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Abstract

The genesis of Carlin-type deposits involves a sequence of common steps yet significant differences
exist in ore fluid chemistry, the timing of important precursor events, and metal content of host rocks
in the Getchell trend vs. Carlin trend. Quadrupole mass spectrometer analyses of fluid inclusion gases
in samples of Main ore-stage jasperoid from the Getchell and Goldstrike properties record a CO,-
rich magmatic component based on the distribution of data in N,~Ar-He ternary diagrams. What
distinguishes the hydrothermal systems is a large component of meteoric water at the Goldstrike
property versus a basinal fluid for the Getchell property. In contrast, the formation of Main ore-stage
jasperoid at the Twin Creeks mine was produced by N_-rich organic and metamorphic fluids based
on stable isotope and gas data. A CO,-rich magmatic component did not dominate the hydrothermal
system until near the end of Main ore-stage and start of Late ore-stage mineralization at Twin Creeks.

Important precursor events to Eocene Carlin-type mineralization in the Getchell trend and Goldstrike
property did not follow the same sequence yet produced similar results. During the deposition of
Cambrian-Ordovician (Getchell trend) and Devonian (Goldstrike property) rock formations that host
Carlin-type mineralization, basement faults were reactivated and caused soft-sediment deformation
(e.g., folding, debris flows, and brecciation). Subsequent alteration that produced ferroan carbonates
occurred due to Cretaceous and Devonian hydrothermal systems in the Getchell trend and Goldstrike
property, respectively. Also, important ground preparation was related to Cretaceous and Jurassic
igneous events in the Getchell trend and Goldstrike property, respectively. Although mineralizing events
containing small amounts of accessory gold were associated with pre-Eocene igneous events in both
areas, only Devonian rocks in the Carlin trend host SEDEX mineralization containing significant gold
that was concentrated by circulating meteoric water.

These differences should not alter exploration strategies because the defining characteristics of
Carlin-type deposits in Nevada include being located near a craton margin; Precambrian accretion and
rifting to create basement structures that were reactivated over time; plate subduction that produced a
highly altered and mineralized mantle source area for Eocene melts; the pre-gold formation of ferroan
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carbonates to accommodate sulfidation; and mineralization on a regional scale.

Introduction

North-central Nevada is one of the world’s major gold provinces
due to the presence of giant Carlin-type (CT) deposits. Although
certain aspects of CT deposits are widely accepted, others are
debated. Fundamental characteristics that define these deposits are:
1) basement structures that were the locus of igneous-hydrothermal
activity overtime; 2) a trace element assemblage of Au-As-Hg-Sb-
TI; 3) the absence of zoning for trace elements and mineralization;
4) alteration consisting of decalcification, argillization, and
silicification; 5) gold occurs within arsenian pyrite rims or as micron-
sized spheres deposited by sulfidation; and 6) auriferous fluids had
temperatures of ~150°-250°C, salinities < 4 wt.% NaCl equiv., and gas
concentrations < 4 mol% [1,2]. The timing of mineralization at 42-36
Ma is well established and coincides with a regional Eocene igneous-
hydrothermal event in north-central Nevada [3-6].

Aside from these fundamental tenets, debate over genetic
models arises due to differences between CT deposits in Nevada
and features that are shared with Carlin-style deposits around
the world. Examples of the former include liquid hydrocarbons
occurring in deposits of the Alligator Ridge district [7]; Au-rich
SEDEX mineralization in Devonian rocks that are important hosts
for ore in the Meikle and Rodeo CT deposits [8]; and a temporal

overlap of CT and low-sulfidation epithermal gold mineralization in
the Getchell trend [9](Figure 1). Whereas similarities with Carlin-style
deposits in Malaysia and Indonesia include characteristic alteration
(e.g., decalcification and silicification), trace element assemblages,
mineral paragenesis, and gold deposition by sulfidation. However,
outside of Nevada there is geochemical/mineralogical zoning at the
deposit scale and Carlin-style mineralization together with skarn and
vein deposits are concentrically arranged around stocks that contain
Cu-(Mo)-quartz stockworks [10,11].

Such relationships have not been identified in the Carlin and Getchell
trends but may exist in the Battle Mountain-Eureka trend. The best
example is the McCoy Au-skarn deposit occurring proximal to the
Eocene Brown stock with distal Au-Ag-base metal mineralization at
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the Cove deposit and underlying deep high-grade CT mineralization,
that has consistent changes in Au-Ag ratios relative to the stock [12]
(Figure 1). Although the timing of CT mineralization in all three
trends coincides with Eocene igneous activity, the only compelling
evidence of a magmatic source for auriferous fluids [1,9,13] is in
an area where no Eocene igneous rocks have not been mapped or
identified by deep drilling.

The objective of this paper is to show how differences should exist
in CT deposits because the local geology and geological history of
the major mining districts in Nevada are not identical. Therefore,
necessary precursor events likely occurred at different times and in
some cases by different mechanisms. Case studies will be presented
for the Getchell and Twin Creeks deposits, Getchell trend (GT); then
compared with the Goldstrike property (GSP), Carlin trend (Figure
1).

Getchell Trend
Geology

North-central Nevada experienced a protracted and complex
tectonic history beginning in the Precambrian. Accretion of
Paleoproterozoic terranes to the Archean Wyoming Craton and
subsequent rifting of the Laurentian supercontinent occurred at 1-1.3
Ga and 0.6-0.9 Ga [14,15]. The major crustal breaks that resulted
became important controls on subsequent sedimentation, igneous
activity, and metallogenic processes. Early Paleozoic rock formations
in the GT contain soft-sediment deformation features and debris
flows that formed at an active basin margin due to the reactivation
of basement structures [16]. Rock types that host CT mineralization
include continental shelf carbonates and quartzite to deep basin shale
and basalt [17].

