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Geology of the Carlin gold deposit, Nevada

By Arthur S. Radtke

Abstract

The Carlin gold deposit, near the crest of the Tuscarora Range in the
Lynn mining district, about 35 km north of Carlin, Nev., is the largest
hydrothermal disseminated-replacement deposit discovered to date in North
America. The mine began production in 1965 and between 1965 and 1976 produced
about 2 million troy ounces of gold.

The Roberts Mountains thrust divides sedimentary rocks near the deposit
into two assemblages. Units below the thrust, here collectively referred to
as the upper plate, include more than 670 m of limestone and an upper dolomite
bed (about 70 m thick) of the Pogonip Group, here of Early and Middle
Ordovician age, overlain successively by: (1) the Middle Ordovician Eureka
Quartzite (about 170-180 m thick); (2) Middle Ordovician to Early Silurian
dolomite of the Hanson Creek Formation (about 160-180 m thick); (3) limestone
and dolomite beds of the Roberts Mountains Formationm (about 550-600 m thick),
here of Middle Silurian to Early Devonian age; and (4) limestone of the Early,
Middle, and Late Devonian Popovich Formation (about 50-275 m thick). Units
above the thrust, ranging from Early Ordovician to Early Silurian, here
collectively referred to as the lower plate, are subdivided into: (1) a lower
zone, 60 to 80 m thick, containing interbedded chert and shale as well as
minor sandstone, limestone, and quartzite; (2) a middle zone, more than 760 m
thick, consisting of interbedded chert and shale in a chert/shale ratio of
more than 2:1, as well as minor sandstone, limestone, and carbonaceous shale;
and (3) an upper zone, more than 900 m thick, containing interbedded chert and
shale in a chert/shale ratio of from 1l:1 to 2:1, as well as quartzite that
includes silicified shale and recrystallized chert.

Sedimentary rocks of Cenozoic age include: Miocene and Pliocene lakebeds;
conglomerate, sandstone, and mudstone of the Carlin Formation of Regnier (1960)
of Pliocene age; and Quaternary alluvium. Small gold placers occur in stream
channels and fans along the east side of the range.

The igneous rocks in the Lynn mining district include (1) intrusive
granodiorite, diorite, and quartz diorite dikes and stocks of Late Jurassic to
Early Cretaceous age; and (2) extrusive flows and sparse dikes of rhyodacite
and rhyolite of Miocene age. The younger igneous rocks are confined to the
west flank of the range.:

Important structural features in the Lynn district include the Roberts
Mountains thrust, the Tuscarora anticline, numerous high-angle normal faults,
and basin-and-range faults along the flanks of the range. The Roberts Mountains
thrust, on which the upper plate moved eastward over the lower plate during
Late Devonian to Early Mississippian time, is poorly exposed in most areas of
the district. The thrust fault does not appear to localize ore either at the
Carlin deposit or elsewhere in the district. Uplift of the Tuscarora
anticline may have accompanied Late Jurassic to Early Cretaceous intrusive
igneous activity. Displacement on the high-angle normal faults chiefly



occurred during and after the Oligocene, although a few of these faults are
invaded by dikes of Late Jurassic to Early Cretaceous age. Some high-angle
faults apparently were channelways for hydrothermal solutioms.

The Carlin gold deposit is in the northeastern part of the Lynn
structural window, which exposes carbonate rocks in the lower plate of the
Roberts Mountains thrust. In that area these strata strike about east~west
and dip 33° N. The deposit contains four zones of gold mineralization, called
the West, Main, South Extension, and East ore zones. Although all these ore
zones show many similar structural and stratigraphic controls, they differ
significantly in degree of hydrothermal alteration, chemical composition of
the ores, and intensity of oxidation and acid leaching.

Most of the gold ore bodies occur in the upper 250 m of the Roberts
Mountains Formation. A small amount of ore at the east end of the East ore
zone occurs in calcareous shale of the upper plate on the hanging=-wall side of
the Leeville fault. Thin~bedded units in the basal part of the Popovich
Formation contain small amounts of ore, and minor amounts of gold occur
throughout hydrothermally altered zones in the Popovich Formation above the
deeper ore bodies.

The West ore zone contains a tabular veinlike body, striking about
N. 60° W. and dipping 60°-70° N., that lies on the hanging-wall side of a
normal fault with similar attitudes. The ore body extends horizontally for
about 335 m; its width varies considerably but reaches a maximum of about
9 m. At its southeast end the ore body widens into a pipe-shaped mass 25 to
30 m in diameter that plunges about 70° N. Principal ore controls are
east-west- to N. 69° We-striking normal faults, and intersections between
these and later normal faults trending N. 45° W. to north. Carbonaceous
materials and sulfide and sulfosalt minerals of all types are very sparse.
Chemical and spectrographic analyses of the ores in the West ore zone average
8.7 ppm (parts per million) Au, 22 ppm Hg, 222 ppm As, and 52 ppm Sb; the
values for arsenic and antimony are comnsiderably lower in the West than in the
Main and East ore zones. The average barium content (650 ppm) is also higher
there than in the Main and East ore zones. The oxidized ores contain an
average of 9.1 ppm Au, and the average contents of other metals except for
barium are either lower or unchanged relative to values in the unoxidized
ores; the average barium content is higher: 1,600 ppm.

Acid~leaching alteration is mild in the West ore zone, although pervasive
alteration by oxygen—bearing solutions affected most of the shallow ores and
rocks in that part of the deposit. Significant amounts of calcite and
dolomite remain, and large zones of weathered pyritic alteration are common.

The Main ore zone contains a series of irregular ore bodies along a zone
914 w long trending S. 60° W. on the southwest side of Popovich Hill, as well
as several large connected sheetlike ore bodies trending roughly east-west for
about 460 m and dipping 30°-35° N. along the south side of the hill.
Important ore controls for the irregular ore bodies are intersections between
north-south= and northeast-striking normal faults; controls for the sheetlike
ore bodies were provided by sets of normal faults, trending between N. 30° w.
and N. 45° E., intersecting with favorable dolomitic beds in the upper 75 m of
the Roberts Mountains Formation.



Unoxidized ores in the Main ore zone contaipn fine-grained quartz, pyrite,
and carbonaceous materials, as well as locally high concentrations of sulfide
minerals, particularly those containing arsemic. Content of organic carbon
reaches 5.0 weight percent in areas where hydrocarbons were introduced. The
unoxidized ores contains an average of 7.1 ppm Au, 20 ppm Hg, 409 ppm As, and
106 ppm Sb. Most of the gold occurs as coatings on pyrite grains or in
association with carbonaceous materials; sparse fine particles of metallic
gold occur in hydrothermal quartz or dispersed in clay minerals. The average
barium content reflects a systematic decrease in the element from west to east
through the deposit. The oxidized ores in the Main ore zone contain an
average of 9.0 ppm Au. Barium (avg 1,500 ppm) is the only minor element more
abundant in the oxidized than in the unoxidized ores.

Potassic~argillic alteration is pervasive throughout the Main ore zone.
Large masses of jasperoid were formed along normal faults on the footwall side
of the ore zone. Introduced organic materials were concentrated along and
near faults throughout the areas of gold deposition and in carbonate rocks and
siliceous uper-plate units above the ore bodies. Acid leaching varies from
weak to intense throughout the ore zone, and variations in the intensity of
acid leaching and late supergene oxidation correlate well with the degree of
rock shattering.

