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El poeta maldito

Se entretiene tirando pajaros a las piedras

Nicanor Parra, from: Siete trabajos voluntarios y un acto sedicioso (1983)




Epithermal deposits
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However, this graph does not
differentiate between high and

low sulfidation deposits! Mod from Kesler and Wilkinson, 2009




General character — Tectonic environment
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The Andes

Oldest porphyries
where rain is lowest

Absence of young

porphyry deposits in
N. Chile& S Peru

2015, Nature




M DRU Most significant high-sulfidation

epithermal deposits of the Andes

(and selected low-sulfidation deposits)
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M D R U Ages of Andean high-sulfidation deposits
Mineral Deposit Research Unit

Everything else Cordillera Domeyko, (and Quicay, Peru?)
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All are younger than ~43 Ma, Most are younger than 17 Ma!

Cf. Many low-sulfidation deposits, e.g., Fruta del Norte, Deseado Massif, El
Pefion are > 52 Ma to as old as Jurassic




Peak Hill, an Ordovician
High-Sulfidation
deposit, MacQuarie
arc, Australia

Queensiand

Broken Hill \
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Early Archean Epithermal Veins, North Pole,
Western Australia

Thus, under special circumstances, really old deposits emplaced at shallow levels can be
preserved over a really long time

Harris et al. 2009



One way of preserving a porphyry deposit...

Titling-extensional tectonics: Yerington, Nevada (SW US!) Dilles & Proffett. 1994
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Flat landscape and gold: Tambo, El Indio belt
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Azufreras-Torta surface (14-12.5 Ma)
- Los Rios surface (10-6 Ma)

CQ)AOi\ Tambo CO Dofa Ana

Canto Sur pit

Looking S from Canto Sur, Tambo

Landscape elements from Bissig et al. 2002
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“ n D R U Examples of well endowed high-sulfidation epithermal deposits
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Veladero (~12.2 Moz Au) Pascua-Lama (~17.6 Moz Au)




Mineral Deposit Research Unit

MDRU

Amable

Cerro Pelado Filo Federi
ilo Federico Penelope

Lama Central

Rio Turbio Cerro Nevado

XN Steam-heated alteration

[ Los Rios surface (10-6 Ma)

‘\\\\\\\\\\\\\:&\\\\\\\\\\\\\\\\\ :

- s
R
-
i
-
-
-

Fabiana

7" Frontera Deidad surface (17-15 Ma)
[ Azufreras-Torta surface (14-12.5 Ma)

Pascua
W

-
-
~—

Looking W from Fabig

Landscape elements from Bissig et al. 2002, Charchaflie et al. 2007
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El Indio belt geology
s [l 2 Ma Cerro de Vidrio
&[] 6-5.5 Vallecito Fm.
%l[j 8-7.6 Ma Pascua Fm.
'E:[[12.7-11 Ma Vac. He. Fm.

=

< 21-14 Ma Escabroso/ Cerro
| de las Tortolas Fm.

] 27-23 Ma Tilito Fm.

[] Paleozoic and Mesozoic
. Thrust/reverse fault

—— Fault
.. Lineament

iz HS epithermal deposit
A Major Mountains

a Bl‘ea

€

38(},000

Voluminous volcanism from
Oligocene to middle
Miocene

Reduction of volcanism at ™
14 Ma

Isolated centers between
13 y 5 Ma. Gradual
transition from andesite to
dacite and rhyolite
Mineralization during this
time!

Youngest event: Rhyolite of
2 Ma. (post mineral)

Bissig et al. 2001, Winocur et al. 2014
and references therein



Vertical zoning in El Indio belt depending on age

and elevation
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Alteration assemblages
- High-T, potassic,
tourmaline, andalusite

- Intermediate-T,topaz, zunyite,
pyrophyllite, sericite, alunite
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Steam heated zone

M DRU Veladero Geology S
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AA Amable

FF Filo Federico
Silicification

X Qtz-kaolinite-sulfur
Bl Qtz-alunite I\
] Qtziillite

3 Chlorite-epidote

—— Planned final pit

AA = Amable
FF Filo Federico |
[ <o01g/tAu

[J 0.1-02g/tAu

Bl >o02g/tAu
—— Current pit

~— Planned final pit

al s —
Several 100 m of steam heated alteration atop the

deposit, implies large vadose zone, dry climate




M D R U Erosion and hydrothermal activity, Veladero (Filo Federico) to Pascua
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M DRU Pierina, Peru

Quebrada Pacchac
with heap leach facility)