Carlin-type mineralization in the GT is dominantly hosted by
carbonates within the Cambrian Preble and Ordovician Comus
formations (Figure 2). The Preble Formation (Fm) consists of a
lower phyllitic shale with limited quartzite beds and upper silicified-

Comus Fm is represented by an alternating sequence of shale and
limestone beds [18]. Important differences in the Comus Fm at the
Turquoise Ridge (TRDG) deposit and Twin Creeks mine are the
presence of debris flows vs. a greater abundance of mafic flows/
ultramafic sills [19-21]. Finally, the Valmy Fm is represented by
interbedded chert, siliceous shale, greenstone, and volcanic rocks
[18,22] with CT mineralization being structurally controlled.
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Figure 2: Geologic map of the Getchell trend with locations for the
\ Getchell property and Twin Creeks mine [18,23].
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Significant deformation of these rock formations during the Late
Devonian-Early Mississippian Antler orogeny produced important
ore-controlling structures. This includes the Roberts Mountain thrust
fault, which placed nonreactive fine-grained siliciclastic rocks over
permeable carbonates [24]. Intense deformation of the Lower-plate

calcareous shale containing thin limestone beds [18]. Whereas the
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Figure 1: Location map showing towns and Carlin-type deposits that align to form trends in north-central Nevada. Highlighted areas are
for the Getchell property and Twin Creeks mine, Getchell trend and Goldstrike property, Carlin trend. Abbreviations for gold deposits: AR
= Alligator ridge, C = Carlin, CH = Cortez hills, DS = Dee and Storm, GET = Getchell Main pit, GQ = Gold quarry, LT= Lone Tree, M =
Marigold, MC = McCoy and Cove, P = Pinson, Pr = Preble, R = Ren, and TRDG = Turquoise Ridge.
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folds overturned to the west [18,25]. An important example at the
Twin Creeks mine is the east-verging, overturned Conelea anticline
[20,26] that extends the length of the Megapit (Figure 3). A period of
uplift and erosion that followed the Antler Orogeny is indicated by
the Permian-Pennsylvanian Etchart limestone being deposited on an
erosional unconformity [27].

Igneous rocks exposed by mining and identified during deep
drilling in the GT are 115-92 Ma granodiorite, dacite, and andesite
(Table 1). These are related to eastward-dipping subduction along the
western margin of North America that began in the mid-Triassic. The
~92 Ma Osgood Mountains stock is the largest intrusion and bounded
on the east side by the ~25 km long Getchell fault zone (Figure 2). This
NNW-trending complex of en echelon and sub-parallel faults also
controlled the emplacement of associated dikes in the footwall and
hanging wall [25]. A notable example being the ~115 Ma dacite dike
that served as an important control on the flow of auriferous fluids
that formed the TRDG deposit [21]. Cretaceous intrusions at Twin
Creeks were also important secondary controls for mineralization as
evidenced by a dacite dike in the Vista Vein shear deposit [28].
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Figure 3: An E-W geologic cross section through the Megapit, Twin
| Creeks mine [26].

. pa

Alteration

Mineralogical and temporally distinct alteration events are
recognized in the GT (Figure 4). Propylitization of Ordovician mafic
rocks is represented by the assemblage of chlorite—epidote—actinolite
that replaces primary orthopyroxenes and possibly represents
alteration by seawater [21,29]. In contrast, biotite hornfels formed
proximal to the Osgood Mountains stock and 115 Ma dikes at the
Getchell and Twin Creeks mines [30,31]. Emplacement of the Osgood
Mountains stock also altered rocks of the Cambrian Preble Formation
to form an ~3 km wide calcite-wollastonite-diopside-garnet—
cordierite—andalusite skarn [32].

Areal extensive 109-103 Ma argillic alteration at the Twin Creeks
mine occurred when illite and sericite replaced Fe-rich chlorite in
Ordovician mafic rocks (Figure 4). The liberated iron was incorporated
by limestone undergoing recrystallization to produce Fe-rich dolomite
[33]. Carbonates at the Getchell property were also recrystallized to
produce ferroan calcite by the thermal-hydrothermal event associated
with the Osgood Mountains stock [21,31]. Spatial relationships
suggest sources of iron in the TRDG deposit and Main pit were likely

the Ordovician Northern pillow basalt and Cretaceous igneous rocks
[21,31], respectively. Additional support for the latter is provided by
the replacement of primary biotite by Fe-rich chlorite and then 83 Ma
sericite in the Osgood Mountains stock (Main pit) and a dacite dike
(North pit; [3]).

Eocene alteration associated with CT mineralization (Figure 4;
Table 1) occurs along bedding planes and contacts of rock units, the
margins of Cretaceous intrusive rocks, and in structural zones. The
decalcification of rock units by acidic hydrothermal fluids increased
permeability to enhance fluid flow. Gold ore is commonly associated
with silicification (e.g., jasperoid or vuggy quartz) and argillization
(e.g., illite and kaolinite; [21,34]).

Age Method Description

115+2.3  Zircon U-Pb Dacite dike

114+2 Zircon U-Pb Dacite dike

117.3+2.3  Sericite K-Ar Dacite dike

109-103 Illite *°Ar/*°Ar Argillized basalt, ultramafic sills

107 Illite K-Ar Argillized basalt sill

98.4+0.6 Biotite**Ar/*’Ar Dacite dike

955+ 1.1 Biotite**Ar/*’Ar Dacite dike

952+0.6 Hornblende *°Ar/*’Ar  Granodiorite plug

95.1+0.7 Biotite **Ar/*’Ar base metal-Au skarn

922+2.1 Biotite K-Ar Dacite dike

91.9+0.6  Biotite “*’Ar/*’Ar Osgood Mtns stock,

base metal-Ag—Au skarn

919+1.8 Hornblende K-Ar Andesite dike

91.7+1.8  Sericte K-Ar Andesite dike

83.1+1.1  Sericite **Ar/**Ar Dacite dike, phyllic alt.

823+ 1.1  Sericite **Ar/*Ar Dacite dike, phyllic alt.

81.4+14  Sericite **Ar/*Ar Osgood Mtns stock, phyllic alt.

81.2+1.5  Sericite **Ar/*’Ar Osgood Mtns stock, phyllic alt.

80.9+3.3  Sericite K-Ar Osgood Mtns stock, phyllic alt.

843+09 K-feldspar “°Ar/*’Ar  Granodiorite plug phyllic alt.

