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Abstract

The Carlin disseminated gold deposit occurs in an autochthonous sequence of Paleozoic
sedimentary rocks exposed in a structural window in the Roberts Mountains thrust in north-
central Nevada. The upper 175 m of the Silurian Roberts Mountains Formation hosts the
majority of ore at Carlin and is characterized by laminated, fine-grained, calcareous and/or
dolomitic argillaceous siltstone with local coarser grained siltstones and <0.25- to >50-cm-
thick lenticular interbeds of sand- and granule-sized calcareous bioclastic debris or fossil
hash. Detailed studies of drill core and exposures in the East pit of the Carlin mine show that
alteration and mineralization are zoned away from crosscutting fault conduits and these more
permeable bioclastic beds, indicating that these two features were major inflow zones for
hydrothermal fluid.

In unoxidized rocks, unaltered calcareous siltstone (1) containing quartz, dolomite, calcite,
illite, K feldspar, and pyrite is progressively converted to assemblages of (2) quartz + dolo-
mite + calcite + illite + pyrite, (3) quartz + dolomite + illite-K mica + pyrite, (4) quartz +
illite-K mica + pyrite, and (5) quartz + kaolinite-dickite + pyrite adjacent to inflow zones
where jasperoids are developed. Gold most consistently enriches the zone of calcite and
dolomite removal (3 and 4 above), though it occurs in all zones, locally in high concentra-
tions. This zoned alteration was accomplished by a CO,-rich acidic fluid. This acidic alter-
ation enhanced the passage of fluids by extensive carbonate removal to form zones of higher
permeability.

Oxidation is wholly a supergene effect related to deep weathering, because the oxidation is
superimposed on both mineralized and altered rocks with only minor effect on the major
element chemistry; it has produced low-temperature goethitic Fe oxides rather than higher
temperature hematite and is not spatially related to Au distribution at the mine or on a dis-
trict scale.

Because of extensive carbonate removal leading to local volume reduction through col-
lapse and/or compaction, geochemical effects are examined using ratios to relatively immo-
bile elements such as Al and Ti. Extensive depletion of Ca, Mg, and CO, and introduction of
Si, Au, and S have occurred. Potassium is depleted in the conversion of illite to dickite-kaolin-
ite in proximal silicified inflow zones, and Fe enriches some pyritized rock. Carbonate re-
moval and silicification are two separate processes, both of which are spatially associated with
mineralization. Mineralized decarbonated rocks and barren footwall rocks commonly are not
silicified, and intensely silicified proximal alteration zones are generally low grade.

Introduction 40° W-trending feature represents the axial trace of
the Tuscarora anticline (Madrid and Bagby, 1986)
and contains at least 15 gold deposits of Carlin and

related types along its 60-km length. These deposits

THE Carlin gold deposit, discovered in 1962, has pro-
duced more than 4 million ounces (125 t) of Au and is

the type deposit of the most important group of Au
mines developed in the United States since 1940.
The deposit is located in north-central Nevada in the
Lynn-Pinon mineral belt (Roberts, 1960), more re-
cently referred to as the “Carlin trend.” This N 35°-
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have combined mined and unmined resources of
greater than 2,000 t of Au (Knutsen et al., 1991),
exceeding any other similar area in the United States.
The Carlin deposit is located along the northern edge
of the Lynn window in a northwest-trending zone of
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hydrothermally altered rocks at least 0.8 km wide
and nearly 7 km in length (Fig. 1).

Most previous models of mineralization and de-
scriptions of hydrothermal alteration at Carlin are
based largely on early exposures in the upper oxi-
dized portions of the mine (Hausen and Kerr, 1968;
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paper presents results of a detailed study of unoxi-
dized ores and host rocks from a series of drill cores
from the Carlin East orebody and from less weath-
ered exposures of the Carlin deposit than were previ-
ously available. The study of these unoxidized sam-
ples has allowed distinction of primary mineraliza-
tion from supergene effects. In addition to

Radtke et al., 1980; Radtke, 1985; Rye, 1985). This
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mineralogical studies of alteration, major and trace
element effects are also summarized by integrating
new data and concepts with previous studies.

Previous work

The major alteration types previously described at
Carlin are carbonate removal, silicification (jasperoid
development), and argillization (Hausen, 1967; Hau-
sen and Kerr, 1968; Evans, 1974a; Radtke et al.,
1980; Radtke, 1985; Bakken and Einaudi, 1986;
Armstrong et al., 1987). Most of these investigations
lacked descriptions of the ores and altered rocks in
terms of zoned mineral assemblages and also lacked
detailed paragenetic studies. In addition, previous
studies of chemical additions and depletions assume
local conservation of either volume or mass which is
concluded here and by Bakken (1990) to be invalid
for many Carlin rocks (Akright et al., 1969; Radtke et
al., 1972; Radtke et al., 1980; Radtke, 1985; Rye,
1985). Bakken and Einaudi (1986) demonstrated
zoning from outer zones of carbonate removal to in-
ner zones of silicification, but they were unable to
evaluate changes in clays, sulfides, and carbonaceous
matter because of pervasive superimposed oxidation
in the Main pit where they mapped.

Hausen (1967, 1981, 1983, 1985), Hausen and
Kerr (1968), and Hausen and Park (1986), as well as
Radtke (1985), Radtke et al. (1980), and Rye (1985),
suggest that the Carlin deposit formed in the epither-
mal environment in the roots of a hot spring-type hy-
drothermal system. Previous investigators at Carlin
also concluded that relatively shallow boiling oc-
curred at depths of less than 500 m. Condensation
and oxidation of acidic volatile materials such as H,S
in the upper levels of the deposit were interpreted to
cause widespread hypogene acid leaching along with
simultaneous oxidation of the host rocks (Radtke et
al., 1980; Radtke, 1985; Rye, 1985). These earlier
investigators also misinterpreted superimposed spa-
tial associations, such as high organic carbon content
and As values or acid leaching and oxidation, as im-
plying a linkage in time of origin.

The distributions of Au and As, as well as features
related to decalcification and silicification, are shown
in cross section by Hausen et al. (1983). The spatial
relationships of these same alteration characteristics
for largely oxidized portions of the Main pit at Carlin
have also been documented by Bakken and Einaudi
(1986). All prior investigations at the Carlin deposit
have concluded that portions of the upper mine ex-
posures suffered from extensive oxidation, portions
of which resulted from surficial alteration processes
(Hausen and Kerr, 1968; Radtke et al., 1980; Radtke,
1985; Rye, 1985; Bakken and Einaudi, 1986). How-
ever, most previous investigators have not specified
whether oxidation observed at any specified scale or
in any specific sample is hypogene and concurrent
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with mineralization, or supergene and significantly
later than mineralization, or both.

Methodology

Field studies: Critical information was provided by
43 diamond drill cores completed in 1974-1975
from a drift beneath the East pit on the 6,260-ft level.
These holes were drilled from the ends of 13 NS and
4 EW drill sections to evaluate the downdip exten-
sion of the East orebody (Fig. 2). During the present
study, this core was logged in detail, and sample
suites were chosen for geochemical analyses, carbon-
ate staining and peels, petrography, scanning elec-
tron microscopy-energy dispersive spectrometry
(SEM-EDS), X-ray diffraction (XRD), fluid inclusion
measurements, and isotopic studies. The drill core
array provided critical access to unoxidized footwall
rocks up to 100 m below the ore and to geologic and
alteration features spatially related to the downdip
extension and closure of mineralization beneath the
presently exposed levels of the open pit.

Field studies were conducted in the open pit in
areas selected for detailed analytical work, including
a continuous stratigraphic interval of carbon-rich ore
containing numerous highly silicified beds (Fig. 2:
6,200-ft level, 23562 N, 20509 E), and an oxidized
exposure of silicified, leached footwall rocks (Fig. 2:
6,200-ft level, 23503 N, 20958 E).

Geochemical analyses: Major element geochemis-
try was determined in the Mineral Constitution Labo-
ratory at the Pennsylvania State University by direct
current plasma-arc emission spectrochemical analy-
sis (Medlin et al., 1969). Carbonate carbon and or-
ganic carbon analyses were obtained using a coulom-
eter and a LECO carbon analyzer, respectively. Gold
was determined by neutron activation (Bondar-Clegg
Ltd.) and by standard fire assay methods (Carlin Gold
Mining Co.; Analytical Services Co., Elko, Nevada;
and Bondar-Clegg Ltd.). A complete listing of geo-
chemical data for samples analyzed during the course
of this study is available in Kuehn (1989).

The Carlin Gold Deposit
Geologic history

An understanding of alteration associated with
gold mineralization at Carlin requires understanding
of the many other events and processes that affected
the host rocks (Table 1).