The South Extension ore zone lies south of the east end of the Main ore
zone. The largest ore body and two smaller ore bodies occur in extensively
shattered carbonate rocks along closely spaced normal faults trending
N. 40°-50° E. or at intersections between these faults and earlier ones, which
strike nearly north~south. Jasperoid and small ore bodies occur along
north-south~striking faults between the Main and South Extension ore zomnes.
All the ores in the South Extension ore zone have been oxidized, and fine
particles of metallic gold occur in iron oxides, dispersed through mixtures of
quartz, illite, and kaolinite, and locked in quartz. The average gold content
of the ores is 4 ppm.

The East ore zone, which begins along the south side of Popovich Hill and
continues about 730 m to the northeast, contains two principal ore bodies.
The largest ore body is an elongate tabular hook-~shaped mass of mineralized
rock having a longitudinal axis and plunge, similar to the attitudes of the
host rocks. The smaller ore body, which lies at the southwest end of the East
ore zone, is a long pipe-shaped mass of mineralized rock 12 to 60 m thick,
plunging about 30° NE. Ore controls were provided by intersections between
two sets of normal faults and between the faults and silty dolomitic beds near
the top of the Roberts Mountains Formation. These faults include a strong,
prominent set striking N. 40°~45° W., some members of which contain preore
igneous dikes and served as main channels for the ore solutions, and a later
weak set striking from north=-south to N. 40° E.

Unoxidized ores in the East ore zone are characterized by abundant
sulfide minerals, much carbonaceous material, and only small amounts of
barite. Large amounts of sulfide and sulfosalt minerals containing arsenic,
mercury, antimony, and thallium occur in the zone, and base-metal sulfides are
concentrated locally. The average gold content of the unoxidized ores is
7.4 ppm. The oxidized ores in the East ore zone commonly contain large
amounts of remnant calcite and organic carbon, incompletely oxidized pyrite
and remnant sulfides of arsenic and antimony, and large amounts of dispersed



arsenic and antimony in unknown forms. Other features are the absence of
intense bleaching and acid leaching, and only minor zonmes of weathered pyritic
alteration. The oxidized ores contain an average of 8.0 ppm Au.

Sulfide and sulfosalt minerals identified in unoxidized ores from the
Carlin deposit include pyrite (both framboidal and cubic varieties),
pyrrhotite (very rare), cinnabar, realgar, orpiment (both antimony- and
thallium~bearing varieties), stibnite, lorandite, tennantite, getchellite,
jordanite, galkhaite, gratonite, christite, ellisite, weissbergite,
boulangerite, tetrahedrite, carlinite, galena, sphalerite, chalcopyrite,
covellite, chalcocite, and molybdenite. Other hydrothermal minerals include
quartz, kaolinite, sericite, barite, scheelite, fluorite, frankdicksonite, and
very sparse amounts of metallic gold and elemental arsenic. Residual or
redistributed minerals include calcite, dolomite, illite, and carbonaceous
materials. '

Stable-isotope studies were done on hydrogen, oxygen, carbon, and
sulfur. The dD values in whole-rock samples of altered igneous dikes, and in
"quartz, calcite, and barite veins and Yginlets, are all highly negative and
range from -160 to ~139 permil. The 0°°0 values of sedimentary chert range
from 24 to 25 permil, of hydrothermal jasperoid from_9 to 18 permil, and of
quartz veinlets from 18 to 22 permil. Calculated d°°0 values, ranging from
-0.2 to +6.5 permil, for hydrothermal fluids in equilibrium with most of the
jasperoid bodies over a temperature interval of 2002 to 225° C are compatible
with a meteoric-water origin of the ore fluids and considerable isotopic
exchange between ore fluids and carbonate-rich host rocks. Calculated 6180
values, ranging from 3.0 to 5.9 permil, for fluids at 175° to 200°C during the
main hydrothermal stage that included ore deposition refleﬁg solution
buffering by wallrocks and large rock-water ratios. The d*%o values, ranging
from 5.4 to 11.0 permil, in barite veins over a temperature interval of 250°
to 275°C probably reflect variations in temperature, solution boiling, f£luid
mixing, and fluid-wallrock exchange reactions. Most of the calcite, barite,
and barren quartz veins probably formed late in the hydrothermal cycle
accompanying boiling of the fluids and acid leaching of the enclosing rocks.

Some of the observed oxygen isotopic variations may be related in part to
lithologic variations in the Roberts Mountains Formation. Two distinct types
of carbonate facies are here recognized: (type I) laminated argillaceous-
arenaceous dolomite, favorable for ore deposition and alteration; and (type
II) laminated arenaceOfg peloidal wackestone, generally unfavorable for
mineralization. ' The J °0 values of about 21 permil for calcite and 23 permil
for dolomite in type I facies rocks compare well with values for these
minerals in favorable beds of the formation elsewhere in Nevada. The 6180
values in type II facies rocks having a very large calcite/dolomite ratio
range from about 13 to 19 permil for galcite and are about 24 permil for
dolomite. In mineralized beds the dl 0 values of remnant calcite, ranging
from about 14 to 18.0 permil, indicate that the calecite was recrystallized and
that isotopic exchange took place with the ore fluids. Most of the calcite in
shallow veins was probaleSformed from calcite dissolved out of the underlying
acid-leached zone. The J°°0 values of dolomite in mineralized beds, which
range from about 19 to 25 permil, suggest that exchange reactions between the
dolomite and the ore fluids were very limited and agree with the chemical data
and petrographic evidence.



Oxygen isotope data on carbonate minerals in acid~leached oxidized zormes
and in rocks subjected only to late supergene oxidation indicate that isotupic
exchange between the minerals and the interacting fluids varied directly witi
the intensity of alteration and that little exchange and recrystallization
took place during acid-leaching or late supergene oxidation.

The 6130 values of calcite and dolomite in type I facies rocks resemble
those in the mineralized beds; values ranging from about -1 to +1 permil for
calcite and from -0.1 to +1 permil for dolomite show that CO, in the ore
fluids was generated by the dissolution of calcite from the sedimentary
terrane. ' '

The 6343 values in barite veins range from about 28 to 32 permil, and the
range for sulfide minerals is about 4 to 16 permil. Values include 11.7 to
14.3 permil for diagenetic pyrite in the host rocks and 4.2 to 16.1 permil for
hydrothermal pyrite in unoxidized ores, igneous dikes, and quartz veinlets.
Most of the hydrothermal sulfide sulfur was of sedimentary origin and was
derived from diagenetic pyrite in lower Paleozoic carbonate rocks below the
deposit. Sulfate sulfur may have been derived from disseminated sedimentary
. barite at depth, or from the same source as the sulfide sulfur by equilibrium
distribution of the sulfur species. Lead isotope data on galena in barite
veins suggest that part or all of the lead was derived from the Roberts
Mountains Formation.

In general, the geology and geochemistry of the Carlin gold deposit
indicate that the deposit was formed during late Tertiary time as a result of
interrelated processes, including high-angle faulting, igneous activity, and
hydrothermal processes. Ore deposition apparently took place at shallow
depths from low-temperature fluids under physical and chemical conditions
similar to those in the roots of hot-springs systems. Igneous activity
provided the heat source, and the fluids were probably nearly all meteoric or
meteoric—-connate wateérs. Most of the ore components could have been derived
‘from sedimentary units below the deposit. The hot ore fluids moved up along
prominent high-angle normal faults under conditions of decreasing temperature
and pressure, and penetrated into shattered thin~bedded carbonate rocks
favorable for ore deposition near the surface.