784+1.1  K-feldspar “*Ar/*?Ar  Osgood Mitns stock, phyllic alt.

78.1+1.0 K-feldspar **Ar/*?Ar  Dacite dike, phyllic alt.

74.7+2.2  K-feldspar K-Ar Altered Osgood Mtns stock

75 K-feldspar modeling ~ Breccia pipe, qz—py-Au

42.1+04  Adularia *°Ar/*Ar Epithermal vein

419+02  Adularia *°Ar/*Ar Late-stage Carlin-type

39+21 Galkhaite Rb/Sr Late-stage Carlin-type

isotopes

Table 1: A summary of ages for Cretaceous igneous rocks, alteration, and
mineralizing events of the GT. Abbreviations: alt = alteration; qz = quartz;
py = pyrite; Mtns = mountains. Data are from Silberman et al. [35],
Berger and Taylor [25], Osterberg and Guilbert [36], Groft et al. [3],

\ Hall et al. [37], Tretbar et al. [6], Breit et al. [27], Cassinerio [38].

. pa

Mineralization

Multiple episodes of mineralization occurred during the Cretaceous
igneous-hydrothermal event (Figure 4; Table 1). At the Twin Creeks
mines, a 0.6-m wide metamorphic quartz vein contains < 1 ppm
Au and hosts CO,- and CH -rich fluid inclusions but is not located
within a structural zone or overprinted by CT mineralization [39].

Int J Earth Environ Sci
ISSN: 2456-351X

IJEES, an open access journal
Volume 8. 2023. 206



Citation: Groft JA (2023) The Genesis of Carlin-Type Gold Deposits in Relation to the Geologic Evolution of Northern Nevada, USA. Int ] Earth Environ Sci 8:

206 doi: https://doi.org/10.15344/2456-351X/2023/206

Page 4 of 15

Skarn-type mineralization in a sheared Ordovician basalt ~4 km NW
of the Main pit, Getchell property is characterized by pyrrhotite-
chalcopyrite—arsenopyrite-gold (< 3 ppm) and “Ar/*Ar dating of
hydrothermal biotite yielded an age of 95.5 Ma [3]. Quartz-base
metal mineralization is closely associated with ~115 Ma dikes at the
Twin Creeks mine [28] and the ~92 Ma Osgood Mountains stock [35].
Assays of select samples of quartz veins and mineralized calc-silicate
skarn record values of < 90 ppm Ag [40] and < 2.5 ppm Au [3].

The final Cretaceous mineralizing events (Figure 4; Table 1) are not
associated with specific intrusions. A tectonic breccia in the Main pit,
Getchell mine cuts the calc-silicate skarn that formed adjacent to the
Osgood Mountains stock. The siliceous matrix contains 0.4 ppm Au
and is nearly black due to high concentrations of pyrite and coarse
arsenopyrite crystals (< 4 mm; [39]). However, it is unknown if the

gold occurs in the quartz or sulfide minerals. The emplacement of two
breccia pipes at ~75 Ma represents the final Cretaceous mineralizing
event (Figure 4). These high-angle narrow bodies in the underground,
Getchell mine were not overprinted by CT mineralization and contain
1-3 ppm Au over a vertical interval of ~50 m [3]. The siliceous matrix
is nearly black due to abundant fine-grained anhedral pyrite, but the
siting of gold in samples was not determined.

Carlin-type ores have distinct textures and mineralogy (Figure
4). Main ore-stage mineralization consists of fine-grained jasperoid,
nondescript argillized rocks, and vuggy or sandy quartz in highly
decalcified zones [34, 21]. Gold-rich arsenian pyrite at both the
Getchell property and Twin Creeks mine occurs as thin rims on pre-
existing pyrite crystals and micron-sized fuzzy spheres [26,42].

/

Cretaceous ~114 Ma

109—103 Ma

95 Ma 92 Ma 83 Ma|75 Ma

Hornfels
Biotite

Argillic alteration
llite

Skarn
Silicification
Pyrrhotite
Marcasite
Arsenopyrite
Gold
Biotite
Calcite

Skarn
Cordierite
Andalusite
Diopside
Garnet
Wollastonite
Biotite
Plagioclase
Milky quartz
Coarse pyrite
Pyrrhotite
Marcasite
Arsenopyrite
Gold

Galena
Tetrahedrite
Sphalerite

Chalcopyrite
Calcite

Phyllic Alteration
Quartz
Sercite
Pyrite

Breccia pipe
Quartz
Pyrite
Gold

Eocene Carlin-type

Epithermal

Decalcification
Argillic alteration
llite
Kaolinite
Montmaorillonite
Jasperoid
Arsenian pyrite
Gold

Calcite
Realgar
Stibnite

Adularia
Barite

Orpiment —
Fluorite —

Quartz
Pyrite
Native gold
Adularia —_—

— Post-ore

Chalcedony
Calcite
Pyrite

— Sphalerite —
Chalcopyrite —
Galena —

| Eck [31], and Barber [28].

Figure 4: Paragenesis of mineralization and alteration events in the Cretaceous and Eocene for the Getchell property
and Twin Creeks mine. Data are from Groff [41], Shigehiro [13], Cail and Cline [34], Fortuna [29], Cassinerio [38],

4

Int J Earth Environ Sci
ISSN: 2456-351X

IJEES, an open access journal
Volume 8. 2023. 206



Citation: Groft JA (2023) The Genesis of Carlin-Type Gold Deposits in Relation to the Geologic Evolution of Northern Nevada, USA. Int ] Earth Environ Sci 8:

206 doi: https://doi.org/10.15344/2456-351X/2023/206

Page 5 of 15

Late ore-stage mineralization is represented by veins, open-space
fillings, or the matrix to breccias (Figure 4). Megascopic arsenic
sulfide minerals are most abundant in the Main pit, Getchell mine
with massive orpiment veins up to 1.5 m wide [41]. Gold occurs with
extremely fine-grained pyrite in orpiment based on SEM element
mapping of samples from the Twin Creeks mine [43]. A final CT
gold-mineralizing event at the Twin Creeks mine is represented by an
~1.5 m-wide stibnite vein containing intergrown fine-grained pyrite-
quartz-adularia [44]. However, CT mineralization transitioned to a
low-sulfidation epithermal system represented by stockwork quartz
veins in the NE-trending DZ fault zone, Twin Creeks mine [9]. These
veins contain disseminated native gold and adularia that has an
“Ar/*Ar plateau age indistinguishable from adularia intergrown with
CT mineralization (Table 1).