The Silurian and Lower Devonian carbonate rocks
which host most of the deposit are silty to argil-
laceous limestones and dolomites, commonly thinly
laminated. They were deposited under conditions
conducive to the preservation of organic matter
(Matti and McKee, 1977). Thrust faulting during the
Devonian-Mississippian Antler orogeny resulted in
deep burial of these units, to depths locally exceed-




1700 C. A. KUEHN AND A. W. ROSE
18500 € 19000 E 19500 E I
LOWER PLATE OF UPPER PLATE OF
ROBERTS MOUNTAINS ROBERTS MOUNTAINS
THRUST FAULT THRUST FAULT O "
| Devonian Popovich Formation !
Ov [
Silurian I}E] Roberts Mountains Fm. | N4
Ordovician Vinini Formation
] 500 Feet 1.58
i f; Radtke, 1985
{modified from Radtke, 1985) by o Lo Meters '
A 25
as L
/ Unoxidized Se
Ov A zone ot
Popovich .n_'#
. Hill (6844) - 4 4
> & - 18
ov - %
-
~ g
e Ry

42

Srm

EXPLANATION

19E

il Projection of

core drilling
AL and section
> g number

Y oxn Vertical core hole
\ .| USGS location + number
Pé

®
2
/ 2

23000 N

Strike and dip

2" of sediments
{ \ \\ Geologic contact
22500 N
(] igh |
Probable age of Gold ore \k :.,emgﬁl"v'.:n
\ mineralization:
\ Cretaceous o
x Roberts M_unt
Mid-Tertlory ( Jasperoid i Y Thrast Fagit
Age of dikes poorly <
céonmuined: L(:ru g m‘ \ dikes Se Pit limit
retaceous to Upper gneous di
Jurassic 2
20000 E 20500 E 21000 E

FIG. 2. Generalized geology of the East orebody and vicinity, Carlin gold deposit, showing the projec-
tion of underground core drilling and pit exposures described in this study. Geology and ore distribution
from Radtke (1985), representing exposures 30 to 90 m above the 1983 to 1985 pit levels. Ore zones
represent the updip extensions of mineralization intercepted in the drill array and pit sampling.

ing 5 km (Madrid, 1987). Petroleum generation and
migration occurred under these deep burial condi-
tions (Kuehn, 1989; Kuehn et al., in prep.).
Deformation during Late Triassic to Late Jurassic
time developed the northwest-trending Tuscarora
anticline (Madrid and Bagby, 1986; Madrid, 1987).
Early Cretaceous igneous activity along this anticline
is represented by several granodioritic intrusions,
some of which show considerable contact metamor-
phic effects (Evans, 1974a and b). The Goldstrike in-
trusion located about 10 km northwest of the Carlin
mine has been dated at 121 Ma (Hausen, 1967),
though Arehart et al. (1989) find ages as great as 160
Ma. Spatially associated with this intrusion are numer-
ous Au orebodies including the Bluestar, Genesis,
Bazza, Long Lac, Northstar No. 9, Post, Lower Post,
Betze, Purple Vein, Deep Star, and Screamer de-

posits (Christensen et al., 1987; Sheppard and Zim-
merman, 1988; Bettles, 1989; Knutsen et al., 1991).

Pre-Basin and Range extension in north-central
Nevada began around 37 Ma during the earliest Oli-
gocene (Regnier, 1960, Zoback et al., 1981) and
coincided with a second period of intrusive activity in
the Carlin trend marked by small plutons, stocks, and
a districtwide series of dikes of intermediate compo-
sition (Silberman and McKee, 1971; Evans, 1980).
Major extensional faulting and basin-range structure
commenced about 17 Ma and was followed by a third
period of igneous activity in the mid-Miocene around
14 Ma marked by rhyodacitic flows and domes ex-
posed on the western flank of the Tuscarora range
(McKee et al., 1971; Radtke et al., 1980).

Most previous workers have proposed a late Ter-
tiary age for Au deposition at Carlin on the premise
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TaBLE 1. Generalized Sequence of Events in the Carlin District
Event
Age no. Events
Siluro-Devonian 1 Deposition of Roberts Mountains

Formation + western
assemblage rocks
2 Burial and diagenesis
Late Devonian to Early 3A Antler orogeny and deep burial
Mississippian under Roberts Mountains

allochthon
3B Hydrocarbon generation-
migration
Late Triassic to Late 4A Folding and development of the
Jurassic Tuscarora anticline

5A Districtwide granodioritic

intrusive activity

5B Early barite * base metal veins
(could possibly be older
features)

Maturation of hydrocarbon to
pyrobitumen and CH, gas
production

5D Earliest possible date of Au
mineralization is around 120
Ma

Prebasin and range extension
erosion?

Districtwide igneous dikes and
minor intrusions of
intermediate composition

8  Minimum age, Au mineralization
and alteration

Very active basin and range
faulting with extensive erosion
and uplift

Igneous activity (rhyodacitic and

Late Jurassic to Early 5C
Cretaceous

42 to 37 Ma 6

Latest Eocene to earliest 7
Oligocene

Beginning around 17 Ma 9

Mid-Miocene around 10

14.4Ma rhyolitic flows and domes)
Pliocene 11  Lake beds with mineralized
cobbles of silicified jasperoid
material
Recent 12 Surficial weathering and
oxidation

that basin and range faults served as hydrothermal
fluid conduits (Hausen and Kerr, 1968; Radtke et al.,
1980; Radtke, 1985; Rye, 1985). Formation of the
Carlin deposit is constrained to be later than Late
Jurassic to Early Cretaceous and earlier than Plio-
cene in age by the following facts: (1) contact-meta-
morphic calc-silicates in the Goldstrike area are al-
tered and locally mineralized along with adjacent
granodiorite (Morrow and Bettles, 1982; Sheppard
and Zimmerman, 1988; Arehart et al., 1989; Bettles,
1989), and (2) clasts of Au-bearing jasperoid are en-
trained in the Pliocene Carlin Formation (Rota,
1987; Rota and Ekburg, 1988). Several additional
observations suggest that mineralization is older than
14 Ma (mid-Miocene). The silicic 14 Ma volcanic
rocks are not altered or mineralized and lie unconfor-
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mably on the Au-bearing rocks. Structural studies by
Bakken and Einaudi (1986) show that north-north-
east-trending basin-range structures commonly are
barren and postdate Au mineralization. Moreover,
crosscutting relations at the Carlin mine allow miner-
alization to be as old as Early Cretaceous (120 Ma).
Arehart et al. (1989) find ages between 40 and 148
Ma for alteration silicates at the Post deposit. O. D.
Christensen (pers. commun., 1991) suggests that mul-
tiple ages of Au mineralization may exist; however,
the uniformity of alteration suggests that a single ma-
jor episode is represented. The unconformable rela-
tions of the 14 Ma volcanic rocks over the mineral-
ized rocks indicate that the present surface has been
in the near-surface environment since the mid-Mio-
cene, and therefore, deposits exposed in the Carlin
trend may have had along history of supergene alter-
ation and weathering.

Characteristics of host rocks

Silty carbonate rock in the upper 250 to 300 m of
the Silurian Roberts Mountains Formation is the ma-
jor host for Au ore at the Carlin deposit. Detailed
petrographic and mineralogic studies of 246 samples
of the Roberts Mountains Formation throughout
north-central Nevada (Mullens, 1979, 1980) show
the typical initial mineralogy of the upper laminated
Roberts Mountains unit to be 30 to 50 percent calcite
(by volume), 15 to 35 percent dolomite, 20 to 30
percent quartz silt, 5 to 15 percent illite, 2 to 4 per-
cent K feldspar silt, 0.2 to 1.0 percent pyrite, and 0.2
to 0.45 percent organic matter. In addition, minute
stringers and blebs of secondary (epigenetic) quartz
were observed in some samples, and minor chlorite
was detected in about one-fourth of the samples stud-
ied by Mullens (1980). Traces of heavy minerals and
minor kaolinite were also noted.

Three main types of beds can be texturally distin-
guished in the upper Roberts Mountains Formation:
(1) laminated argillaceous dolomitic limestones with
interbedded calcareous siltstones, (2) relatively mas-
sive carbonate beds, and (3) medium- to coarse-
grained carbonates comprised largely of bioclastic
debris. Planar depositional fabric oriented parallel to
stratification (lamination) results in centimeter-thick,
platy, argillaceous carbonate, or laminated beds. The
interbedded coarser grained calcareous siltstones,
generally <2 c¢m thick, contain more quartz silt and
less clay than adjacent laminated beds (Fig. 3).

In the immediate area of the Carlin deposit the up-
per 100 m of the Roberts Mountains Formation con-
tains a few percent of the third distinct lithotype
mentioned above: coarser clastic fossil-rich cal-
careous grainstones and packstones that range in
thickness from <0.25 to >50 c¢m. These bioclastic in-
terbeds are lenticular and gradually thin and pinch
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Fic. 3. Unoxidized Roberts Mountains Formation samples from
section 15E. For chemical analyses see Table 2. Sample 41 is very
mildly leached, 41-B is a calcareous siltstone interbed, and bed
41-A shows numerous elliptical peloids typical of laminated rocks
near the Popovitch Formation-Roberts Mountains Formation con-
tact. Small gash fractures restricted to the silty interbed 41-B con-
tain early hydrocarbon stage calcite and pyrobitumen. Sample 48
is virtually unaltered and chemically similar to background dolo-
mitic carbonates; however, 48-B, a calcareous bioclastic horizon,
is distinctly pyritized. Beds 48-B and 41-B show higher amounts of
dispersed cubic and framboidal pyrite as well as SiO, and FeS,
replacement of fossil hash. Sample 90 is moderately acid leached
and contains a 0.5-cm-thick porous dolomitic siltstone horizon in
typical laminated unoxidized ore.

out into laminated beds; they have lateral extents
ranging from several meters for thin beds to >150 m
for thick beds. Clastic constituents are typically sand
and granule sized; however, recognizable crinoidal
columnals and coral, brachiopod, and bryozoan frag-
ments, as well as carbonate mudstone intraclasts, also
occur in these bioclastic horizons (Fig. 3, specimen
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48, bed B). Commonly, within the Carlin deposit
these better sorted bioclastic interbeds, as well as in-
terbedded coarser grained calcareous siltstone hori-
zons, were selectively leached, brecciated, and re-
placed by silica. These coarser clastic beds appar-
ently were important stratiform conduits for
hydrothermal fluids as a consequence of having
higher inherent permeabilities than adjacent lami-
nated beds.