The early fluids were weakly acidic and contained about 2 to 4
equivalent-weight percent NaCl at temperatures of about 175° to 200°C. They
transported silica, aluminum, potassium, iron, sulfur, organic carbon
compounds, and minor amounts of arsenic, antimony, mercury, thallium, gold,
barium, and possibly copper, lead, and zinc. Calcite was dissolved from the
host rocks, silica was precipitated, and sericite and kaolinite were formed.
The presence of fine-grained material and reactive organic materials, as well
as the deposition of quartz, clay, and pyrite, probably aided deposition of
the heavy elements gold, arsenic, mercury, antimony, and thallium. Gold and
mercury were removed from solution by reaction with carbonaceous materials to
form gold-organic and gold-mercury-organic compounds, and both elements, along
with arsenic, antimony, and thallium, were deposited on the surfaces of pyrite
grains. Sulfides and sulfosalts of arsenic, mercury, antimony, and thallium,
as well as base-metal sulfides, probably formed later in the paragenesis.



As temperatures increased, boiling took place at intermediate depths, and
such relatively soluble minerals as carlinite and frankdicksonite were
precipitated. Loss of CO, and H,S caused the solutions to become deficient im
sulfur and more alkaline, and promoted deposition of the As-Hg-Sb-Tl suite of
minerals. The H,S boiled off into the aerated zone, mixed with
atmospherically derived oxygen, and was oxidized to HZSOQ’ which, in turn,
attacked the country rock and the previously mineralized zones, removed
calcite and dolomite, and introduced additional silica. Barite and quartz
veins formed during boiling and acid leaching were deposited at temperatures
of 250° to 300°C from solutions containing as much as 17 equivalent-weight
percent NaCl.

The acid leaching probably postdated the main hydrothermal stage of ore
deposition and is distinct from the later oxidation induced by supergene or
meteoric waters. In many areas the effects of these two processes are
superimposed, but the effects of late supergene oxidation extend deeper below
the acid-leached zone.

Simple calculations involving the solubilities of ore-forming components
of hydrothermal origin and the amounts of these components introduced into the
volume of mineralized and altered rocks show that about 1 billion t (ton) of
solution was required to transport the components and 10 billion t of solution
was involved in the late vein-forming acid-leaching alteration. The
hydrothermal system responsible for the Carlin deposit likely operated over at
least 100,000 yr.

Introduction

Location and accessibility
.
This report described the geology of the Car%in gold deposit and the Lynn
mining district, including an area of about 80 km“ in northern Eureka County,
Nev. (fig. 1). The Carlin mine is in secs. 13 and 14, T. 35 N., R. 50 E., at

Figure 1 near here

an elevation of 6,400 ft near the crest of the Tuscarora Mountains. The map
area (pl. 1), centered approximately on the Carlin mine, measures about 10 km
east-west by 8 km north-south and roughly forms the south two-thirds of the
Rodeo Creek NE. 7-1/2-minute quadrangle. Boundaries for the map area are
meridians 116°15°00" and 116°22°30" W. and parallels 40°52’30" and

40°57730" N.

The Carlin mine is accessible by an asphalt-surfaced road extending about
35 km northward from the town of Carlin, Nev., which is on U.S. Highway 40. A
secondary improved road extends from the Carlin mine west into Boulder Valley
and connects with both Nevada Highway 18 to the north and U.S. Highway 40 to
the south near the town of Dunphy. An unimproved road extends from the Carlin
mine northward, along the west side of Little Boulder Basin, to the Blue Star
mine, and continues northward and westward along Rodeo Creek to connect with a
graded road extending northeastward along Boulder Valley. Numerous unimproved
roads have been built to provide access to the different mining prospects.



Physical features

The Tuscarora Mountains are typical of ranges in the north-central part
of the Basin and Range provinces. The main axis of the range trends
north-northeast and is flanked by alluviated valleys. The highest peak in the
study area is 7,290 ft above sea level, and the lowest point is approximately
4,960 ft, at the southwest corner of the area.

The east side of the Tuscarora Mountains is dissected locally by
east-flowing intermittent streams that empty into an unnamed alluvium—-filled
valley. Two of the most prominent canyons on the east side of the Tuscarora
Mountains have been eroded by Simon and Lynn Creeks. Relief along the east
flank of the range is from about 100 to 300 m. Another deep canyon cut by
intermittent streams running southeastward from Richmond Mountain, together
with the steep southwest side of Richmond Mountain, forms the south boundary
of the map area (pl. 1).

The west side of the Tuscarora Mountains in the area southwest of the
Carlin mine has about 240 m of relief and slopes smoothly down into an
alluvium-filled valley. Low rounded hills of volcanic flows overlapping
Paleozoic sedimentary rocks separate this small valley from Boulder Valley
immediately west of the map area (pl. 1).

Many important physiographic features near the Carlin mine were created
by erosion along the Sheep Creek drainage. The upper drainage begins about
1-1/2 km north of the Carlin mine on the west side of a north-south- to
northeast-trending divide. This intermittent creek flows westward through a
deeply eroded canyon just north of the mine; about 1-1/2 km northwest of the
Carlin mine it turns southward down Sheep Creek Canyon for 1-1/2 km before
turning westward toward Boulder Valley. Another important tributary of Sheep
Creek has eroded a deep east—west-trending canyon 3/4 km south of the Carlin
mine.

Al though the main axis of the Tuscarora Mountains runs north-
northeastward, a prominent north-northwest-trending topographic extension
breaks away from the range about 1-1/2 km west of the Carlin mine. This
ridge, a series of generally smooth rolling hills, separates Little Boulder
Basin on the east from Boulder Valley to the west. Relief in this area ranges
from about 90 to 180 me The Blue Star gold deposit is near the crest of this
ridge, about 5 km northwest of the Carlin mine.

North of the Carlin mine the Tuscarora Mountains have a maximum relief of
about 300 m; the average slope along the margins of the range is between
10° and 15°. This part of the Tuscarora Mountains is characterized by round
crests, relatively flat spurs and ridges, and generally smooth long uniform
slopes and shallow canyons.



Climate and vegetation

The climate in this part of Nevada is semiarid and typical of the
northern Great Basin. Average summer temperatures range between 18° and 24°%
in the valleys, somewhat cooler at higher elevations. According to Roberts,
Mntgomery, and Lehner (1967), the northern part of Eureka County averages more
than 50 days a year when the maximum teuperature reaches 32°¢ or higher.
During the winter, low temperatures average between -7° and -1°C. Annual
rainfall averages 250 to 380 mm.

Vegetation includes sagebrush (Artemisia sp.), rabbitbrush (Chrysothamnus
spe), juniper (Juniperus sp.), and pinyon (Pinus monophylla) in the
mountains. The alluviated valleys and lower slopes of the mountains also have
sagebrush, as well as white sage (Eurotia lanata), cheatgrass (Bromus
secalinus), bitterbrush (Purshia tridentata), wheat bunch (Agropyro
sglcatum), and giant ryegrass (Elymus condensatus).

Purpose of report and methods of investigation

The discovery of the Carlin gold deposit in the Tuscarora Mountains by
geologists of the Newmont Mining Corp stimulated both economic and scientific
interest in northern Nevada. The U.S. Geological Survey initiated a detailed
investigation of both the Carlin gold deposit and its regional geologic
setting. The results Jf that study, presented here, include descriptions of
the regional geologic setting, the structural and stratigraphic features in
the areas of gold deposition, and the geochemistry and mineralogy of the host
rocks and gold ores. Finally, after examining available information on the
chemistry and mineralogy of the ores within the general framework of the
geologic setting, I present conclusions as to the paragenesis of the deposit.