Post-ore mineralization was only identified in the Main pit,
Getchell mine as 1-5 cm veins of banded chalcedony and calcite
containing disseminated base metals (Figure 4). These veins are
located in the hanging wall of the Getchell Fault and can occur as
rounded fragments within fault gouge [3].

Goldstrike property, Carlin Trend

Geology

Devonian rock formations that are part of the lower plate of the
Roberts Mountain thrust fault represent the dominant host for CT
mineralization (Figure 5). There are stacked ore zones within the
Betze deposit that progress up-section from the Roberts Mountain
Fm to the Popovich Fm and Rodeo Creek Fm. The Roberts Mountain
Fm is a laminated dolomitic limestone that contains sedimentary
breccia in the top part. An upper and lower unit have been defined
for the Popovich Fm. The upper unit consists of a medium- to thin-
bedded carbonaceous micritic limestone containing diagenetic pyrite.
Whereas the lower unit has planar-wispy laminae in a sandy, bioclastic
dolomitic limestone [45,46]. Soft-sediment deformation features and
sedimentary breccias are common [47]. A transition zone between
the Popovich and Rodeo Creek formations is recognized by bedded
siltstone, sandstone, chert, argillite, slaty mudstone, and fossiliferous-
muddy limestone [48].

Deformation of these rock formations is extensive and associated
with the Late Devonian-Early Mississippian Antler orogeny.
Orebodies parallel NNW-trending anticlines (e.g., Post and Betze),
faults (e.g., Post and JB), and occur within a structurally complex
zone of the Peters syncline where alteration and deformation were
focused at the transition between rocks of the Popovich and Rodeo
Creek formations [49,50]. Gold mineralization is dominantly hosted
by sedimentary and tectonic breccias [47], including the Dillion
deformation zone that consists of a tectonic breccia within the
sedimentary transition from Popovich Fm to Rodeo Creek Fm.

Two episodes of igneous activity are recognized at the GSP and the
dominant one occurred during the Jurassic [52]. This is represented
by the ~158 Ma Goldstrike stock (Figure 5) with associated NW-
striking lamprophyre and N-striking rhyodacite dikes. Although all
Jurassic igneous rocks can be mineralized depending on iron content
and permeability, they were more important as secondary controls
on the flow of auriferous fluids [52, 53]. An example is at the Meikle
mine, where unreactive monzonite acted as an aquitard and focused
fluid flow along the dike margin [54].

Eocene intrusions consist of porphyritic dacite dikes that were
emplaced between 39-38 Ma [52]. They are inferred to be associated
with a deeper plutonic complex identified by a 700 km? aeromagnetic
anomaly [55]. Radiometric “Ar/*Ar ages of secondary illite in
mineralized dikes overlap with emplacement ages [52].

Mineralogical and temporally distinct alteration events occurred
from the Devonian-Eocene (Figure 6). The reactivation of basement
structures during the Devonian focused fluid flow along basin margins
that altered carbonates to create ferroan dolomite (e.g., the zebra
dolomite; [54]). Subsequent burial related to the emplacement of the
Roberts Mountain allochthon during the Antler orogeny caused the
thermal maturation of organic material and migration of petroleum
in the Early Mississippian [54]. Cryptocrystalline graphite formed
at temperatures of 250°-300°C and alteration includes pumpellyite—
actinolite and lowermost greenschist facies [56].

Jurassic intrusive activity and specifically the emplacement of the
~158 Ma Goldstrike stock produced a zone of contact metamorphism
~230-m wide (Figure 5 and Figure 6). Initial alteration consisted of
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pyroxene-biotite hornfels and marble that was overprinted by two
skarn types: 1) diopside-grossular-vesuvianite, and 2) tremolite—
epidote—calcite-diopside with K-feldspar [57]. Alteration of the
stock at ~154 Ma resulted in the formation of sericite [54]. A
second generation of sericite formed at ~117 Ma based on ages of
hydrothermal sericite [58].

Eocene alteration is characteristic of CT deposits (Figure 6).
Decalcification increased the porosity of carbonate units to the point
that collapse breccias formed at the Meikle mine [47]. Argillization of
sedimentary rocks and dikes produced illite, with lesser amounts of
kaolinite [52,53]. Whereas gold-mineralization in dikes is associated
with the assemblage quartz-pyrite-sericite [52]. Silicification is
recognized by fine-grained quartz and veinlets. Multiple stages of
silicification are common and work by Leonardson and Rahn [59]
identified five stages in areas of the Betze-Post deposit.

Mineralization

Significant gold mineralization prior to Eocene CT exists in
the upper mud member of the Devonian Popovich Fm. This syn-
depositional SEDEX mineralization includes sphalerite-galena-
tetrahedrite—pyrite-chalcopyrite-quartz with gold grades < 68 ppm.
Sporadic gold values also occur in polymetallic veins associated with
the Jurassic Goldstrike stock (Figure 6) [61].

Paragenetic relationships for Eocene mineralization are best
documented by crosscutting veinlets in mineralized dikes of the
Meikle and Griffin deposits [52]. Stage 1 veinlets represent Main
ore-stage and contain sooty pyrite-arsenian pyrite-arsenopyrite—
white mica (sericite and illite)-rutile-replacement quartz (Figure 7).
Whereas Stage 2 veinlets are characterized by Ag and Sb sulfosalts-
quartz—pyrite-native silver-chalcopyrite. Post-ore Stage 3 veinlets
consist of barite-calcite—euhedral pyrite (Figure 7).