Numerous severely altered, premineralization
dikes are located within the Carlin deposit and imme-
diate vicinity. These dikes are of intermediate com-
position and have been described as biotite-rich
granodiorites and/or dacites (Hausen and Kerr,
1968; Radtke, 1985). Compositional and textural
variations suggest that more than one type of dike
may exist within the mine; however, severe alter-
ation has hampered precise radiometric age determi-
nations and limited petrographic or chemical studies.
No crosscutting relationships between dikes of dif-
ferent varieties have been documented at Carlin.
Dikes altered and cut by Au mineralization com-
monly constitute Au ore; however, the same dike is
barren of Au above and below the orebody. Dikes
commonly occupy north-northwest-trending struc-
tures and are cut by east-west- and north-northeast-
trending faults (Fig. 2). Intense shearing suggests
that in many cases movement continued along north-
northwest structures after dike emplacement.

Orebody geometry and first-order controls

Gold mineralization at the Carlin deposit is semi-
conformable within the upper Roberts Mountains
Formation along a strike length of around 2,100 m; it
dips approximately 30° NNW underneath Popovich
Hill. As shown in Figure 2, a series of near-vertical
east-northeast- and north-northwest-striking normal
structures served as local fluid conduits and also
strongly influenced the overall distribution and geom-
etry of orebodies at Carlin (Radtke, 1985; Bakken
and Einaudi, 1986). The combination of these two
controls, one stratiform and one structural, results in
a series of anastamosing pods and lenses of Au miner-
alization whose overall geometries or boundaries are
determined by a given assay cutoff or scale of obser-
vation. At values of 0.5 ppm Au, mineralization is
fairly continuous over 2 km of strike.

The Carlin mine area has been divided into four
orebodies: East, Main, South Extension, and West
(Radtke, 1985) largely as a function of pit design;
however, these four areas also possibly represent sep-
arate loci of fluid influx (Fig. 1).

General paragenesis at Carlin, Nevada

Three major episodes of element mobilization may
be distinguished by processes primarily related to (1)
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hydrocarbon maturation, (2) Au ore deposition, and
(3) subsequent oxidation (Fig. 4). The early hydro-
carbon history is discussed in detail in Kuehn et al. (in
prep.), and details of the paragenesis during the Au
ore stage are presented by Kuehn (1989). This paper
concentrates on the alteration during the second and
third episodes. Descriptions of veinlet paragenesis
observed in the Main pit at Carlin are also provided
by Bakken and Einaudi (1986).

Major throughgoing veins are rare at Carlin, but
small discontinuous veins (“‘veinlets”), typically 0.5
to 5 mm in thickness, are common in many locations
and have been used to determine paragenesis, along
with other types of relationships (Kuehn, 1989).

Crosscutting relationships and fluid inclusion work
(Kuehn et al., in prep.) show that organic metagene-
sis occurred under P-T conditions of approximately
155° £ 20°C and 0.6 to 1.4 kbars and was wholly or
dominantly a preore event unrelated to mineraliza-
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tion. Hydrocarbons were emplaced during or after
the Late Triassic to Late Jurrassic development of the
N 35° W structural trend defined by the Tuscarora
anticline. Organic maturation culminated during Me-
sozoic heating by nearby granodioritic intrusions.
Redistribution of organic matter during subsequent
Au mineralization is restricted to the physical con-
centration of solid organic carbon by lithologic com-
paction or to removal by chemical oxidation. Unam-
biguous evidence for the influx of organic matter
with the hydrothermal fluid is lacking.

As a first approximation the numerous veinlet
types in the Au orebody can be segregated into main
and late stages based on whether or not they cut
jasperoids and other intensely silicified, altered, and
mineralized rocks that occur in and near the Au ore-
bodies (Fig. 4). Because of coherent spatial associa-
tions of Au, As, Sb, and other heavy elements with
nearby silicification, as discussed later, it is assumed
that Au was introduced at least partly during silicifi-
cation and development of jasperoids that are spa-
tially related to ore.

Mineralized jasperoid breccias locally contain
clasts of altered dike material, entrained sheared bar-
ite clasts, and polylithic, altered rock fragments
which are themselves veined and brecciated. The ja-
speroids in turn are locally cut by milky white quartz
veinlets which contain low-salinity, CO,-rich fluid in-
clusions (Kuehn and Rose, 1986, 1987a; Rose and
Kuehn, 1987; Kuehn, 1989). Jasperoid breccia zones
are commonly rebrecciated and locally contain vuggy
tabular crystals of barite, euhedral calcite + micro-
crystals of quartz, or are partially recemented by
these same minerals. Unoxidized jasperoids also lo-
cally contain pods, pockets, and fracture coatings of
dickite * kaolinite, as well as late euhedral vug-filling
cinnabar, tetrahedrite, and (rarely) exotic TI-Sb-As
phases (Radtke, 1985). Unoxidized silicified and al-
tered zones also contain late barren white calcite
veins and calcite-realgar veins.

Hydrothermal Alteration Studies
Oxidation and bleaching

The conversion of pyrite to Fe oxide and the oxida-
tion of small amounts of organic carbon give rise to
the abundant buff-tan rocks which contrast with the
gray-black unoxidized rocks seen elsewhere in the
mine. Through common usage by numerous workers
over the last 20 yr, this simple color contrast is the
popularly accepted descriptive definition of oxidized
versus unoxidized, reduced rocks in these deposits.
Therefore, oxidation hinges largely on pyrite stabil-
ity and the presence or absence of small amounts of
organic carbon (generally <0.2 wt %). Several pre-
vious studies have implied that much oxidation oc-
curred as a hypogene process contemporaneous with
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acid leaching and later stages of Au mineralization
(i.e., Radtke, 1985).

The following observations suggest that oxidation
is related to deep weathering rather than hydrother-
mal processes:

1. At a hand sample or microscopic scale, oxida-
tion initially occurs adjacent to fractures and veinlets
(Fig. 5A) or along permeable interbeds (Fig. 5C).

2. Abrupt boundaries between oxidized and unox-
idized zones are commonly defined by late hairline
calcite veinlets (Fig. 5B and C) which acted as imper-
meable barriers to the oxidizing fluid. Therefore, oxi-
dation postdates these late-stage calcite veinlets
(Fig. 4).

3. The oxidized rocks contain amorphous or
goethitic Fe oxide and only rarely hematite, which is

f\Jasperoid breccia
I veinlet

bedding
control

SPECIMEN
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the stable phase at temperatures above about 80°C
(Langmuir, 1971). Fe oxide is commonly pseudomor-
phous after early pyrite (Fig. 5D) and also occurs as
fracture coatings with vuggy calcite + kaolinite. The
Fe oxide defining the oxidized rocks is therefore in-
terpreted to have formed during a lower tempera-
ture, later episode than the hydrothermal mineraliza-
tion. Hydration of hematite to goethite is not likely
(Langmuir, 1971).

4. At the mine scale, steeply dipping north-north-
east faults in unoxidized rocks that show only minor
displacement above, within, or below the orebody
commonly contain buff-colored oxidized fault gouge
which in many cases is still highly calcareous.

5. Deep oxidation, in some cases extending >250
m below the present surface, is preferentially devel-
oped downdip along intensely leached, very perme-

F1G. 5. Typical oxidation features in Carlin ores and country rocks. Cc = calcite, ox = oxidized rock, py
= pyrite. A. Selective oxidation away from fracture in a silicified, mineralized sample. Sample C85-057,
6,220-ft level (N23440, E20115). B. Sharp contacts between oxidized and unoxidized rock along hair-
line-thin, late-stage calcite veinlets. Sample C83-030. C. Fine-scale oxidation controlled by permeability
variations along bedding as well as late-stage calcite veinlets. D. Pseudomorphic replacement of pyrite by

largely amorphous goethitic and limonitic Fe oxides.
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able footwall beds; however, it also extends into adja-
cent, less altered calcareous zones.

6. Versions of all alteration and mineralization fea-
tures, including bedded jasperoids, jasperoid brec-
cias, and leached decarbonated rocks, can be identi-
fied in both the oxidized and unoxidized zone, with
consistent mineralogical effects and only minor
changes in major element chemistry.

7. Dickite, a high-temperature polymorph of kao-
linite (Lovering, 1949), occurs along fractures and in
porous unoxidized jasperoid interbeds, indicating
that argillization, as well as leaching and silicification,
is not necessarily synonymous with oxidation.

8. At the district scale, the bulk of the Au mineral-
ization in the Carlin trend, especially in the deeper
deposits in the Goldstrike area, is unoxidized and
contains pyrite and/or marcasite (Bettles, 1989).