Mapping of the Carlin gold deposit was begun in August 1966. During the
fall of 1966 and the summer of 1968, all exposed faces between benches were
mapped at a scale of 1:240; the data were subsequently compiled on bench maps
at a scale of 1:1,200, provided by the engineering staff of the Carlin Gold
Mining Co. Concurrently with the mapping, 550 samples were collected,
representing all rock, alteration, and oxidized ore types in the upper 45 to
60 m of the deposit. Concurrent with the development of the mine, additional
mapping was done on updated bench maps at a scale of 1:1,200 during the summer
and fall field seasons of 1968 through 1973. During this period,
approximately 250 additional samples were collected, mostly from deeper
levels, that represented different types of hydrothermally altered rocks and
unoxidized ores throughout the West, Main, and East pit areas. The small
South pit containing the South Extension ore body, about 520 m south of the
crest of Popovich Hill, was mapped and sampled in September 1972. Between
1973 and 1976 T mapped and sampled new exposures on brief visits to the mine,
and the geologic staff at the mine provided additional samples and data on
areas of specific interest.

Additional samples of unoxidized ores and hydrothermally altered host
rocks were provided by cores taken from a diamond-drill hole begun and
comleted in the summer of 1969. This vertical hole, identified as U.S.
Geological Survey Carlin No. 1, was collared at an elevation of about 6,450 ft
on the northeast side of Popovich Hill; the drill hole penetrated several



gold-bearing zones in the East ore body before being terminated at a depth of
293 m (see pl. 3).

Mapping of an area of approximately 80 kmz, centered on the Carlin
deposit and covering most of the Lynn mining district, was begun in September
1969 and completed in October 1970. For the purposes of this investigation,
the mapping was done and compiled on an enlarged topographic base of the Rodeo
Creek NE. 7-1/2-minute quadrangle at a scale of 1:12,000. Mapping at this
scale was extended about 5 km northwest of the Carlin gold deposit to include
the Blue Star gold deposit.. The different rock types throughout the district
were collected for chemical and mineralogic study.

As part of the Carlin project, regional mapping was done over an area of
about 650 km? during the summers of 1968 to 1971; the major part of this work
was done by James G. Evans and Leland D. Cress. This area includes the Rodeo
Creek NE., Welches Canyon, and Schroeder Mountain 7-1/2-minute quadrangles;
mapping was done on topographic base maps at a scale of 1:24,000.

Laboratory investigations on the mineralogy, chemical composition, and
trace-element contents of the host rocks and gold ores were begun in January
1967 at facilities of the U.S. Geological Survey, U.S. Bureau of Mines, and
Stanford University, Stanford, Calif. Typical analyses of the different types
of rocks and ores have been tabulated here.

About 400 thin sections and polished thin sections, as well as 200 polished
sections, prepared from 350 samples of wallrocks and gold ores of the Carlin
deposit were studied by conventional petrographic and mineralographic methods;
about 100 thin sections of samples from other lithologic units elsewhere in the
Lynn mining district also were examined. Additional mineralogic studies were
carried out by X-ray diffraction techniques on powdered whole-rock samples of
all specimens. For selected specimens, additionmal X-ray diffraction work was
done on both the heavy and light fractions, as well as clay-mineral identifica-
tion using standard glycolation and heating methods.

Because the ores are consistently fine grained, an electron microprobe
was used extensively to identify different minerals and to determine their
compositions in 160 polished sections, polished thin sections, and grain-mount
sections from 80 samples of host rocks and gold ores. This work confirmed the
fact that gold has several associations in the ores and permitted the gold
ores to be divided into types on the basis of their chemical composition and
mineralogy. In addition, five new minerals and several new varieties of known
minerals were identified. Representative samples of altered and unaltered host
rocks and of oxidized and unoxidized ores were examined with a scanning
electron microscope to study the morphology of the clays and the textural
fabric of the rocks.

About 500 samples of wallrocks and ores were analyzed by several methods
to determine both major- and minor-element constituents of typical materials;
to compare the ranges of values and differences with respect to location, ore
type, and degree of hydrothermal and supergene alterations; and to gain
information on the geochemical history of the deposit. Specifically, these
methods were: (a) chemical analyses for major-element constituents by the
rapid-analysis technique described by Shapiro and Brannock (1962) and Shapiro



(1967); (b) semiquantitative spectrographic analyses for both major and minor
elements; (c) atomic-absorption analyses for gold, selenium, tellurium, and
zinc, as well as several fire-assay determinations for gold; (d) instrumental
mercury-meter and Lemaire sniffer atomic-absorption analyses for mercury; (e)
Leco combustion analyses for organic carbon; (f) X-ray fluorescence analyses
for sulfur, arsenic, antimony, barium, and zinc; and (g) colorimetric analyses
for arsenic, antimony, and tungsten.

In order to obtain the samples needed to examine the three-dimensional
distribution of certain elements and to study typical unoxidized ores, about
300 samples were chosen from 96 rotary-drill holes covering the West, Main,
and East ore zones. Each sample consisted of cuttings from composite l.5-m
intervals. Except for rapid rock analysis, these samples were also analyzed
by the other methods listed above. The chemical data were treated
statistically by linear-regression and discriminant-analysis techniques to
gain information on the paragenesis of the ores.

Stable-isotope determinations by Robert O. Rye provided information on
the conditions of ore formation and the hydrothermal fluids, and on the source
of the sulfur and carbon concentrated in the ores. Stable-isotope data for
hydrogen, oxygen, carbon, and sulfur are tabulated and discussed in later
sections of this report.
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Previous work

The first comprehensive geologic investigation of this area of Nevada was
begun in 1869 by Clarence King and Arnold Hague as part of their survey of the
Fortieth Parallel. The results of their study were published in the report by
King (1878), and an atlas of geologic and topographic maps was prepared by
King (1876) as geologist in charge. In these reports the Tuscarora Mountains
were referred to as the Cortez Range, and the rocks in the Lynn window were
subdivided into two map units, the Weber Quartzite and Tertiary rhyolite.

Emmons (1908) summarized the results of field investigations in
north~central Nevada carried out in 1908, and briefly described the geology of
the Lynn mining district and placer gold operations at the Big
Six and several other mines. Although Emmons referred to silicified
sedimentary rocks of the Vinini Formation of present usage as bedded rhyolite,
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he recognized that granodiorite intrudes the limestone and quartzite of the
area. Naramore (1917) and Bill (1912) briefly described placer operations in
the Lynn mining district and included the Lynn district in their compilation
of mining districts of the Western United States. Early reconnaissance maps
of the northern part of Eureka County, Nev., were compiled by Lee, Stomne,
Gale, and others (1916).

Numerous reports have been published describing locations and production
figures for the small gold placer operatiomns in the Lynn mining district
(Lincoln, 1923; Smith and Vanderburg, 1932; Vanderburg, 1936, 1938; Southern
Pacific Co., 1964). Koschmann.and Bergendahl (1968) briefly mentioned data on
gold production from the Lynn district in their compilation of principal
gold-producing districts of the United States. Johnson (1973) gave an
excellent description of these placer deposits, summarized their geologic
features, and suggested that although their source probably was auriferous
quartz veins in the Vinini Formation, these veins could in turn be genetically
related to the disseminated ores in the Carlin deposit. The first detailed
description of the geology of the study area (Roen, 1961) emphasized the
structure, stratigraphy, and paleontology of sedimentary rocks of the area.

Hardie (1966) was the first to describe the Carlin gold deposit. Roberts
(1966) attempted to relate the position of the Carlin deposit to mineral
belts; Roberts, Montgomery, and Lehner (1967) compiled information on the
geology and mineral resources of Eureka County, Nev. Excellent descriptions
of many geologic and mineralogic features of the upper, near-surface parts of
the Carlin gold deposit were given by Hausen (1967) and Hausen and Kerr
(1968). Preliminary results of laboratory and field studies on deeper primary
unoxidized ores and host rocks in the deposit were reported by Radtke and
Scheiner (1970b). Roberts, Radtke, and Coats (1971) summarized a large amount
of data on all types of gold deposits in Nevada.