Mineralization in the larger Betze-Post deposit was categorized
by mineralogy and alteration types to distinguish five types of
oreshoots [47,50,59]. Type 1 oreshoots are siliceous, contain rutile,
gold occurs in arsenic-rich rims on pre-existing pyrite crystals, and
are the highest grade. Type 2 oreshoots are the largest in a volumetric
sense and comprised of illite (clay) and carbonaceous material, with
gold occurring in arsenian-pyrite rims. Type 3 realgar and orpiment
oreshoots often overprint Type 2 oreshoots. Type 4 stibnite-siliceous
oreshoots are small and contain the lowest gold grades. Stibnite
crystals host inclusions of low-As pyrite and sphalerite. Type 5
polymetallic oreshoots are proximal to the contact of the Goldstrike
stock, crosscut other types of oreshoots, and contain a diverse mineral
assemblage. This includes pyrite-sphalerite-galena—chalcopyrite-
cinnabar-native gold mineralization.
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Figure 6: Mineral paragenesis for Cretaceous alteration events, polymetallic veins, and Eocene alteration at the
Goldstrike property. Data are from Walck [57], Arehart et al. [58], Ferdock et al. [60], Emsbo and Hofstra [61], Ressel
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Figure 7: Paragenesis for Eocene mineralization in the Meikle and
Betze mines. Data are from Ressel et al. [52], Peters [50], Ferdock et al.
[60], Peters et al. [47], Peters et al. [53], and Emsbo[8].

Discussion

Structural preparation

The early structural evolution of the GT and GSP (Carlin trend)
was analogous, until the Jurassic. Accretion of the Archean Wyoming
craton with subsequent rifting that ended > 0.6 Ga [14,15] created
basement structures that were reactivated during the deposition of
sedimentary rocks to produce soft-sediment deformation [21,47].
Then significant folding and faulting during the Antler orogeny
[18,49] occurred prior to the emplacement of nonreactive fine-
grained siliciclastic rocks over permeable carbonates by the Roberts
Mountain thrust fault [24].

When mid-Triassic subduction began off the west coast of North
America, the Carlin trend became more active in a geologic sense
compared with the Getchell trend. At the GSP this is represented by
the emplacement of Jurassic intrusions (e.g., the 158 Ma Goldstrike
stock); ~117 Ma phyllic alteration associated with Cretaceous igneous
activity in the surrounding Carlin trend [58]; and the intrusion of
Eocene dikes related to a deeper plutonic complex (Figure 6; [63]).
In contrast, the GT experienced an ~40 m.y. Cretaceous igneous—
hydrothermal event (Table 1) and CT mineralization occurred distal
to any known center of Eocene igneous activity.

Yet the Jurassic and Cretaceous intrusive rocks in both trends served
a similar function for ore genesis. The impermeable crystalline rocks
were important secondary controls on the movement of auriferous
fluids and provided rheological contrasts with sedimentary rocks that
resulted in the formation of secondary structures during deformation,
which increased permeability [52,1].

A structural difference is the importance of NE-trending faults
during mineralization in the GT. These structures likely represent
Riedel shears [19] that formed after emplacement of the ~92 Ma
Osgood Mountains stock and prior to 42 Ma CT gold mineralization
[20]. The faults served as fluid conduits based on microthermometric
data that record higher homogenization temperatures (T,) and
salinities for fluid inclusions in Late ore-stage orpiment samples
from the TRDG Fault; gas-rich inclusions in samples of jasperoid and

orpiment from the Getchell mine that record episodic boiling during
mineralization; veins of quartz-adularia—gold * stibnite that occur
within or proximal to NE-trending faults at the Twin Creeks mine;
and organic-metamorphic fluids with depleted 6D values that are
restricted to NE-trending faults at the Twin Creeks mine [9,64]. Why
there was a divergence in the structural evolution of these two areas of
northern Nevada could be due to different regional stress fields related
to subduction, since deposits defining the GT have a NE alignment
compared with a NW alignment in the Carlin trend.

Precursor alteration

The most-important precursor alteration event in both the GT and
GSP was the formation of ferroan carbonates. This is due to acidic ore
fluids dissolving ferroan carbonates and releasing iron, which served
as a fundamental component for the deposition of gold by sulfidation.
However, the geologic events that formed ferroan carbonates in the
two areas were temporally distinct and involved different processes.

Ferroan carbonates in the GT formed during the ~40 m.y.
Cretaceous igneous-hydrothermal event. At the Twin Creeks
mine, this occurred with argillic alteration from 109-103 Ma [29].
Whereas at the Getchell property, ferroan carbonates likely formed
in association with the emplacement of the Osgood Mountains stock
and 83 Ma phyllic alteration [3,38]. As ferroan carbonates are the
principal host for CT mineralization [65], this alteration represents a
critical step in ore genesis.

Extensive sections of ferroan carbonates did not form in association
with a Jurassic or Cretaceous igneous-hydrothermal event at the
GSP, but rather during Devonian basin evolution. The reactivation of
basement faults caused both deformation (e.g., debris flows) during the
deposition of sedimentary rocks and focused the flow of hydrothermal
fluids along basin margins. This resulted in the formation of ferroan
carbonates and SEDEX mineralization containing high gold values.
However, two episodes of sercitic alteration at ~154 Ma and 117 may
have replaced iron-rich minerals in older intrusive rocks to form
ferroan carbonates on a smaller scale, such as at the Getchell property.

Additional precursor alteration that impacted ore genesis was
widespread argillization and skarn formation. At the Twin Creeks
mine, argillic alteration of mafic sills between 109-103 Ma produced
laterally extensive, impermeable zones overlying permeable carbonate
units. Although the margins of the argillized sills are weakly
mineralized, they served as a primary control on the flow of ore
fluids beyond structural zones [20]. A decrease in the permeability
of country rocks in both the GT and GSP also occurred due to
skarnification, yet there was a corresponding increase in brittleness.
Therefore, subsequent deformation produced breccia zones along
stock margins and faults that host high-grade mineralization in the
footwall of the Getchell Fault and Betze pit.

