’——A-;—-_h.;—i;‘)—.; 40 :@E—“*— —w:t;;:—lr—'w Cheduki lron hamatile ll-to—;t;;:-;:mlﬂ -~
Late 14601370 | Bo.L1.Co Ta-Nb) White Picacho, Waegon Bow. Tungsons spodumens, lepsdalite. scheelite. bery, walframite grovp
S Eart 1470.1420 | Fe. Four Puaks Amet arnethyat hematte Muarspatte
Lt 16304610 | Au(Ag P Cu ) Yotowsonn Gok. quartz, bande. Bisenuth minends. lourmaine, Zircon
Mestast Earty 10301500 | W, e, F. LREE Binck Beauty. Kngman Feldspar schoaltie, baryl aliande-Nd. basinsesits, microcing
Maode 16801630 Au Roosevell. Bpong Creek, Prescolt, Thumb Bume QoM
Early 170216080 | Bo F DBreadpan Fm. Gordon Cresk pyrophiyiile sciculnr beryl, tourmuine, 1opue, pyroph ylide
Laln 171549800 | Wibe) Borlana, Monery Maker-Noth Sxar schoeitle, beryl hubnenie, wollramite mecrogline, quuns
Yavapal Eaely 170« '718 | Me AucAg) MoCu Phoenis Mis Hg. Groom Creek, Sauew Peak cinnabar, kysalle, loumaine, Qold. qu stz molybdenite
Early 175017 ;" ;"‘::’ e VMB Jerome, Astler. Pies Peak Fe-Si :‘:;'(:,’;:; 'g‘ ;";‘;‘":'."':"’."'"':':f'r"’:nl‘:":"’;n‘m“::,'""
r E " MUSCOVEY, gnrned, P