These observations show that oxidation at the Car-
lin deposit is a product of deep weathering and is not
related to hydrothermal mineralization. Previous
work by Bakken and Einaudi (1986) supports this in-
terpretation. Geologic relationships in the southern
portion of the Carlin trend and K-Ar studies on alun-
ite suggest that extensive deep weathering may be as
old as mid-Miocene (W. C. Bagby, pers. commun.,
1986; Arehart et al., 1991; B. J. Maher, pers. com-
mun., 1991).

Studies of the electrochemistry of coal slurries
show that oxidizing agents such as Fe™ can oxidize
carbon to CO, at room temperature (Dhooge et al.,
1982, Dhooge and Park, 1983). Various geophysical
methods, such as electrical conductivity and resis-
tance, show that in many cases mature organic matter
is a relatively good conductor. Therefore, some deep
oxidation at Carlin may be related to electrochemical
reactions involving atmospheric oxygen and dis-
solved iron in shallow ground waters and to the con-
duction of electrons from depth along carbonaceous
horizons. Analogous electrochemical self potentials
have been reported from oxidizing massive sulfide
orebodies (Sato and Mooney, 1960).

Whole-rock mineralogy

Silica occurs in several generations and varieties
including detrital quartz grains, diagenetic replace-
ments of fossil fragments by chert (Armstrong et al.,
1987), authigenic quartz crystals grown during the
early hydrocarbon stage, and hydrothermal silicifica-
tion as both euhedral overgrowths on detrital quartz
grains and pervasive replacement by silica. Jasperoid
commonly shows a very fine grained xenomorphic
texture and locally contains dolomite rhombs, pyrite,
encapsulated clots of white mica, and organic matter
and more rarely remnant blebs of calcite. Quartz
veinlets are rare and are most commonly associated
with jasperoids and altered dikes. Locally, very late
microcrystals of quartz grow along fractures and coat
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cavities in altered rocks. Authigenic quartz crystals
associated with early hydrocarbon maturation occur
in veinlets throughout the mine, both in and out of
ore, even in zones which have subsequently been oxi-
dized.

“Sericite” in this paper refers to hydrothermal K
mica formed during the main and late stages of Au
mineralization and alteration, as opposed to any indig-
enous sedimentary or diagenetic K mica, which is
termed “illite.”” Petrographic studies and scanning
electron microscopy of unoxidized, mineralized, and
altered laminated interbeds show a coarsening and
alignment of micaceous material; similar observa-
tions are reported by Bakken et al. (1989).

Minor chlorite also occurs in some samples; how-
ever, a systematic spatial relationship between chlo-
rite and mineralization is not apparent.

Although montmorillonite is reported to be wide-
spread in the Carlin district (Hausen and Kerr, 1968;
Evans, 1980; Radtke et al., 1980; Hausen et al.,
1983; Radtke, 1985; Evans and Peterson, 1986; Bak-
ken, 1990), 1.4-nm clays which expand upon glycola-
tion were not found in any of the more than 100 sam-
ples selected to represent primary unoxidized alter-
ation and mineralization. XRD studies of clay-rich
samples collected during core logging showed the
questionable presence of small amounts of montmo-
rillonite only in oxidized altered zones and in fault
gouge.

In certain oxidized and unoxidized altered rocks at
Carlin, white to gray clay occurs as fracture coatings
and/or dusting of shears, bedding surfaces, and frac-
tures. XRD studies of these fracture coatings show
the distinct 0.7-nm peak of kaolinite-group minerals.
Detailed XRD studies on mineral separates collected
from fracture fillings in unoxidized jasperoids show
the triplet of minor peaks between 0.444 and 0.427
nm characteristic of dickite, the polymorph of kaolin-
ite commonly associated with argillic alteration in hy-
drothermal environments (Lovering, 1949). SEM-
EDS studies of these fracture fillings revealed well-
crystallized hexagonal booklets of Al silicate,
commonly >100 um in diameter. Dickite was also
identified as a common phase in argillically altered
dikes at Carlin. During detailed XRD studies 1-T kao-
linite was also identified both as fracture coatings and
in whole rocks.

In general, whole-rock XRD analyses could not
clearly distinguish kaolinite-group minerals due to
the poor resolution of minor peaks, so in the absence
of additional mineral separate data, samples showing
a distinct response at 0.7 nm are simply reported as
containing kaolinite-dickite.

Several stages of barite mineralization may be dis-
tinguished (Fig. 4), including a very early preminera-
lization barite + base metal stage. Although late ore-
stage calcite * realgar + barite veins occur as much as
75 m above mineralization, veins containing barite
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are not restricted to oxidized or hanging-wall por-
tions of the orebody as reported by Radtke et al.
(1980). Barite also occurs in unoxidized mineralized
and altered rocks, largely in shear zones and along
faults, both within and outside the ore. Where these
late-stage veinlets traverse porous, leached, and al-
tered rocks, both barite and calcite typically occupy
available void space and locally permeate the rock.
These zones are highly anomalous in Ba, As, and Sb
and may also contain high Au values. Barite com-
monly occurs as a tabular vug-filling mineral in silici-
fied jasperoid breccias and as a minor component in
more severely leached porous rocks. The intimate
association of barite with silicified zones and jasper-
oids suggests a common heritage of Ba, Au, As, Sb,
and SiO,.

Zonation of alteration mineralogy

A zoned alteration pattern inferred from core log-
ging plus several detailed studies in unoxidized car-
bon-bearing rocks is summarized in Figure 6. The
mineral assemblages are zoned as follows: (1) unal-
tered siltstone containing calcite, dolomite, illite,
quartz, K feldspar, and pyrite; (1A) unaltered, but
with extensive calcite veining; (2) decalcified: minor
remnant calcite with dolomite + illite + quartz + py-
rite; (3) decarbonated-argillic: minor remnant dolo-
mite with illite-sericite + quartz + pyrite; (4) si-
liceous-argillic: quartz + illite-sericite + pyrite; and
(5) jasperoid: quartz + dickite-kaolinite + pyrite.
This typical pattern of alteration zoning can be recog-
nized in essentially all drill holes and in exposures in
the open pit (Figs. 7 and 8).
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FIG. 6. Zonation of alteration at the Carlin deposit as defined by
mineralogical stabilities and spatial relationship to conduits of hy-
drothermal fluids. X/(K + Al) values from Radtke et al. (1972),
Mullens (1979), Radtke (1985), and Kuehn (1989). Bulk densities
(g/em®) from Hausen (1967) and Hausen and Kerr (1968).
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The terms “proximal” and ““distal” used in this
paper express proximity to conduits of influx for in-
coming deep hydrothermal fluid. For example, the
proximity of a conduit for the incoming deep hydro-
thermal fluid is correlated to increased carbonate re-
moval at a given location. This spatial relation is ob-
served regardless of the scale of observation and ap-
plies equally to zonation around major feeder
structures or around coarser grained, more perme-
able interbeds serving as stratiform conduits within
the upper Roberts Mountains Formation.

Figure 7 illustrates the spatial relationship be-
tween Au ore, silicification and decalcification in two
unoxidized drill core intercepts, a proximal intercept
near a fault inferred to be a conduit of hydrothermal
influx (“feeder zone”), and a more distal intercept
away from any obvious structures. Note that silicifi-
cation is absent in distal alteration zones although sim-
ilar clastic interbeds are intimately associated with
mineralized zones in both cases. Calcite veining is a
common hanging-wall feature and is also associated
with distal ore zones and the footwalls of distal inter-
cepts. Calcite veining is distinctly less common in de-
carbonated proximal footwall rocks.

The major features of hydrothermal alteration and
mineralization at Carlin are shown in a generalized
cross section through the East orebody (Fig. 8). Sev-
eral additional effects are superimposed on this
zoned pattern of carbonate removal and Al + K sili-
cate alteration: (1) gold deposition, (2) late-stage cal-
cite veining, (3) silicification and jasperoid develop-
ment, (4) pyritization, (5) barite deposition in vugs,
void spaces, and veins along faults and fractures, and
lastly, (6) oxidation.

Gold mineralization: Gold occupies a range of posi-
tions in the alteration zoning, occurring most abun-
dantly in decalcified rocks which still contain appre-
ciable dolomite, as discussed later. Erratic high Au
values also occur in intensely decarbonated or silici-
fied rocks and less commonly in calcareous rocks.

Carbonate dissolution and calcite veining: Above
the ore, mainly in the Popovich Formation, the rocks
contain abundant sedimentary calcite plus abundant
white calcite veins (Figs. 7 and 8). These hanging-
wall calcite veins commonly amount to several per-
cent of the rock and range from microsized examples
<0.2 mm thick and several centimeters long, to veins
>10 cm thick and continuous over tens of meters. In
general, calcite veinlets are <1.0 cm wide and better
developed in more competent, less argillic interbeds;
calcite veinlets usually dip steeply (>75°).