In 1969 J. G. Evans and I began regional mapping of the Lynn mining
district. Preliminary geologic maps at a scale of 1:24,000 covering most of
the Lynn district were prepared by Evans (1972a, b), and finalized maps of the
Rodeo Creek NE. and Welches Canyon quadrangles were prepared at the same scale
(Evans, 1974a, b). More detailed geologic maps include those of the Carlin
gold deposit (scale 1:3,600) by Radtke (1973) and of the area surrounding and
including the deposit (scale 1:12,000) by Radtke (1974). A summary paper on
the Carlin deposit was prepared by Noble and Radtke (1968). Numerous other
reports dealing with specific mineralogic and geochemical studies of the
Carlin deposit, and reports summarizing the geologic characteristics of the
Carlin and other disseminated-replacement gold deposits, have been published
and are cited throughout this report.

History of the Lynn mining district

According to Johmson (1973), the earliest mining activity in the Lynn
district began in 1907 with the discovery of small placer gold deposits along
Lynn Creek. These deposits, as well as others along Sheep and Rodeo Creeks,
have been mined intermittently up to the present; yearly production has
averaged a-few hundred troy ounces of gold and smaller amounts of silver.
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In 1907 small, narrow auriferous quartz veins were discovered along the
crest of the Tuscarora Range between the Lynn Creek and Sheep Creek
drainages. This series of veins, collectively known as the Big. Six deposit,
has had very small production and apparently achieved maximum production of
about 500 troy ounces of gold between the years 1935-36.

During the 1920°s the Morning Glory prospect was located in sec. 13,
T. 35 No, R+ .50 E., on the south side of Simon Creek, about 1-1/2 km east of
the then~undiscovered Carlin gold deposit. Accquing to Lawrence (1963),
stibnite occurs with barite a quartz vein in the prospect. Roberts,
Montgomery, and Lehner (1967) indicated that the gold was associated with
stibnite and antimony oxide minerals along a northwest-trending shear zone,
but stated that no production is recorded.

Small bodies of gem-grade turquoise were discovered in 1929 along the
ridge forming the west edge of Little Boulder Basin. This deposit, about 5 km
northwest of the Carlin deposit and about 3/4 km east of the Blue Star
deposit, is referred to as the Number Eight mine. According to Murphy (1964),
turquoise has been mined from the deposit since 1929; total production is
estimated at $1,500,000. Gold ore was discovered along a thrust fault at the
mine in 1959 (Roberts and others, 1967). Between 1960 and 1964 a 100-t-per-
day cyanide mill processed about 4,000 t of gold ore. The property has been
mined by the Newmont Mining Corp. for disseminated gold in upper-plate
calcareous shale since 1977.

Roberts (1960) pointed out that the mining districts in north-central
Nevada are localized by major structural features; he emphasized that because
the major ore deposits are in carbonate rocks below the Roberts Mountains
thrust and because the windows are related to uplift accompanying igneous
activity, the lower-plate carbonate beds near the thrust should be promising
exploration targets. On the basis of this hypothesis, the Newmont Mining
Corp., under the direction of Robert B. Fulton, vice president—-exploration,
evaluated the potential of numerous windows and chose the Lynn window for
detailed exploration. Field studies, including mapping and sampling along the
Roberts Mountains thrust, were begun in the spring of 1961 under the
supervision of John Livermore. C(laims were staked in October and November
1961, and exploration rotary drilling under the direction of Fulton was begun
in July 1962. The first ore-grade material was discovered in September 1962,
and when gold production began in May 1965, 1l million t of ore averaging
approximately 0.3 troy ounces of gold per ton had been delineated. The mine
and cyanide mill, with a capacity of 2,000 t per day, has produced
approximately 200,000 troy ounces of gold per year and is currently the second
largest gold mine in the United States.

In addition to the Carlin deposit, the Newmont Mining Corp. has mined
disseminated gold from a more recent discovery near the Number Eight mine.
This deposit, known as the Blue Star, is about 5 km northwest of the Carlin
deposit and 3/4 km west of the Number Eight mine. The Blue Star, also a
disseminated-replacement gold deposit, is, however, much smaller than the
Carlin deposit and holds ore reserves of 2 to 3 million t (L. L. Noble, oral
commun., 1976).

13



A small intrusive gold-bearing stock about 3 km north-northeast of the
Blue Star deposit, (not shown in pl. 1 but included in the maps by Evans,
1972a, 1974a) holds some potential as a large-tonnage low-grade deposit. This
area, referred to as the Gold Strike intrusive, is currently being evaluated
by the Newmont Mining Corp. :

Between 1962 and 1971 numerous other companies conducted exploration and
evaluation programs within the Lynn mining district. No other gold ore bodies
of commercial size, however, have been found up to 1977 in the district.

Geology

The northeastern part of the Lynn window, which includes the Carlin gold
deposit, is made up of sedimentary rocks of Ordovician to Devonian age. These
rocks, mainly limestone, dolomite, and quartzite, were deposited under
shallow-water miogeosynclinal conditions and form part of the lower plate of
the Roberts Mountains thrust (Roberts and others, 1962, p. 5). The rocks of
the window are tectonically overlain by a thick sequence of interbedded chert,
shale, and limestone of Ordovician and Silurian age, originally deposited in a
eugeosynclinal environment in western Nevada. This upper-plate assemblage
moved eastward on the Roberts Mountains thrust and overrode the lower plate
during the Antler orogeny in Late Devonian or Early Mississippian time
(Merriam and Anderson, 1942; Gilluly, 1954; Roberts and Lehner, 1955; Roberts
and others, 1958).

During and after the formation of the Roberts Mountains thrust, clastic
sedimentary rocks were shed eastward from the Antler orogenic belt to form
several overlapping assemblages. Dott (1955) and Roberts, Hotz, Gilluly, and
Ferguson (1958) gave detailed stratigraphic data on some of these rocks, which
are exposed several kilometers east of the town of Carlin, Nev. This section
(fig. 2) is approximately 2,750 m thick, and the rocks range in age from Early

Figure 2 near here

Mississippian(?) to Permian. In the Lynn window area, about 50 km northwest
of this type area, the overlapping rocks are absent. If the Lynn window area
had been domed and uplifted during or shortly after thrusting (Roberts and
others, 1967), then the overlapping rocks may never have been present, or a
much thinner sequence, if deposited, was completely removed by later erosion.

Tectonic events since the early Paleozoic in the Carlin-Pinon Range area,
about 50 km south-southeast of the Carlin deposit, were discussed by Smith and
Ketner (1977), who recognized seven distinct deformation events: (1)
formation of the Roberts Mountains thrust during the Late Devonian to Early
Mississippian; (2) deep basin subsidence and uplift of the west margin during
the middle Early Mississippian; (3) regional uplift, folding, and thrusting
during the late Middle to early Late Penmsylvanian; (4) renewed uplift and
termination of marine conditions during the early Mesozoic; (5) intrusive
igneous activity and strong folding during the Late Jurassic and Early
Cretaceous; (6) igneous activity and local folding during the early Oligocene;
and (7) normal faulting climaxing in the Miocene.
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During Late Jurassic or Early Cretaceous time, stocks and dikes were
emplaced in the Lynn window area. Because most of these dikes are fault
controlled, some faulting must predate this igneous activity. However, the
initial basin—-and-range faulting along the flanks of and most normal faulting
within the emerging Tuscarora Range postdate this igneous activity.