Quebrada Huellap (

ey

M011.33
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Callejon de Huaylas

Looking S from Pierina

71 Surface IV (~3970 m) andesite & hornblende Ar-Ar plateau age

I Surface Il (~4040 m) \‘\\\\‘ hydrothermal alteration [ sericite Ar-Ar plateau age

Surface Il (~4260 m) \ m sericite Ar-Ar total fusion age
| Surface | (~4500 m) O alunite Ar-Ar plateau age

Rainbow, 2009
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Lagunas Norte: Erosion
during mineralization

Montgomery 2012

A view looking southwest
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M D R u Lagunas Norte Area, Peru
Mineral Deposit Research Ur _
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M D R U Yanacocha/Sipan/Tantahuatay/La Zanja Area, Peru

Elevation (m) Slope (Degrees)
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Yanacocha, largest Au mine in world (~2001-
2006)

O Mined >30 Million troy oz

of a 50 Million tr oz (1500
t) Au resource in low
grade (0.5-1 g/t Au)
quartz-alunite (high » Yanacocha complex Au
sulfidation) oxidized P P
epithermal deposits

Value ~S50 B

Deeper sulfide-bearing
porphyry Cu-Au resource
with advanced argillic
alteration (covellite-
enargite-pyrite) contains >
5MtCu

Value ~ 530 B.
Kupfertal Cu-Au -

o/ €Y

Image © 2009 DigitalGlobe

6°58'56.20" S 78°31'14.97" W




Yanacocha, Peru; 7 Ma
of magmatism; 5 Ma of
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Laminat

Explosive Stage 2

~80 % Of Au Laminated Rock:
Effusive Stage 2
~ -
o| <
(s Y e =
%D (®) Explosive Stage 1
% X
©
e o Laminated Rock
O (@
<
Effusive Stage 1
—

Yanacocha volcanic
stratigraphy

Longo et al. 2010 Yanacocha

Coriwachay Dacite
10.8-9.9-8.4 Ma

Tsjd
Tusj

San Jose Ignimbrite
11.5-11.2 Ma

absent in western part of the district,
Tlsj Maqui Maqui & C°Yanacocha /

40-350m
Tmsj

Azufre Andesite

12.1-11.6 Ma
upper px-hb and&sitic-_daciti;laveﬂTuw)

45-310m

Maqui Maqui dacitic ignimbrite (Tmmi)
Colorado Pyroclastic Sequence
12.6 to 12.4 Ma

Cori Coshpa trachyandesitic ignimbrite
vo_lcanic gap

50-225m

Quilish Dacite (Ted)
ca.14-12 Ma

Atazaico Andesite
14.5to 13.3 Ma

lower px-hb andesitic lavas (TIpha)

20-320m

Erosional Hiatus 3 ‘

SOIuedD|OA eydODOeuUeA

!

Cerro Fraile
Pyroclastic Sequence
15.5to 15.15 Ma

bi-hb dacitic pyroclastic rocks (Tcfd)

0-220m

Erosional Hiatus (EH) 2 ‘
— — — E—

Chaupiloma ;- 3nd Chaupiloma

EH1?
Andesitic Lahar Sequence T
19.5to 15.9 Ma e
Tual lower andesitic lahars (Tlal)

Unconformlty Quechua | Orogeny7
Huambo Cancha Andesite

s)204 d1uedjoa dnoug Andijed

Paleocene Unconformity Peruvian-Inciac Orogeny?
middle Cretaceous Pulluicana limestone
lower Cretaceous Goyllarisquizga quartzite




M D R U California-Vetas Paleosurface
| district Colombia :
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View from Angostura down the
La Baja Trend

poss O 015Ma

La B,‘Ode%(a - r«t— ':A : 2 2.1-1.8Ma (n=2)

/-0.15Ma

Flat landscape at 3500-3700 m a.sl.

1305000

| Geologic Units
g Faults & Contacts
Pliocene

Hydrothermal breccia/veins / Normal fault
Late Miocene .7 Normal fault, inferred
- Hydrothermal breccia / Thrust fault
Tuff /;/ Strike-slip, dextral
D Porphyry / Non conformity
Late Cretaceous
| Rosablanca Formation ) Town
& Prospect/Artisanal Mine
- Tambor Formation
Late Triassic to Early Jurassic 3
o Y o 40Ar/%Ar ages
- Diorite to Granodiorite O Alunite

Leucogranite O sericite

Proterozoic

- Bucaramanga Gneiss

1125000 1130000 1135000

Mod from Rodriguez 2014
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Elevation (m) Slope (Degrees)

M D R U La Bodega/La Mascota/Angostura Area, Colombia

High : 4272 {’ T\ High elevation surfaces
. 0-16 N with subdued relief
- Low : 1358

10820000

High elevation
paleosurface
incised by steep
drainages

10820000

To date no
igneous rocks
contemporaneou
s with
mineralization
known from the
district

g
-
0
o

0810000
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favorable for mineralization

M DRU Erosion during hydrothermal activity:

Water table lowering
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Reduced lithostatic and hydrostatic load,
Facilitates fluid release from magma?