Cretaceous fluid evolution

Cretaceous fluids in the GT underwent a complex evolutionary
process that can be traced using fluid inclusions, stable isotope
data, and geologic relationships. An upper age limit is established
by quartz veinlets containing one-phase liquid CH, inclusions that
cut 109-103 Ma argillized rocks. Although these inclusions occur as
both primary and secondary generations in the veinlets, one-phase
liquid CH, inclusions were not identified in quartz veins that cut
97-92 Ma intrusions or younger mineralization [40]. Quartz veins
in sedimentary rocks intruded by 97-92 Ma dacite and granodiorite
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magmas host mixed CH ,—CO,, one-phase Co,, vapor-rich, and halite-
bearing inclusions. Between ~103-95 Ma there was a change from
CH,-dominant organic fluids to a CH,-CO, *+ N, evolved magmatic
fluid and finally, a less-evolved magmatic fluid represented by the
assemblage of CO, + CH, and N, with halite-bearing and vapor-rich
inclusions [64](Figure 8). Mineralization during this time frame was
dominated by pyrrhotite.

The emplacement and crystallization of the ~92 Ma Osgood
Mountains granodiorite stock marked a significant compositional
change to the hydrothermal system (Figure 8 and Figure 9). Early
gas-rich (e.g., > 20 mol%) and CH,-dominant fluids produced by
metamorphic devolatilization were replaced by CO,-dominant
magmatic fluids with modest total-gas contents (e.g., < 10 mol%)
based on quadrupole mass spectrometer (QMS) analyses. There
were also corresponding changes of pyrrhotite- to pyrite-dominant
mineralization and initial §D values of -91.2 to —~123%o increased to
—76%o (Figure 9). The latter sample represents an Ag-rich quartz vein
in the Osgood Mountains granodiorite stock.

This fluid evolution is not unique based on work by Chicharro et
al. [66]. The intrusion of granite into organic-rich host rocks of the
Central Iberian Zone, Spain caused metamorphism that produced
assemblages of N,-CH, and H,0-N,-CO,-CH, fluid inclusions.
A subsequent mixing of metamorphic and magmatic fluids caused
immiscibility and the formation of a Nz—rich phase. However, fluid
inclusions trapped a CO,-rich gas phase when magmatically derived
fluids dominated the hydrothermal system. An accompanying change
in mineralization consisted of pyrrhotite- to pyrite-dominant with the
addition of magmatic fluids.

At the GT, characteristics of mineralizing fluids that post-date
the emplacement of the ~92 Ma Osgood Mountains granodiorite
stock are based on data for two samples (Figure 8 and Figure 9). A
mineralogically distinct tectonic breccia has a dark siliceous matrix
containing abundant fine-grained anhedral pyrite and coarse
arsenopyrite crystals (< 4 mm). This breccia displaces the skarn
that formed adjacent to the stock and QMS data for quartz and
arsenopyrite separates record total gas contents of < 8 mol%, with
CO, being the dominant gas phase. The mineralizing fluid was of
meteoric origin based on a 8D value of -154%o, whereas a 8§D value
of —94.6%o supports a final magmatic input for mineralization in the
siliceous—pyritic matrix of a 75 Ma breccia pipe [64]. Gold assays for
the two samples range from 0.4-3 ppm, but the siting of gold was not
established.

These results establish the characteristics of fluids produced by
metamorphism of organic-rich sedimentary units and the evolution
of Cretaceous intrusive rocks at relatively shallow depths in the GT.
The emplacement of intrusions and metamorphism occurred at ~4-6
Km based on a geobarometrically calculated pressure of 1.5 kb [67];
the presence of miarolitic cavities in porphyry dikes [18]; concordant
K/Ar ages for hornblende and biotite from the Osgood Mountains
stock and a nearby andesite dike [35,68]; and cooling of the stock to <
125°C within 2 m.y. of emplacement [3].

Eocene fluids sources

Getchell trend

The analytical data for fracture-controlled CT gold mineralization
in the Getchell property are indicative of a magmatically derived fluid.
Samples of Main ore-stage jasperoid containing auriferous pyrite
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have §**S values of 1-3%o [69]; QMS gas data plot near the N, apex
in a N,-Ar-He ternary diagram (Figure 10); and 8D values of
-33%o to —114%o (Figure 11) [1,13] all support a magmatic source.
Mineralization occurred as short-lived events based on nanoSIMS
analyses of pyrite from the TRDG deposit that identified distinct
pyrite textures and chemical zoning [30]. These discrete pulses of gold
mineralization were associated with the periodic injection of a hot
and gas-rich fluid having 8D values > —60%o and §*S values < 3%o
(Figure 11 and Figure 12). Note that the highest gas concentrations
are due to episodic boiling in NE-trending faults [9].

Although magmatically derived fluids dominated the hydrothermal
system at the Getchell property, fluids that deposited stratabound
Main ore-stage mineralization at the Twin Creeks mine underwent
an evolution like in the Cretaceous igneous-hydrothermal event.
Samples of auriferous jasperoid plot to form a trend that supports
mixing between organic and metamorphic fluids (Figure 11). In
contrast to the CH -rich Cretaceous fluids produced by metamorphic
devolatilization, the Eocene organic and metamorphic fluids were N,
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rich (e.g., <13.8 mol%). A change during the Eocene to a magmatic
and CO,-dominant hydrothermal system didn’t occur until near the
end of Main ore-stage, as recorded by structures containing kaolinite
(8D = -78.9%0 to —89.5%0; [41]) and white crystalline quartz veins
(8D =-93.6%o) that cut fine-grained massive jasperoid (8D = -178%o)
hosting N_-rich fluid inclusions [40].
However, residual organic and metamorphic fluids in the ASW
hydrothermal systemare indicated by carbonaceous material occurring
in growth bands of Late ore-stage orpiment [9]. The dominance of 530 :
magmatically derived fluids at this point is demonstrated by samples =
of orpiment that have §*S values of 0.3%o, 8D values of —88.5%o, and He x 10 Ar
host CO,-rich fluid inclusions [44]. . ) .
Figure 10: Ternary N,-Ar-He ternary diagrams showing QMS gas data
An abrupt transition from CT mineralization to low-sulfidation for Main ore-stage jasperoid samples from the A) Getchell property, B)
| Goldstrike property, and C) Twin Creeks mine [40].

epithermal gold (LSEG) mineralization occurred at the Twin Creeks
mine. This is recorded by plateau ages of 41.9 + 0.25 Ma (CT gold) and
42.11 *+ 0.43 Ma (LSEG) for adularia intergrown with ore minerals
in high-grade samples [2]. The LSEG mineralization is controlled by
NE-trending faults and occurs as veins or quartz stockworks, which
cut jasperoid ore. Fluid inclusions record boiling with T, < 300°C [9]
and the O-H isotope data of a sample overlap the magmatic water
box (Figure 11). Native gold, visible in some samples, occurs as
both disseminations within quartz grains and crosscutting veinlets.
However, QMS analyses indicate that the auriferous fluid contained < 2
mol% total gas (Figure 12). Both Eocene CT and LSEG mineralization
occurred at depths of < 1 km [9].