Additional orogenic events during Tertiary and Quaternary time include
basin-and-range faulting, tilting of the range to the east, extensive normal
faulting, and volcanism. Hydrothermal activity, resulting in the formation of
the Carlin gold deposit and of barite veins both at the Carlin deposit and
elsewhere in the window, took place during Oligocene or M%ocene time. Thin
lakebeds, formed in shallow basins, are preserved locally along the flanks of
the range.

Sedimentary rocks
Paleozoic rocks
Lower plate
Ordovician System
Pogonip Group

The oldest rocks exposed in the Rodeo Creek NE. quadrangle are more than
600 m of limestone of the Pogonip Group, which crops out along the sides of a
deep canyon southeast of Richmond Mountain (pl. 1). The Hamburg Dolomite of
Middle and Late Cambrian age underlies the Pogonip Group but does not crop out
in the Rodeo Creek NE. quadrangle. In the Welches Canyon quadrangle, however,
dolomite beds exposed on the east flank of the Tuscarora Mountains about
3/4 km southeast of Richmond Mountain (mapped as lower units of the Pogonip
Group by Evans, 1974b) probably represent the Hamburg Dolomite. The
approximate position of the contact between the Hamburg Dolomite and the
Pogonip Group is shown on the map of the Lynn Mining district (cross sec.
D-D’, pl.1). :

As originally used by King (1878), the term "Pogonip" referred to the
limestone on Pogonip Ridge in the Hamilton mining district, White Pine County,
Nev.; the term was later restricted by Hague (1883) to strata below the Eureka
Quartzite and above a unit now named the "Dunderberg Shale' (Roberts and
others, 1967). Finally, Nolan, Merriam, and Williams (1956) further
restricted the Pogonip to include rocks below the Eureka Quartzite and above
the Cambrian Windfall Formation; in the vicinity of Eureka, Nev., this group
includes the Goodwin Limestone, the Ninemile Formation, and the Antelope
Valley Limestone, all of Ordovician age.

In the Lynn window, the contact between the Pogonip Group and the
overlying Eureka Quartzite is obscured in most places by talus and soil cover;
on the slopes its position may be approximated by an abrupt decrease in
quartzite float and a change in dip of the slope.
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The uppermost beds of the Pogonip Group, 60 to 75 m of thin-bedded fine-
to medium-grained light~ to medium~gray sandy dolomite, are exposed along the
north side of the canyon east of Richmond Mountain (pl. 1). These rocks were
first recognized as a distinct unit at the top of the Pogonip Group in the
Lynn window by Roen (1961) and were mapped as such by Evans (1972a, 1974a).
Although the upper beds of the Pogonip in most areas of Nevada where they have
been described are not dolomite, in the section at Lone Mountain, northwest of
Eureka, Nev., Kirk (1933) found 15 m of sandy dolomite between "typical
Pogonip and vitreous Eureka" (Nolan and others, 1956, p. 30).

Limestone beds of the Pogonip below the upper dolomite unit are well
exposed along a bulldozer road that begins on Richmond Mountain and heads
southeastward, following the south wall of the canyon. These rocks, about
370 m thick, are massive medium to thick-bedded fine-grained medium-blue-gray
limestone that closely resembles the Antelope Valley Limestone described by
Nolan, Merriam, and Williams (1956). Thin beds of chert are scattered
throughout the section, and fracture surfaces commonly are coated with thin
layers of fine-grained dusty-white calcite. The lower half of the formation
is thinner bedded and contains numerous thin ribbonlike shale beds.

About 430 to 460 m below the Pogonip-Eureka contact, the Pogonip becomes
platy and contains interbedded shale, as well as shaly limestone including
much detrital quartz and clay. These rocks have been tentatively assigned to
the Goodwin Limestone. Chert lenses and nodules as large as 13 cm across are
abundant, and organic carbon is locally concentrated in patches and seams.
Overall, the rocks are blue gray except where light-tan or gray chert is
present. Along joints and bedding surfaces the rocks commonly show surficial
alteration in the form of an increase in silica and a decrease in calcite, and
are bleached to light gray. Locally these rocks have been recrystallized to
hornblende, clinopyroxene, and mica (Evans, 1974a). Geologic mapping by Evans
(1974b) in the Welches Canyon quadrangle to the south indicated that the total
thickness of the Pogonip Group is at least 670 m and that the thickness of
these lower thin-bedded platy units is 300 m or more.

Chemical and spectrographic analyses of a composite sample representing
about a 60-m section of the Goodwin Limestone and a 30-m section of the
Antelope Valley Limestone are listed in table 1 (samples 1 and 2,

Table 1 near here

respectively). The higher contents of $i0,, Al,05, total Fe, Mg0, K,0, NaéO,
and Ti0,, and the lower content of Ca0, in the analyses reflect the abundant
quartz clasts, chert, and shale beds in the section.

Fossils in collections made by J. G. Evans indicate that the Pogonip
Group is Early and early Middle Ordovician. Conodonts in two fossils
collections (Bvans, 1974a, locs. M540, M541) from near the base of the
Antelope Valley Limestone were identified as early Middle Ordovician by J. W.
Huddle (written commun., 1969):

USGS Collection 6966~C0O (field No. M540), Nevada coordinates E. 297,860,

N. 2,231,260; Palisades No. 2 NE. quadrangle

Acontiodus sp. . 3
staufferi Furnish 5
Drepanodus? sp. 1
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Drepanodus suberectus (Branson and Mehl)
Oistodus sp.
Platodus? sp.
Scandodus sp.
Scolopodus cf. S. rex Lindstrém
This collection is early Middle Ordovician and could be equivalent in age to
the lower part of the Antelope Valley Limestone (J. W. Huddle, written
commun., 1969).
USGS Collection 6967-CO (field No. M54l1), Nevada coordinates E. 298,060,
N. 2,231,560; Palisades No. 2 NE. quadrangle

=N -0

Acodus n. sp. d. : 3
2 spp. 2
Distacodus cf. D. stola Lindstrém 63
Drepanodus n. sp. 11
Spo. : 14
proetus Lindstroém 7
suberectus (Branson and Mehl) 44
Oistodus 2 spp. 45
lanceolatus Pander _ 3
Sandodus sp. 4
Scolopodus 4
triplicatus Etherington and Clark 6

This fauna occurs in the lower part of the Antelope Valley Limestone at
Dobbins Summit in the Monitor Range, in the Timpanute Range, and on Antelope
Peak (USGS locs. D1495-CO, D1581-CO, D1657-CO, D2048~CO, D2055-C0), and also
is probably early Middle Ordovician (J. W. Huddle, written commun., 1969).

Roen (1961) reported the presence of the lower Ordovician brachiopod
Archaeorthis costellata Ulrich and Cooper in limestone of the Pogonip Group
collected on Richmond Mountain.