With increasing depth, calcite (as indicated by reac-
tion with dilute HCl) in both veinlets and rock de-
creases and disappears over an interval of a few tens
of feet (Fig. 7). These decalcified rocks are typically
more porous due to carbonate removal, and notice-
ably less dense than unaltered rocks (Fig. 6). Petro-
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FIG. 7. Spatial relationships between typical proximal and distal alteration features and Au mineraliza-
tion in unoxidized ore intercepts of drill holes TSU 115 and 105, simplified from logging at a 1:60 scale.
See Figure 2 for location of drill sections. Decalcification is based on reaction with dilute HCl: <1
= slightly decalcified or dolomitic, 1 to 2 = mildly decalcified, 2 to 3 = moderately decalcified, 3 to 4 =
very slightly calcareous, and >4 = total lack of reaction (but note that dolomite can still be present).
“Excess carbon” indicates introduced organic matter and hydrocarbon-stage veining. Dp-Srm = Devon-
ian Popovitch Formation-Silurian Roberts Mountains Formation contact, Ov = Virini Formation, RM.F.

= Roberts Mountains thrust fault, K = kaolinite.

graphic and XRD studies indicate that rocks in the
decalcified zone contain dolomite, quartz, illite-seri-
cite, carbonaceous matter, and pyrite. With further
depth, and near channels of hydrothermal influx such
as faults and permeable interbeds, the dolomite also
disappears to leave a very porous, leached, low-den-
sity rock composed of quartz, illite-sericite, pyrite,

organic carbon, and locally minor dickite-kaolinite.
In zones that were not silicified, these leached rocks
have commonly compacted to a laminated shale with
very little porosity and permeability.

Beneath the ore zone, large volumes of rock are
depleted in carbonate to form a footwall leached
zone containing illite-sericite, quartz, pyrite, and
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FI1G. 8. Schematic composite cross section (approximately A-A in Fig. 2) showing mine-scale spatial
relationships of hypogene alteration features and mineralization.

carbonaceous matter (Fig. 7). Judging from expo-
sures south of the mine, carbonate-bearing rocks are
present at depth below ore. However, most drill
holes, which in some cases extended up to 75 m be-
low the orebody, encountered only dolomite-bearing
footwall rocks effectively leached of calcite. Rela-
tively unaltered calcite-bearing footwall rocks were
encountered in several holes but were generally re-
stricted to drill holes farthest removed from hydro-
thermal conduits.

The decalcification alteration is grossly zoned
around the entire mineralized volume, but the more
intense carbonate removal is zoned around hydro-
thermal influx channels such as faults, fractures, per-
meable siltstone interbeds, and bioclastic horizons.
Areas of carbonate removal and argillic alteration
commonly coalesce and overlap adjacent to multiple
influx channels such as fault zones or stratigraphic
intervals with numerous coarse clastic horizons.
Thus, at a small scale the geometric relationships are
extremely complex, with tongues of locally silicified,
argillically altered, decarbonated rock extending
along permeable beds 10 m or more into carbonate-
bearing rock and common islands of less altered rock
surrounded by more intensely altered rock.

Although progressive carbonate removal and the
alteration of detrital K feldspar and illite to sericite

and development of dickite-kaolinite appear to be
both systematic and sympathetic, the late-stage addi-
tion of calcite, and limited transport of Al in the most
intensely altered zones, complicates the alteration
patterns in detail.

Jasperoid development and silicification: Alteration
close to influx zones is typically characterized by sili-
cification, with illite-sericite still present in some
cases but essentially completely replaced by quartz
in the most extreme alteration. Near-influx channels
in some rocks comprised mainly of quartz, illite-seri-
cite has been converted to kaolinite-dickite. The pres-
ence of remnant encapsulated blebs of carbonate as
well as clots of mica suggests that intense silicification
may have locally occurred prior to complete carbon-
ate removal and illite destruction. In all cases, silica
deposition significantly decreases porosity and in-
creases rock density.

Proximal alteration features: At the mine scale,
proximal intercepts commonly contain intensely silic-
ified horizons and typically show dickite-kaolinite on
shears and fractures in more intensely altered zones
(Fig. 7). Severe carbonate removal resulting in very
porous leached rock, and in many areas a finely frac-
tured character probably caused by solution collapse,
is the most diagnostic feature. Macroscopic or petro-
graphic evidence of calcite veinlets is distinctly lack-
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ing throughout large volumes of proximal, intensely
leached, laminated footwall rock. However, because
calcite veinlets locally crosscut decalcified and silici-
fied ore zones and altered rocks, at least some calcite
veins must have formed later than carbonate removal
(Fig. 4).

Several detailed studies near silicified feeder struc-
tures in the open pit show specific examples of typi-
cal features of proximal alteration. In Figure 9, the
absence of original calcite in this section is typical of
proximal alteration. Selective silicification of individ-
ual bioclastic horizons from <2 to over 12 ¢m in
thickness is typical near the base of ore and in
footwall rocks immediately below mineralization
throughout the mine.
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FIG. 9. Proximal alteration near the footwall contact of the un-
oxidized carbon-rich ore zone on the 6,200-ft level of the East pit
(mine coordinates: 23562 N, 20509 E). Bedded jasperoids are se-
lectively silicified coarse clastic interbeds which contain dickite in
fractures along with minor vuggy tabular barite as well as rare,
euhedral, millimeter-sized cinnabar and tetrahedrite crystals.
Late-stage, millimeter-wide calcite + barite veinlets cut the bed-
ded jasperoids. Major Au mineralization develops in the hanging
wall above the upper clastic interbeds (feeders) at 1.8 m.
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The highest Au concentrations occur above the up-
permost silicified horizon (0.8 and 1.2 m in Fig. 9).
As clearly shown by samples 1 to 6, the bedded
jasperoids typically contain lower Au values than im-
mediately adjacent dolomitic shales and argillic car-
bonates. Dickite occurs along fractures in these unox-
idized bedded jasperoids. Petrographic and XRD
studies as well as K/(K + Al) corroborate the destruc-
tion of illite at the expense of kaolinite-dickite forma-
tion (Fig. 9). The intensely silicified interbeds are
crosscut by later calcite veins even though they lack
matrix carbonate. Tabular late-stage barite also oc-
curs in fractures.

Figure 10 shows oxidized proximal alteration cen-
tered around a brecciated and silicified fault zone,
183 m east-southeast of the unoxidized section of Fig-
ure 9, containing sheared white barite (lacking base
metals) and minor amounts of sheared dike material.
Between the 6,200- and 6,240-ft levels this exposure
is erratically mineralized; however, a plan view of Au
distribution at a higher level (Fig. 2) suggests that
this same north-northwest-trending structure served
as a hydrothermal conduit. East of the fault zone
shown in Figure 10, the upthrown block is intensely
leached and bleached gray-white, shows dolomite
dissolution and kaolinite-dickite development, and is
barren of Au (<0.6 ppm). Calcite is essentially absent
throughout this proximal exposure. Distinctly differ-
ent degrees of leaching and kaolinite development on
either side of the fault zone suggest some movement
postdates alteration.

Adjacent to the fault zone of Figure 10, bedded
silicified coarser silty and bioclastic horizons extend
tens of meters away from the silicified fault zone and
commonly show lateral zoning through decreased sil-
ica contents into porous leached zones, and eventu-
ally into dolomitic and/or calcareous stratigraphic
equivalents. These silicified horizons (bedded jasper-
oids) are typically brecciated and show textures in-
terpreted to form by collapse. Because some indi-
vidual angular fragments are only partially silicified,
collapse predates intense silicification. Similarly, be-
cause distal nonsilicified examples of collapse brec-
cias with high Au contents can be found, it is clear
that in some locations silicification follows decalcifi-
cation, brecciation, and mineralization.

In the oxidized proximal examples of Figure 10, as
for the unoxidized samples of Figure 9, the highest
Au content within each closely spaced series of sam-
plesis nearly always adjacent to, but not in, intensely
silicified zones, and four of the five highest values are
outside silicified zones. However, relatively high val-
ues do occur in some jasperoids and may represent
Au encapsulated by silicd, as evidenced by siliceous
refractory ore recognized during processing. In gen-
eral, both bedded and structurally controlled jasper-
oid zones have lower Au values than immediately ad-
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FiG. 10. Oxidized proximal alteration features located in the south wall of the East pit between the
6,200-ft and 6,280-ft levels (coordinates 23503 N, 20958 E, Fig. 2). The fine-stippled pattern along the
structure represents hydrothermal silicification (jasperoid) that clearly extends out along selectively
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schematic enlargement of area below to left. A = argillic altered sample, Bx = breccia, ] = jasperoid.

jacent less silicified rocks. Also, in both unoxidized
and oxidized cases, the major volume of Au mineral-
ization is located above the strata-bound silicification
at the hand specimen, outcrop, and mine scales.

Distal alteration features: At mine scale, distal alter-
ation zones are characterized by considerably less
carbonate removal, rare macroscopic evidence of
kaolinite development, and a general lack of intense
silicification. These distal alteration zones typically
contain high Au contents (Figs. 7 and 11).

In section 15E (Fig. 11), decalcification shows typi-
cal strong stratiform control. Although zones of in-
tense carbonate leaching and Au mineralization are
roughly coincident, portions of this distal Au ore in-
tercept are still mildly calcareous. Zones of moderate
decalcification or mild leaching contain interbedded
calcareous and noncalcareous horizons. Footwall

rocks in section 15E range from strongly calcareous
to only mildly decalcified and/or dolomitic, and gen-
erally do not show appreciable decreases in density.
In this section, oxidation is spatially unrelated to Au
ore and is restricted to footwall rocks.