\ 2

Goldstrike property

Analytical data support CT gold mineralization being produced
by magmatic and evolved meteoric waters. The best evidence of a
magmatic source is provided by &S values of ~0%o for auriferous
pyrite [51]; QMS gas data for high-grade silicified ore samples that plot
near the N, apex in a N,-Ar-He ternary diagram (Figure 10 [40]; and
a change in 8'%0 values outward from the Post Fault [70]. Whereas a
significant component of meteoric water in the hydrothermal system
that formed the Meikle deposit is based on Main ore-stage samples
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with 6D = -135%o, 60 = —5%o [54], and the distribution of QMS
gas data in a N,-Ar-He ternary diagram (Figure 10). A sedimentary
source of sulfur for Meikle ore is also supported by samples of
jasperoid and orpiment with §*S values of 9%o and 5.3-5.8%o [51,54],
respectively, compared with 6**S values of 0.3-2.2%o for orpiment
from the GT [9]. Fluid salinities of 0.2-4.5 wt.% NaCl equiv. for Late
ore-stage minerals (e.g., calcite, realgar, and barite) at the GSP are also
lower than values of <18 wt.% NaCl equiv. determined for the GT
(Figure 12 [39,71]).

As ore fluids that formed the Meikle deposit were dominantly
evolved meteoric water, an explanation is needed for the extreme
amount of decalcification prior to mineralization. No magmatic fluid
was identified by stable isotope data for minerals representing Main
and Late ore-stage mineralization, including fine-grained clays in
deep samples of altered igneous rocks [54]. However, QMS gas data
for Main ore-stage samples do record a magmatic source (Figure 10).
This could suggest that magmatic degassing produced a plume of CO,,
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Figure 11: Plots of 8D vs. §'*O,,,, for A) metamorphic quartz and Main
ore-stage jasperoid, Getchell trend and B) Late ore-stage minerals from
the Getchell property and Twin Creeks mine. Note that stibnite-quartz
pairs were analyzed to generate data for H-O isotopes. Abbreviations:
Meta = metamorphic quartz, GMO = Getchell property Main ore-stage,
TCMO = Twin Creeks Main ore-stage, orp = orpiment, fl = fluorite, cal
= calcite, real = realgar, stib = stibnite, and QAD = epithermal quartz
intergrown with adularia. Data are from Groft [41], Shigehiro [13], Cline

\ and Hofstra [1](2000), Groff [9], and Groff [39].

AN

which mixed with meteoric water at shallow depths to generate an
acidic solution. The source of CO, being subducted oceanic crust and
overlying sediments, with additional carbon added by magma-wall
rock interaction [72].

At the GT, a CO,-rich gas phase was produced by Cretaceous
intrusions (Figure 8 and Figure 9) and a deep igneous source in the
Eocene (Figure 11 and Figure 12). The periodic sealing of NE-trending
faults in the Main pit, Getchell mine is indicated by episodic boiling
that produced one- and three-phase CO, fluid inclusions in samples of
Main and Late ore-stage minerals [1,9]. A sample of epithermal quartz
from the NE-trending DZ fault at the Twin Creeks mine containing
native gold and having a 8D value of —-64%o also hosts fluid inclusions
with a CO,-dominant gas phase [9].

Ore Genesis

The brevity of CT gold mineralization in the GSP (< 40 k.y; [73])
and Cortez Hills [5] shows how precursor events beginning in the
Precambrian created ideal conditions for gold deposition. A primary

e ™~

A) Getchell trend
J - id Q-Ad-A
a 300 -EBPB[DI -AO-AU _ 25
Au 5-Q-P-Au =
O_ 250 = Orpiment = 20 ‘E
2 200 Post.ore o
B Calcite Chalcedonyp= 15 E
Ewo- Realgar Barite i a
100 = =
g | ]
o = 5
50 = o
05 =
=170 Au = 6
150 LJasperoid Realgar Post.ore
Calcite || SRP l.‘.halt:e'dom,I =5
-130— g ;‘g
§.‘g“. -110- d Au [ S-Q-P-Au L
o -9 = rpimen =
el Q-Ad-Au Bk
1
—50 = B
-30
B) Goldstrike property
3] Au -
O_ 590— Orpiment Calcite 2% =
o Realgar 20 g_
3 150 T Barite 29
16 aT I 15 .= G
o 100 ar ! g 1058
o aw | .o 0w
g 50 GSP  GSP 5 52
d 5
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source of gold for the Nevada CT deposits was highly altered and
metalliferous mantle rocks produced by subduction that began oft the
west coast of North America in the Triassic [12,23]. Melts generated
from these fertile rocks, and associated metamorphism, supplied
auriferous fluids that formed CT deposits. Evidence for this deep
source of gold is best provided by geologic relationships and analytical
data for the GT.

A distal location to any known center of Eocene igneous activity
and limited amounts of meteoric water in the hydrothermal system,
based on fluid salinities > 10 wt.% NaCl equiv. for both Main and
Late ore-stage [9,1,13,39], served to preserve the characteristics of
auriferous fluids. An important point is how Eocene and Cretaceous
metamorphic fluids have distinct compositions that indicate different
source areas. Deep-seated metamorphic fluids associated with
the generation and ascent of Eocene magmas have a N,-rich gas
phase and depleted 8D values (e.g., —207%o). Whereas Cretaceous
metamorphism occurred at relatively shallow depths (e.g., ~4-6 Km)
and generated a CH -rich fluid with 6D values of -54%o to -116%o
(Figure 9 and Figure 11). These data also plot differently in 8D vs. §'*O
and CO,/CH, vs. N_/Ar diagrams (Figure 8 and Figure 11).