A collection of conodonts from lower thin-bedded platy siliceous
limestone (Evans, 1974a) was dated as Early Ordovician by J. W. Huddle
(written commun., 1969):

USGS Collection 6902—CO (field. No. M475), Nevada coordinates E. 299,200,

N. 2,231,900; Palisades No. 2 NE. quadrangle .

Acodus deltatus Lindstrdm -8
Acontiodus n. sp. Ethington and Clark, 1965 16
Distacodus stola Lindstrom 8
Drepanodus sp. ' 21
Oistodus 4 spp. 13
Scolopodus rex platodiformis Lindstrom 6

rex rex Lindstrom 14

In summary, the lower 300 m or more of limestone of the Pogonip Group
closely resembles the Goodwin Limestone (Roberts and others, 1967). This
evidence, combined with their stratigraphic position and age, makes it
reasonable to assign these rocks to the Goodwin Limestone. The upper 360 m or
more of limestone of the Pogonip Group is correlated with the type Antelope
Valley Limestone and accordingly is assigned to the Antelope Valley Limestone
(pl. 1). :
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Eureka Quartzite

White quartzite of the Eureka mining district, Nevada, was first named
and described by Hague (1883) as the Eureka Quartzite. In the Eureka
district, however, the original lithologic features of the quartzite and its
relations to other units have been obscured by extensive faulting,
brecciation, and alteration from hydrothermal solutions. Therefore, Kirk
(1933) proposed that the type section be changed and suggested that a
well-exposed complete section at Lone Mountain, about 25 km northwest of
Eureka, Nev., be designated the new type section; the U.S. Geological Survey
has accepted this redesignation.

In the Rodeo Creek NE. quadrangle the Eureka Quartzite crops out in three
areas: (1) from the crest of Richmond Mountain, along a northeast-striking
zone following the crest of the anticline that forms the Tuscarora Range; (2)
in fault contact against the younger Hanson Creek Formation, along the sides
and floor of a canyon heading northwestward from Richmond Mountain; and (3) in
normal stratigraphic as well as fault contact with the Hanson Creek Formation,
on the west side of Sheep Creek Canyon 1-1/2 km west of the Carlin deposit
(pl. 1).

The best exposures of the Eureka Quartzite are along the top of the north
wall of the canyon just east of Richmond Mountain, where it rests on upper
dolomite beds of the Pogonip Group. The basal contact is displaced locally by
normal faults and is traceable eastward about 1-1/2 km, where it ends against
a normal fault dipping steeply to the east. Beds of the Eureka Quartzite east
of the fault, displaced vertically about 300 m, continue eastward to the
prominent Leeville fault (pl. 1).

Physically, the Eureka Quartzite in the Rodeo Creek NE. quadrangle
closely resembles the unit exposed elsewhere in Nevada (Ketner, 1966, 1968).
The Eureka is composed of 170 to 180 m of fine-to medium—grained massive
sugary vitreous white quartzite. Weathered surfaces and fractures are stained
with red=brown to brown iron oxides. Roen (1961) estimated the total
thickness of the quartzite at about 120 m, and Evans (1974a) reported the
thicknesses of partial sections to be 60 to 210 m.

Seen in thin section, most of the Eureka Quartzite is composed of
subangular to well-rounded well-sorted quartz grains cemented by quartz.
Accessory minerals, making up about 1 percent of most samples, include
hematite, zircon, epidote, illite, tourmaline, sphene, and barite. In
general, the unit is very clean and is classified as an orthoquartzite.
Chemical and spectrographic analyses of a composite sample from outcrops of a
60-m stratigraphic section of quartzite beginning about 6 m above the base
(sample 3, table 1) reflect the low levels of components other than SiOz.

Locally, the upper 30 m or more of the quartzite contains small amounts
of dolomite, and at least one bed 5 to 6 m thick near the top of the formation
is gray sandy dolomite. Roen (1961) suggested that this dolomitic quartzite
bed could be correlative with the upper dolomite member of the formation at
Cortez, Nev., and in other localities (Webb, 1958).

18



The upper 1 to 2 m of the Eureka Quartzite is poorly consolidated
sandstone, similar to that described by Merriam (1940) and Merriam and
Anderson (1942) at the top of the Eureka in the Roberts Mountains. Roen
(1961, p. 46) gave a good description of these sandy beds in the Lynn
window: "At the upper boundary of the Eureka there is a relatively less
resistant, light-gray quartz sandstone cemented by calcite. 1In thin section
the quartz grains average about 0.25 mm in size and constitute about 60
percent of the rock. These grains are embayed by the calcite cement; however,
" their outline was originally round to subround. The remaining 40 percent of
the rock is the matrix of which about 35 percent is calcite and 5 percent is
illite."

The age of the Eureka Quartzite in the Ruscarora Range is bracketed by
the Middle Ordovician age of the underlying Antelope Valley Limestone and the
Middle and Late Ordovician age of the underlying Hanson Creek Formation.

Ordovician and Silurian Systems
Hanson Creek Formation

The name "Hanson Creek Formation" was first proposed by Merriam (1940)
for dolomite and limestone beds about 150 m thick between the Eureka Quartzite
and the Roberts Mountains Formation near Eureka, Nev. The type section is .
along Pete Hanson Creek on the northwest side of Roberts Creek Mountain, 56 km
northwest of Eureka, Nev.

In the Lynn window the Hanson Creek Formation, chiefly dolomite and
lesser amounts of dolomitic limestone, is well exposed in the highly faulted
anticline south of the Carlin gold deposit. About 3/4 km south of the mouth
of Sheep Creek Canyon, the formation forms the west limb of the main
anticline; from this area a group of fault blocks crops out eastward for 3 km
and turns southeastward to form the east limb of the anticline (see pl. 1).
Throughout most of this area the apparent thickness of the formation is much
greater than its true thickness, owing to closely spaced sets of high-angle
normal faults. Because of the complex fault patterns, the generally poor
exposure of contacts, and the overall attitude of the Hanson Creek Formation,
which commonly dips roughly parallel to slopes, its true thickness is
difficult to measure. The thickness of the formation is estimated at between .
150 and 185 m; Roen (1961) estimated its thickness at about 175 m. This
thickness of the Hanson Creek Formation in the Lynn window is greater than
that reported in other areas of Nevada; Nolan, Merriam, and Williams (1956)
reported thicknesses of 110 m at Pete Hanson Creek, 97 m at Lone Mountains,
and 90 m in Antelope Valley. Nolan (1962) reported the thickness in the
Eureka, Nev., area to be 90 m or less. The thickness of 330 m given by Evans
(1974a) for the formation in the Lynn window, on the basis of exposures in the
Welches Canyon quadrangle, is not easily substantiated from exposures in the
Rodeo Creek NE. quadrangle.

An incomplete section is exposed about 1-1/2 km west of the Carlin gold
deposit on the west side of Sheep Creek Canyon; in that area the formation
lies in inferred normal stratigraphic and fault contact with both the
underlying Eureka Quartzite and the overlying Roberts Mountains Formation
(pl. 1).
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The lower contact of the Hanson Creek Formation is poorly exposed in the
northern part of the Lynn window; where the contact is exposed locally north
and northeast of Richmond Mountain, the irregular moderate-relief upper
surface of sandy beds at the top of the Eureka Quartzite suggests that the
rocks were eroded before the Hanson Creek Formation was deposited. Roen
(1961, p. 54) stated, "the lack of noticeable angular discordance between the
attitudes of the two formations and the intervening hiatus suggests a

disconformable contact between the Hanson Creek Formation and the underlying
Eureka Quartzite."

The lower 90 to 120 m of the Hanson Creek Formation is fine- to medium-
grained thick-bedded medium~ to dark-gray dolomite that locally contains white
calcite seams and small lenses and seams of black chert; most of the chert is
in the lower 30 m of the formation. Weathered surfaces are light gray and
commonly coated with fine-grained calcite. The dolomite, which is relatively
pure, contains small amounts of calcite, illite, and quartz, as reflected in
the low contents of S1i0,, AlZO , K,0, and other constituents in a 60-m
composite sample (sample 4, table 1). In the upper 60 m of the formation the
dolomite becomes coarser grained, thinner bedded, and lighter gray, and

contains lenses as thick as 10 m of thick-bedded dark-blue-gray dolomitic
limestone.