Within 5 m of distal, nonsilicified high-grade car-
bon ore in section 15E (Fig. 11), individual centime-
ter-thick beds range from <0.17 to >70 ppm Au and
alteration is systematically zoned from relatively un-
altered background calcareous and dolomitic carbon-
ates to completely decarbonated rocks (Fig. 12).
Within any given hand specimen from three typical
examples of unoxidized ore (Fig. 3, Table 2), the
coarser clastic units, such as bioclastic horizons or
calcareous siltstones, generally contain lower Au
contents than adjacent laminated argillic beds. This
relationship is analogous to the lower Au contents in
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Distal mineralization and alteration features in unoxidized ore intercept and adjacent rocks,

section 15E (drill collars at 23313 N, 19754 E, azimuth 168°, Fig. 2). Footwall rocks show calcite veining
and only mild decalcification in both unoxidized and oxidized rocks. For detailed sampling of hole TSU

138 (64’ at 14 ppm) see Table 2 and Figure 12.

selectively silicified beds found in proximal alteration
zones. The coarser grained interbeds generally con-
tain kaolinite-dickite and lower K/(K + Al) ratios than
the adjacent laminated beds, indicating illite break-
down.
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In the most distal mineralized zones rare calcite
veinlets may persist throughout the ore zone and in
footwall rocks (Figs. 7 and 11). Stratiform control is
still readily apparent and individual beds range from
relatively unaltered calcareous background to in-
tensely decalcified rocks, usually with minor remnant
dolomite. Individual beds show mild silicification,
but in stark contrast to proximal altered areas, bed-
ded jasperoids are rare. Kaolinite is present locally;
however, X-ray analyses are generally required for
detection. Coarser grained calcareous siltstone beds
and bioclastic horizons are also pyritized in some
cases. Distal alteration zones commonly show minor

FiG. 12. Major element and Au relations in selected sets of
unoxidized distal silicified silty or bioclastic beds and adjacent lami-
nated beds in drill hole TSU-115. This core assayed from 11.3 to
30.9 ppm Au in 5-ft drill intervals; however, individual beds ana-
lyzed in this study range from several hundred ppb to >70 ppm.
Circled K/(K + Al) values indicate a strong XRD peak for kaolinite-
dickite. Adjacent laminated beds generally lacked kaolinite-dick-
ite and contained illite-sericite. At hand specimen scale (Fig. 3),
the coarser grained silty or bioclastic interbeds (labeled “B’’) con-
tain less Au and distinctly lower K/(K + Al) than adjacent lami-
nated beds.
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CARLIN Au DEPOSIT, NV: WALL-ROCK ALTERATION

broken and sheared as a result of structural readjust-
ments. Many normal faults and pervasive extensional
fractures could have developed in response to re-
moval of underlying support by widespread carbon-
ate leaching in the footwall and ore zone (Fig. 8).
Quantitative geologic and petrographic evidence for
compaction in altered and mineralized rocks at Car-
lin has been well documented by Bakken (1990). Evi-
dence includes change in thickness of altered vs. un-
altered beds, collapse breccias, changes in abun-
dances of quartz and fossil fragments, and flattening
of fossil fragments and worm burrows.

In addition, abundant CO,-rich inclusions in cer-
tain quartz veinlets indicate the likelihood of CO,-
H,O phase separation during mineralization, with ac-
companying volume increase (Kuehn and Rose,
1987b; Kuehn, 1989). Dilation of the ore zone due to
two-phase separation and high CO, pressures asso-
ciated with Au deposition also may have allowed for
postalteration collapse.

Radtke (1985) argues for the introduction of SiO,,
Al 05, K,0, and TiO, by assuming constant volume
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and comparing major element contents of unmineral-
ized rocks and unoxidized ores in mg/cm?®, justified
by unspecified petrographic evidence (Radtke et al.,
1980, fig. 5, p. 653). If any local volume loss due to
compaction during or after mineralization has oc-
curred, indigenous, less chemically mobile compo-
nents would show an apparent increase in concentra-
tion. Therefore, alternative methods of evaluating
chemical changes are needed.

Relative chemical effects using ratios

Local volume changes resulting from postaltera-
tion lithologic compaction would have no effects on
ratios of chemical components. For example, Ti/Al,
K/Al, Si/Al, and Fe/Al show the relationships be-
tween the relatively immobile component Al,O; and
other elements which may have been introduced or
depleted during alteration at Carlin.

The above chemical ratios in background, altered,
and mineralized Roberts Mountains Formation and
Dp samples of several types are shown in Figure 13.
Background samples are fresh, barren, unaltered
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F1G. 13. Plots of Ti, K, Si, and Fe vs. Al for 78 mineralized and altered, oxidized, and unoxidized rocks
at the Carlin deposit, and 22 background samples within the district. Approximate boundaries for bulk

densities based on data in Hausen (1967). B = background samples, | =
barren footwall rocks and leached ores including unoxidized samples M
other ore types described by Radtke et al. (1980) including *““normal,”

barren jasperoids, L = leached
leached, proximal ores, o = all
“arsenical,” and ““carbonaceous,”

P = pyritic ores and interbeds, and S = siliceous ore. Starred points “a” and “mn’" in C are average and
median values for deep reduced ores (Radtke et al., 1972). Other data sources: Hausen and Kerr (1968),

Mullens (1979), and Kuehn (1989).
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Figure 13D, samples with elevated Fe contents are
pyritic, and samples falling below this trend are re-
stricted to leached proximal samples, in particular,
barren footwall.

Two groups of samples showing differing alteration
sequences can be distinguished on the basis of Al,O,
content. In illite-poor carbonate-rich samples with
low Al contents, progressive alteration goes from
background to pyritic to siliceous. This reflects the
tendency for coarser grained, less clay-rich beds such
as bioclastic horizons and calcareous siltstones to be
selectively pyritized and silicified. In contrast, typi-
cal laminated carbonate samples with higher initial
clay contents show zones of progressive decalcifica-
tion and leaching prior to eventual silicification, or in
some cases, jasperoid development.

In order to evaluate changes in the quantity of SiO,
as quartz, the variable excess SiO, is calculated
by deducting SiO, in illite (muscovite) from total
SiO,: excess Si0, (wt %) = 60.08 X (moles SiO, — 3
moles K,0).

The relationships of carbonate leaching and silicifi-
cation are illustrated in Figure 14A. Most samples fall
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along a trend of decreasing carbonate with increasing
quartz, extending from an average background sam-
ple (30.8% CO,, 30.0% Ca0, 7.3% MgO, 21.2% ex-
cess SiOy, and 10.6% other, mostly clay) to a compo-
sition with no CO, and 67 percent excess SiO,. This
trend is interpreted as being caused by carbonate dis-
solution. Most jasperoids and silicified ores contain
higher values of excess SiO, and <5 percent CO,.
The small quantities of CO, in these samples are
mainly late-stage calcite. A few silicified samples,
mainly reduced ores, have SiO, lower than 67 per-
cent.

The general sequence on this plot from back-
ground samples, through decarbonated samples, to
silicified samples follows the inferred sequence of
progressive alteration. Excess SiO, is therefore a use-
ful variable for examining the changes of other com-
ponents with progressive alteration.

Alteration of Al + K-bearing silicates

The molar ratio K/(K + Al) reflects the stability of
the Al + K-bearing phases (K feldspar, illite-sericite,
dickite-kaolinite) with respect to the hydrothermal
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FIG. 14. Relationships of CO,, K/(X + Al), log Au (ppm), and Ca/(Ca + Mg) to excess SiO, (“quartz™),
for Roberts Mountains Formation of various alteration types. Point ““A” is average unaltered Roberts
Mountains Formation. Line in A represents calculated effect of carbonate dissolution from unaltered
rock. Lines in C and D represent typical paths inferred for progressive alteration as fluid channels are

approached.
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fluid. Of the common minerals, microcline has a K/(K
+ Al) of 0.5, muscovite (illite) of approximately 0.25,
and kaolinite of 0.0. Illite can be slightly deficient in
K; other feldspars, clays, and aluminosilicates have
ratios near 0.0, but, they are scarce at Carlin.

Figure 14B illustrates the variation of K/(K + Al)
plotted against excess SiQ,. With increasing alter-
ation, K/(K + Al) decreases from values commonly
greater than 0.25 in unaltered rocks, to about 0.25 in
the decarbonation zone (assemblages 2 and 3), to
0.22 (n = 20) in the siliceous-argillic zone (assem-
blage 4) to 0.17 (n = 15) in siliceous ores and jasper-
oids (assemblage 5). This progressive decrease is at-
tributed to illite and K feldspar in unaltered rocks
(Mullens, 1979) being converted to illite-sericite in
the decarbonation zone, followed by illite-sericite
conversion to dickite-kaolinite in the inner zones. Pet-
rographic and SEM-EDS studies of several unoxi-
dized Au ore samples from section 15E show local
coarsening of the micas within decalcified rocks con-
taining some dolomite; similar observations were re-
ported by Bakken et al. (1989). Values of K/(K + Al)
are consistent with the dominance of illite-sericite in
the partly decarbonated zone and a lack of kaolinite
development. The occurrence of nonsilicified, unoxi-
dized rocks having K/(K + Al) from 0.23 to 0.24 and
showing extensive leaching of calcite and dolomite
suggests that extensive carbonate removal may occur
without appreciable K mica destruction and/or dick-
ite-kaolinite development. Ratios markedly lower
than 0.25 in distal rocks are generally restricted to
hydrothermally altered coarser siltstone and bioclas-
tic interbeds. This restriction suggests that these
more permeable beds are the most intensely altered
in a given location.