Upli>




Depth of emplacement of porphyry and

implications for epithermal deposits
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M D R U Porphyry or epithermal? Gold or Copper or Moly?

Scenario 1: Stratovolcano, shallow intrusion

3 km

Sector collapse/erosion

Barren

\” P steam-heated
@ Wb | “telescoped”
X :
O\ \ e \
Au £ Cu porphyry Au * Cu porphyry

a low-density vapo’ - ,;Sglyphasg bnne'

Depth of porphyry emplacement < 2 km
Low density vapor

Gold not transported to near-surface




High-sulfidation eptihermal deposits form in two
stages: 1. Ground preparation

A. gg

0%0 0 Barren "vuggy quartz’ and

0 .()‘ .. advanced argillic alteration
£ 0 .. Low-density acid vapor
s 0D Ne mixing with groundwater
oc'.) : ::‘: Incipient porphyry
8 j ‘1 mineralization
o/ | Vapor + brine

t halite

Shallow exsolution of low density vapor

Heinrich et al., 2004



2. Mineralization

B 8 i

|" L] ] ' ) Gold - pyrite - enargite + sulfur
‘ ¥ precipitation
— Mildly acidic (rock-reacted)
L magmatic agueous liguid

Quartz - sericite - pyrite

| alteration £ Cu-Fe sulfide

.- | Gold transport by pH-neutraiized
vapor contracting fo liguid

Porphyry-style Cu-Fe
sulfide + Au precipitation

Vapar + brine

Porphyry-style veining
+ potassic alteration

Magma exsolves higher density vapor at greater depth.




MDRU

Scenario 2: )
Deep intrusion, no 1km o o R

volcano 0 @

S Epithermal Au (high
e "\ density vapor)

2 km

High-density vapor
Capable of transporting Au

Vapor must condense into
aqueous liguid and physically
separate from the porphyry
(that’s where the structure
comes in).
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| Scenario 3:
Multi stage, porphyry
SN — and epithermal (e.g.,
Yanacocha)

Several overprinting porphyry
intrusive events over several Ma

Porphyry Au-Cu

Porphyry Cu-Mo




Example La Pepa, Maricunga belt

Overprint vs. Telescoping

6,884,500m N (UTM)

Au mineralized quartz-alunite ledges are 0.5
Ma younger than porphyry (overprint)

479,000m E(UTM)

At Refugio and Cerro Casale, for example,

_ o alunite and porphyry are indistinguishable in
) EIIIERNGIS age (telescoping), there, quartz-alunite
ledges are barren.

= L - Y - 1
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b L3 0 E
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> Cavancha 2% 102007
\/ HBiot, 23.81Ma / Nococe?

w
5
i 4600m
5 S A
6,979,000m N (UTM) | %) 100 110
Explanation g 1?0{] Im | N
|
l:l Quaternary Alluvium Contour Interval: 100m f
Quaternary Landslides
[ Late Miocene Ignimbrite {E:daé'g—A!unite
:I Late Oligocene-Early Miocene Andesitic-Dacitic
Volcaniclastic Deposits, Flows, Dikes, Stocks czl?]f;elé’f . .
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M DRU Conclusions 1
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* Deposits are commonly located near age equivalent incising lower
elevation landforms (valleys and pediments)

* Geomorphology indicates uplift and erosion concurrent with
mineralization.

* Erosion lowers water table at back-scarp and may stimulate boiling and
fluid mixing leading to ore formation.

* Mineralization mostly post dates volcanism, in some cases by 100’s of M




Conclusions 2

Stratovolcanoes? Probabl not a good host for high-sulfidation epithermal
deposits (but maybe for porphyry Au-Cu).

Look for the porphyry below the high-sulfidation deposit? Yes, there may be one,
but it is probably >3 km deep, unless there is indication of several overprinting
systems.

Long term preservation of high-sulfidation deposits only possible if favorable
structural evolution (protected from erosion somehow).

Low-sulfidation deposits in the Andean context are more likely to be preserved
over time due to extensional regime and cover by younger sediments.

See also Bissig, Clark, Montgomery and Rainbow 2015, Ore Geology Reviews
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