The Eocene metamorphic fluid was present during the formation of
CT deposits in the Main pit, Getchell mine and GSP. Samples of Main
ore-stage jasperoid from the N-trending Getchell Fault have QMS gas
data that record N, gas concentrations of < 7.5 mol% [41] and plot
to form the same trend in a N —Ar-He ternary diagram as Main ore-

stage samples from the Twin Creeks mine (Figure 10). There are also
similarities in the QMS gas data for Main ore-stage samples from the
GSP that include N, gas concentrations < 6.9 mol% [40]. Secondly,
when the QMS data for Main ore-stage samples from the Twin
Creeks mine and GSP record total gas contents of > 5 mol%, N, is
the dominant gas phase (Figure 13). This N,-rich gas phase was also
identified in a sample of Late ore-stage orpiment from the Betze pit
(Figure 14).

The derivation of auriferous fluids from a deep-seated magmatic
source is supported by several lines of evidence. There is a glaring
absence of Eocene igneous rocks in the GT, yet stable isotope and
fluid inclusion data support a magmatic origin for auriferous fluids
that had to come from a deep source. This is evident for siliceous
ore, hosting CO,-rich fluid inclusions, that occurs along high-angle
faults at the Main pit and TRDG deposit. In a broader sense, the role
of Eocene stocks and mineralization is clear for base metal-gold-
silver deposits such as Fortitude [74] and McCoy-Cove [75], Battle
Mountain-Eureka trend. This includes deep CT mineralization
underlying the Cove deposit that was associated with a late phase of
the Brown stock based on etching of base metal crystals by acidic ore
fluids and changes in Au:Ag ratios relative to the stock [12]. These
points suggest that giant CT deposits formed in association with the
evolution of deep plutonic complexes, whereas a small CT deposit in
a zoned mineralizing system was related to an individual stock now
exposed at the surface.
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The Carlin-style deposits with lesser gold endowments in Malaysia
and Indonesia are also part of zoned mineralizing systems associated
with singular stocks. Stable isotope data are indicative of a magmatic
source for auriferous fluids, H,S, and CO, [76,77]. Although these
deposits formed near a craton margin in association with plate
subduction and along regional structures, the source of auriferous
fluids was a single stock. As a point source of heat and fluids at
shallow depths, steep thermal gradients around a stock would create
geochemical/mineralogical zoning. Whereas auriferous fluids evolved
from a deep plutonic complex could rise rapidly along basement
faults, or associated structures, to react with ferroan carbonates
that were produced by older hydrothermal systems. A potentially
important point is how porphyry intrusions were the mineralizing
agents for Carlin-style deposits in Malaysia and Indonesia but were
not the source of auriferous fluids in the GSP [52].

The above examples of intrusion-related Carlin-style deposits and
a small CT orebody associated with the Brown stock, when combined
with data for the GT support two important points. There is direct
evidence that igneous rocks produced characteristic CT alteration
and evolved auriferous fluids in addition to being the heat engine
to drive fluid flow. Secondly, the giant CT deposits formed due to
mineralization on a regional scale from auriferous fluids evolved
during the crystallization of deep plutonic complexes.

A final point concerning the genesis of CT deposits involves
the absence or presence of large volumes of meteoric water in the
hydrothermal system. Limited amounts of meteoric water in Main
ore-stage mineralization at the Getchell property are indicated by
depleted 6"*O and §"*C values only within or proximal to ore zones
and fluid pathways [38,78]; saline Main and Late ore-stage fluids
[13,64]; and QMS gas data for the TRDG deposit that indicate basinal
and magmatic sources (Figure 10). In contrast, carbonate rocks have
depleted §'°0 values at least 3-4 km from significant orebodies in the
GSP [79] and hydrothermal fluids with a significant component of
meteoric water were identified using QMS gas data (Figure 10).

The evolution of meteoric water to become an ore fluid by leaching
a diverse suite of metals from host rocks [54,80] could account for
mineralogical differences in CT ore in the GSP vs. GT. These include
five types of oreshoots identified in the Betze pit [59,47,50], a greater
diversity of minerals (e.g., base metals-rutile-Ag sulfosalts), and a
more complex mineral paragenesis (Figure 4 and Figure 7). However,
gold leached from country rocks would augment that introduced
by an evolving plutonic complex derived from the melting of highly
altered and mineralized mantle rocks above a subduction zone. The
importance of these mantle rocks in ore genesis extends beyond
CT deposits to Jurassic Au-polymetallic deposits [81], Cretaceous
porphyry Cu-Mo deposits [82,83], Tertiary Au-polymetallic and
porphyry copper deposits [75,84], and Miocene epithermal Au-Ag
deposits [85].

Conclusion

Eocene CT deposits represent the culmination of a multiple-step
process that began in the Precambrian. This includes rifting to create
basement structures; soft sediment deformation during the deposition
of rock units; thrusting to produce a regional structural trap; the
formation of ferroan carbonates; subduction-related alteration and
mineralization of mantle rocks; and important ground preparation
caused by Mesozoic igneous events. Although there was considerable
variation in the timing and underlying mechanisms for some of these
precursor events, the combination of all was necessary to create ideal
conditions for the rapid formation of giant CT deposits.

The sources of auriferous fluids include magmatic, metamorphic,
and evolved meteoric waters. At the GT, magmatically derived fluids
dominated the hydrothermal system for deposits in the Getchell
property compared with organic-metamorphic fluids at the Twin
Creeks mine. The different characteristics of Cretaceous and Eocene
metamorphic fluids support a deep source for the latter. Whereas CT
deposits in the GSP formed from fluids with magmatic, metamorphic,
and meteoric sources. Gold was principally derived from highly
altered and mineralized mantle rocks that were a source area for
Eocene igneous rocks. Whereas large-scale circulation of fluids at the
GSP leached gold from SEDEX mineralization and diagenetic pyrite
to increase the endowment of these deposits.
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