In the siliceous-argillic zone, common low K/(K +
Al) values within this zone, combined with the ubiqui-
tous presence of both 0.7 and 1.0 nm XRD peaks,
suggest that K mica is being converted to dickite-kao-
linite. Silicified ores and jasperoids have K/(K + Al)
ranging from 0.08 to 0.22. Low K/(K + Al) values
correlate with the presence of kaolinite-dickite in
most of these samples, which are also relatively low
in both K and Al, reflecting their origin as coarser
clastic horizons with low amounts of clay, possibly
combined with depletion of K and Al.

Pyritization and Fe depletion

A considerable amount of pyrite at Carlin is dia-
genetic in origin, as indicated by the ubiquitous pres-
ence of pyrite in essentially all specimens of un-
weathered Roberts Mountains Formation, including
unaltered rocks distant from ore (Mullens, 1979).
This origin is supported by Figure 13D, showing that
in most samples Fe correlates with Al, a clearly sedi-
mentary constituent. The Fe is inferred to have been
deposited as Fe-bearing clay and Fe oxide coatings
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on clay and to have remained essentially in situ
through diagenesis.

Of particular interest in terms of Fe behavior dur-
ing mineralization are samples falling appreciably off
the Fe/Al trend and suggesting hydrothermal addi-
tion or depletion of iron. Rocks with elevated Fe/Al
are generally siliceous or pyritic ores (as defined by
Radtke, 1985), including many bedded jasperoids.

Most pyritic samples are siliceous and enriched in
Fe (Fig. 13C); however, they occur across the entire
range of carbonate removal. The calcareous siltstones
and bioclastic horizons which are pyritized in inter-
mediate to distal zones (Fig. 3) are also the parents
for preferentially silicified horizons in more proximal
cases (Figs. 9 and 10). This relationship suggests that
hydrothermal pyritization is closely related to fluid
conduits. Additional evidence for introduction of Fe
and S during mineralization is the presence of large
amounts of pyrite-marcasite in the deep unoxidized
ores of the Lower Post and Betze deposits a few kilo-

‘meters to the northwest (Bettles, 1989).

Regardless of carbonate content, pyritic samples
generally have low (K/K + Al) values (Table 4), as do
most siliceous ores and jasperoids, which suggests
that pyritization and silicification may have involved
leaching of K in addition to carbonate removal. How-
ever, because the relationship of Fe enrichment to
carbonate removal and K silicate stabilities is not
clear, pyritization defined simply by local addition of
Fe and the formation of pyrite does not define a
unique spatial alteration zone in Figures 6 and 8.

In contrast to pyritized samples, leached footwall
rocks (“L”" in Fig. 13D) appear to have lost Fe as well
as carbonate. This depletion may be due to minor py-
rite dissolution in footwall rocks and Fe redistribu-
tion to intermediate zones of alteration (Hausen and
Kerr, 1968) as pyrite + marcasite or ferroan rims on
dolomite (Armstrong et al., 1987).

Decalcification and silicification alteration

Interrelationships between SiO,, CaO, and MgO
are presented in Figure 14D in order to show the
chemical effects of both decalcification and silicifica-
tion. The Y axis 100(CaO/(CaO + MgO)) ratio ex-
presses mainly changes in calcite and dolomite con-
tent, though minor Mg in clay minerals (chlorite,
phengitic sericite, or illite) may be important in car-
bonate-free samples. Unaltered samples containing
calcite plot in the upper left-hand corner of the dia-
gram and those with only dolomite plot near 0.5 on
the Y axis.

In general, with increasing intensity of alteration
from unaltered to decarbonated to argillized-silici-
fied, samples progress from the upper left to the
center of the diagram, and finally to the right edge of
Figure 14D. Samples with distal alteration character-
istics appear slightly silicified and show slightly lower
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TABLE 4.
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Selected Major Element Data for Pyritized Samples or Samples with

Elevated Iron Contents Relative to Al,O, (according to Fig. 13D)

K/(K + Al)

Sample Au Fe,0, (molar Al O, K,O SiO, CaO MgO
no. (ppm) (wt %) ratio) (wt %) (wt %) (wt %) (wt %) (wt %)

MUL-6953 NA 2.39 0.204 1.20 0.30 15.3 25.5 16.7
T38-48B 0.19 2.29 0.220 2.07 1.95 43.1 21.2 9.00
CARB-102 0.75 3.56 0.078 0.24 0.02 81.5 5.84 1.42

T38-41B 1.75 2.58 0.148 3.01 0.51 35.7 20.0 10.4
CARB-103 3.26 2.56 0.157 1.82 0.33 73.2 7.87 1.41
RAD-T12-11 6 4.72 0.196 4.20 1.00 51.9 10.3 7.30
RAD-T12-6 8 2.81 0.135 2.50 0.38 90.7 0.26 0.16
T38-59A 21.8 2.07 0.170 2.15 0.43 52.4 13.4 5.70
T38-59B 31 2.07 0.144 2.32 0.38 62.4 6.40 2.54
RAD-T12-12 34 5.06 0.168 4.20 0.83 68.8 6.0 3.20
RAD-T22-8 100 6.81 0.241 10.0 3.10 72.4 1.0 1.20

Samples from this study are all unoxidized bioclastic and/or siltstone interbeds which range from very calcareous (T38-41B, Fig. 3) to
intensely silicified (CARB-102); refer to Kuehn (1989) for additional chemical data; NA = not analyzed

Sample description: MUL-6953, oxidized background Roberts Mountains Formation carbonate located 3.2 km southwest of Carlin
mine (Mullens, 1979); T38-48B, calcareous bioclastic horizon from unoxidized ore intercept section 15E (Fig. 3, Table 2); CARB-102,
carbon-rich bedded jasperoid from unoxidized section described in Figure 9; T38-41B, calcareous siltstone interbed from unoxidized ore
intercept section 15E (Fig. 3, Table 2); CARB-103, upper portion of carbon-rich bedded jasperoid shown in Figure 9; RAD-T12-11,
sample 11, pyritic ore, from Radtke (1985, p. 50); RAD-T12-6, sample 6, siliceous ore, from Radtke (1985, p. 50); T38-59A, very dark
gray to black shale from section 15E (Fig. 11); T38-59B, very dark gray to black shale from section 15E (Fig. 11); RAD-T12-12, sample
12, pyritic ore, from Radtke (1985, p. 50); RAD-T22-8, sample 8, oxidized ore, intensely leached, from Radtke (1985, p. 93)

CaO/(CaO + MgO) values than background samples.
Intensely acid-leached rock, or silicified jasperoid
devoid of calcite and dolomite and having a little
MgO insilicates, plots in the lower right corner. Scat-
ter to the upper right corner arises from late-stage
calcite veinlets in heavily silicified rocks such as jas-
peroids and siliceous ores. Analytical uncertainty also
leads to scatter along the Y axis in samples containing
very small amounts of CaO and MgO.

Relationship of decalcification and silicification to
other alteration features described at Carlin

Oxidation: Major element data for oxidized rocks
do not significantly deviate from enrichment or de-
pletion patterns in Figures 13 and 14. Oxidized ores
from Radtke (1985, table 22, p. 93) fit nicely into
hypogene alteration and mineralization patterns re-
corded in unoxidized samples.

Carbon-rich zones: Organic carbon does not corre-
late with alteration intensity as measured by the vari-
ables of Figures 13 or 14, even when only unoxidized
rocks are considered, although many decarbonated
samples are somewhat enriched in organic C.

Late-stage calcite + barite + realgar veins: Because
of the presence of barite in many late-stage calcite
and calcite-realgar veins, depletion of samples, with
Ba > 1,000 ppm, also removes many of the data
points falling in the upper right quarter of Fig-
ure 14D,

Relationship of Au, As, and other heavy metals to
alteration

Figure 14C shows the relationship of Au content to
excess SiO,. The Au concentration increases

abruptly from background levels (1-5 ppb) to over
50,000 ppb in the carbonate depletion zone. Au val-
ues higher than several ppm are generally restricted
to rocks showing at least slight acid leaching. As seen
in Figure 12, coarse-grained bioclastic interbeds gen-
erally contain the highest sitica and lowest Au values
within individual hand samples. This pattern is con-
sistent with the typically low values found in jasper-
oids and areas of intense silicification (i.e., Bakken
and Einaudi, 1986). Massive carbonate beds are typi-
cally unmineralized, and moderately to intensely de-
calcified samples locally have high Au contents; how-
ever, intensely leached rocks may contain no Au. In
contrast to carbonate-depleted samples in the miner-
alized zone, footwall carbonate-depleted samples are
relatively low in Au (Fig. 14C, Table 3).

The leached footwall rocks contain significant en-
richment in trace elements such as As, Hg, Tl, and Sb
(Table 3; Kuehn, 1989). This pattern implies either
that the process of carbonate dissolution did not
cause Au precipitation from the Au-bearing solution
or that different fluids were involved in carbonate
dissolution and Au deposition.

Two types of evidence show that pyritization is not
directly correlated with Au mineralization. Many
pyritized argillically altered dikes are not Au bear-
ing. Also, in pyritized sedimentary samples (Table 4),
Fe and Au do not correlate closely.

In contradiction to the above, Bakken et al. (1989)
clearly documented submicron-sized particles of
gold encapsulated within certain types of pyrite in
unoxidized high-grade Au ore, refining the relation-
ship between Au and hydrothermal pyrite previously
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suggested by Joralemon (1951), Hausen and Kerr
(1968), Radtke et al. (1972, 1980), Wells and Mul-
lens (1973), Hausen (1981, 1983, 1985), Radtke
(1985), Hausen and Park (1986), Chao et al. (1987),
and Hausen et al. (1987).

Ore fluid characteristics

The formation of dickite-kaolinite along hydrother-
mal conduits and in dikes requires alteration by a
fluid with alow K/H and probably a low pH (Rose and
Burt, 1979). The marcasite observed in one East pit
dike and also reported as a hypogene Fe sulfide at the
Deep Post deposit (Bettles, 1989) also indicates a
fluid that is acidic and contains appreciable sulfur
(Murowchick, 1984; Murowchick and Barnes, 1986).
Extensive carbonate removal requires an acidic fluid.

The species responsible for the low pH and exten-
sive carbonate leaching appears to be CO,. Kuehn
and Rose (1987b) and Kuehn (1989) report fluid in-
clusions containing about 5 mole percent CO, in
quartz veins cutting jasperoids and argillically al-
tered dikes in the East pit, at CO, pressures of 800 +
400 bars at temperatures of 215° + 30°C. This CO,
amounts to very high concentrations of carbonic acid
(H,CO,) in the fluid, and therefore, a high capacity to
leach carbonates and alter silicates by the following
types of reactions:

CaCOy, + COy,, + Hy,Oy = Cal) + 2HCOq,,,
CaMg(CO;)y() + 2CO0q,, + 2H,0y,
= Caj) + Mg(2, + 4HCOg3,,,
and
2KALSi,0,,(0H), + 2CO, + 5H,0
= 3A1,S8i,05(OH), + 2K* + 2HCO;.

Although other workers have postulated shallow
boiling of a low-salinity near-neutral solution to form
acidic alteration at Carlin (Radtke, 1985; Rye, 1985),
the high CO, pressures indicated by the fluid inclu-
sions, which require a depth of 4 + 2 km, and the
occurrence of carbonate leaching and dickite forma-
tion to depths exceeding 600 m at the Post and Betze
deposits are not consistent with shallow boiling. In
addition, the deposition of K feldspar in the boiling
zone predicted by this model is not observed. The
huge amount of acid required to dissolve carbonate is
more easily explained by a fluid with 5 mole percent
CO, (about 3 M) than by any other solute, given that
the freezing point of inclusions indicates a dissolved
nonvolatile solute content of only about 0.5 M
(Kuehn, 1989). Given a typical Na/K ratio of about
10, only about 107*5 M of strong acid could be pres-
ent in this fluid at the muscovite-kaolinite boundary.

Mobility of K* and local K enrichment is poten-
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tially reflected by the formation of jarosite in higher
levels of the Carlin mine (Hausen, 1967); however,
the jarosite could also be supergene. At the Gold
Quarry mine, Rota (1987) and Rota and Ekburg
(1988) reported zoning from deep mineralized kao-
linite (or dickite?) zones upward to a zone containing
appreciable alunite and Au, overlain by Au-bearing
siliceous ores, but Arehart et al. (1992) show from
stable isotopic data and radiometric dating that this
alunite is supergene. At the Post deposit, these au-
thors show that alunite and some kaolinite are super-
gene but that much kaolinite is hypogene. Hydrother-
mal kaolinite, jarosite, and alunite have also been re-
ported at the Alligator Ridge deposit by Ilchick et al.
(1986), but the alunite is supergene according to
Arehart et al. (1992).

The carbonate-leached zones are therefore inter-
preted as alteration envelopes around hydrothermal
conduits through which CO,-rich solutions traveled.
They are not restricted to the upper levels of the Car-
lin deposit nor are leached rocks necessarily oxi-
dized. As this study shows, distinctly hypogene car-
bonate leaching and Al + K silicate alteration must be
evaluated separately from any subsequent leaching,
kaolinite development, and oxidation due to super-
gene effects.

Although both the zonation of decalcification and
the K + Al silicate alteration may be caused by hypo-
gene low pH alteration, this interaction does not ex-
plain the clear spatial localization of silicification in
proximal zones as shown in this study and by Bakken
and Einaudi (1986). Because SiO, solubility is insen-
sitive to pH over a wide range of pH values, neutral-
ization of an acidic ore fluid due to carbonate dissolu-
tion would not lead to deposition of silica (Holland
and Malinen, 1979). Although at temperatures less
than about 250°C the major control of silica deposi-
tion is temperature, the bedding-specific stratiform
silicification in footwall rocks is difficult to account
for by a simple mine-scale thermal gradient leading
to silica deposition, as postulated by Radtke (1985).

The selective replacement along beds of higher per-
meability suggests that mixing with a second, proba-
bly cooler fluid is a more likely cause of silica deposi-
tion. Any fluid-fluid interactions are likely to be most
intense in zones of greatest permeability. Decom-
pressional CO, separation and/or mixing conditions
involving different interactions between a hotter, sil-
ica- and metal-bearing, CO,-rich, low pH fluid and a
cooler, volatile-poor, carbonate-stable and perhaps
more oxidized fluid, can also explain jasperoid devel-
opment without complete carbonate removal (i.e., by
rapid cooling or quenching). Advanced carbonate
leaching without silicification, such as is commonly
seen in footwall rocks, would occur in areas where
cooling effects due to mixing or decompression are
absent.
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Summary and Conclusions

This study shows that hydrothermal flow was con-
trolled by permeable bioclastic horizons in the upper
Roberts Mountains Formation, by crosscutting faults,
and by rocks fractured as a result of solution collapse.
The Au depositional period can be constrained to fol-
low Cretaceous dike emplacement and to predate ox-
idation of major portions of the deposit. Within the
Au depositional stage, early features include jasper-
oid development and quartz veining in dikes, and
these are followed by crosscutting quartz veinlets in
jasperoids as well as later barite and calcite veins that
in some cases contain As-, Sb-, Hg-, and Tl-bearing
phases. Oxidation and bleaching of the rocks are post-
ore supergene effects rather than hypogene as indi-
cated by the following evidence: (1) oxidation is lim-
ited or blocked by late ore-stage calcite veins, (2) oxi-
dation shows no relation to hypogene alteration and
mineralization effects, (3) the major clay mineral
formed in unoxidized proximal alteration zones is
dickite (a typical hydrothermal clay), (4) oxidation
has formed goethitic to amorphous Fe oxide rather
than the higher temperature phase, hematite, pre-
dicted in hypogene oxidation, (5) oxidation follows
permeable structures and beds from the surface, (6)
deep ores at Carlin as well as in the Post and Betze
deposits of the Goldstrike area lack any oxidation and
bleaching, and finally, (7) Bakken et al. (1989) have
documented the encapsulation of free gold in pyrite
and other sulfides present in unoxidized Au ores from
Carlin.

In rocks that contain pyrite and pyrobitumen at
Carlin, alteration is zoned around structures and per-
meable beds in the following generalized sequence:
(1) unaltered: quartz + K feldspar + illite + calcite +
dolomite, (2) decalcified: quartz + illite + dolomite
(calcite), (3) decarbonated: quartz + sericite-illite +
(dolomite), (4) siliceous-argillic: quartz + dickite-
kaolinite + sericite-illite, and (5) jasperoid: quartz +
dickite-kaolinite.

This alteration zoning is controlled by permeabil-
ity and occurs at a wide range of scales, from tiny
fractures through permeable beds to deposit scale.
Gold is most commonly enriched in the decalcified
and decarbonated zones where calcite and dolomite,
respectively, are dissolved, rather than in the more
silicified zones, although sporadic high Au contents
occur in all zones.

Volume loss due to compaction following the re-
moval of carbonate creates apparent increases in Al,
K, Fe, and other elements, but ratios to relatively im-
mobile Al and Ti show little change except for loss of
Ca, Mg, CO,, and minor K, as well as gain of SiO,.
Units in the footwall of the ore zone are extensively
decarbonated and contain little silicification, pyriti-
zation, or Au but high amounts of As, Sb, Hg, and Tl
in relation to unaltered rocks.
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The presence of dickite along zones of intense alter-
ation and the extensive decarbonation indicate that
the ore fluid was distinctly acidic, with an estimated
pH of less than 4.5 at 215°C. Fluid inclusions indi-
cate that the acidity of this deep altering fluid was in
the form of very high CO, contents compared with
typical shallow geothermal fluids. Prior suggestions
of boiling in an epithermal environment would have
increased pH in the lower part of the boiling zone,
with resulting tendencies toward conversion of illite-
sericite to K feldspar (adularia) rather than to kaolin-
ite-dickite.

Extensive silicification that has a spatial relation-
ship with decarbonation and Au mineralization seems
to require decompressional boiling and/or mixing of a
cooler water with the hot, CO,-rich, Au-bearing fluid
from depth in order to cause precipitation. This
cooler fluid probably descended along structures as
well as the zone of permeable rocks in the upper Rob-
erts Mountains Formation or possibly along the Rob-
erts Mountains thrust fault.
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