A persistent interbedded thick-bedded light-gray sandy dolomite and
dolomitic sandstone, 0.5 to 10 m thick, that makes up the top of the formation
contains as much as 70 percent silt- to sand-size grains of rounded detrital
quartz, commonly weathering light brown. Mullens and Poole (1972) indicated
that these sandy beds constitute a good stratigraphic marker and occur in the
upper part of the Hanson Creek Formation throughout Eureka County, Nev.

The Hanson Creek Formation at the type locality ranges in age from Middle
into lLate Ordovician (Merriam, 1940); Roberts, Montgomery, and Lehner (1967)
reported a similar age range for these rocks throughout Eureka County. Later,
Mullens and Poole (1972) showed that the sandy marker zone at the top of the
formation in an area 1-1/2 km south of the Carlin mine contains cnodonts of
Early Silurian age.

The amount of paleontologic data available on the Hanson Creek Formation
in the Rodel Creek NE. quarangle is very limited and includes suites of
fossils from three localities. One suite collected by J. G. Evans from about
1-1/2 km south-southwest of the Carlin mine (Evans, 1974a) probably represents
material from a stratigraphic interval 60 to 90 m above the base of the
formation. The following remarks are from notes by R. J. Ross, L. A. Wilson,
and C. W. Merriam (written communs., 1969):

USGS Collection D2151-CO (field No. M418), Nevada coordinates E. 293,760,

N. 2,235,240; Palisades No. 2 NE. quadrangle. Hanson Creek Formation,
containing brachiopods, corals, and conodonts.
R. J. Ross (written commun., 1969) reported the following brachiopod forms in
these rocks:
Glyptorthis sp.
Lepidocyclus? sp.
Leptellina sp.
Paucicrura sp.

Plaesiomys? sp.
Rhynchotrema sp.
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Thaerodonta Sp.
Zygospira Zygospira cf. 2. recurvirostrus
The presence of Le telllna, which is not supposed to be younger than the
Middle Ordovician, suggests that the Hanson Creek may be Trenton rather than
the Late Ordovician Richmond to which it is generally assigned.” L. A. Wilson
(written commun., 1969) reported that these rocks contain the following suite
of conodonts:
Belodina compressa (Branson and Mehl)
inclinata (Branson and Mehl)
Drepanodus sp.
Oistodus inclinatus Branson and Mehl
Ozarkodina sp.
Panderodus sp.
feulneri (Glenister)
Prioniodina cf. P. rotunda Sweet, Turco, Warmer, and Wilkie
L. A. Wilson (written commun., 1969) concluded that the age is more likely
Late Middle or Late Ordovician.

C. W. Merriam (written commun., 1969) studied the corals in these rocks
and reported the following forms:

Halysites (Catenipora) sp.

Palaeofavosites sp.

Palaeophyllum cf. P. thomi (Hall)

Streptelasma sp. (small monangulate form)
~ In conclusion, C. W. Merriam (written commun., 1969) stated, "This coral
association is characteristic of the Late Ordovician Hanson Creek and the Ely
Springs Dolomite."

Roberts, Montgomery, and Lehner (1967) reported another suite of corals
in a sample from the Hanson Creek Formation of the Tuscarora Mountains. The
locality shown by Evans (1974a) for this sample indicates that it was
collected within a zone about 90 to 120 m above the base of the formation.

The suite of corals identified by J. M. Berdan (Roberts and others, 1967,
p. 118) includes: _
(field No. 54-F-68) Tuscarora Mountains, Ammann photo index 29 NW., photo
34N-12; locality approximately in center of N-1/2 sec. 25, T. 35 N.,
R. 50 E.
Catenipora sp.
Favosites sp.
Palaeophyllum sp.
Streptelasma sp.
trilobatum (Whiteaves)
Berdan reported that this association is typical of the Fish Haven Dolomite
and of parts of the Hanson Creek Formation.

Fossil data on a conodont-bearing sample from a nonsandy dolomite bed
near the top of the Hanson Creek Formation were reported by Mullens and Poole
(1972). The collection of conodonts was identified by J. W. Huddle (written
commun., 1971):

USGS Collection 8823-SD (field No. TM~F21-70), 1.5 m below top of the
Hanson Creek Formation in SE-1/4NE-1/4 sec. 23, T. 35 N., R. 50 E.,
Tuscarora Mountains, Rodeo Creek NE. quadrangle

Drepanodus aduncus Nicoll and Rexroad 2
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Hindeodella sp.
Icriodina irregularis Branson and Branson
Ligonodina kentuckyensis Branson and Branson
Neoprioniodus sp.
Ozarkodina sp.
Paltodus dyscritus Rexroad
Panderodus sp.
Synprioniodina sp.
Trichonodella aff. T. papilo Nicoll and
Rexroad 2
On the basis of information from J. W. Huddle (written commun., 1971), Mullens
and Poole (1972, p. B22-B23) concluded that the conodonts in these beds "* * * are
Early Silurian in age. The critical species [is] Icriodina jirregularis,
which [is] confined to the I. irregularis Assemblage Zone of Rexroad (1967).
The other species and genera listed are common in the Lower Silurian
Brassfield Limestone and in the Silurian Salamonie Dolomite of Pinsak and
Shaver (1964) along the Cincinnati arch in the Eastern United States,
according to Nicoll and Rexroad (1968). They also occur in the Early Silurian

in northern Michigan and Ontario, according to Pollock, Rexroad, and Nicoll
(1970)."

o —
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W. B. N. Berry identified Climacograptus cf. C. rectangularis (McCoy),
Dimorphograptus confertus cf. var. Swanstoni (Lapworth), and Glyptograptus
from 31 m above the base of the Roberts Mountains Formation in the Copenhagen
Canyon section. According to W. B. N. Berry (written commun., 1970), these
graptolites are indicative of zone 18 of the Great Basin section, although
this position in the Great Basin is not firmly established. The conodonts at
Copenhagen Canyon, therefore, are possibly no younger than zone 18.

The conodont fauna from near the Carlin mine area probably are of the
same age; there, however, the first graptolite found above the Hanson Creek is
Monograptus spiralis, indicative of the uppermost Lower Silurian (zone 25; W.

B. N. Berry, written commun., 1970). M. spiralis is only 11 m above the
conodont collection.

In summary, the Hanson Creek Formation in the Rodeo Creek NE. quadrangle
ranges from Middle Ordovician to Early Silurian.

Silurian and Devonian Systems
Roberts Mountains Formation

Hague (1892) defined the Lone Mountain limestone to include all the
strata between the Middle Ordovician Eureka Quartzite and the Devonian Nevada
Formation. Merriam (1940) applied the name "Roberts Mountains Formation" to
the strata lying below dolomite in the Lone Mountain and above the Hanson
Creek Formation. Winterer and Murphy (1960) indicated that the Roberts
Mountains Formation is probably the lateral time-stratigraphic equivalent of
the Lone Mountain Dolomite; they considered the Lone Mountain Dolomite to be a
reef-and-bank complex and the Roberts Mountains Formation to be an off-reef
deeper water basin deposit. In a recent comprehensive report on the Roberts
Mountains Formation, Mullens (1980) states, '"The Roberts Mountains Formation
grades eastward into the Lone Mountain and Laketown Dolomites and south and
southwestward into the Lone Mountain Dolomite."
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The type locality of the Roberts Mountains Formation 1s between the south
and middle forks of upper Pete Hanson Creek on the northwest side of Roberts Creek
Mountain in the Roberts Mountains, about 50 km northwest of Eureka, Nev. The
Roberts Mountains Formation is the host rock for all but a very small volume
of the gold ore bodies in the Carlin deposit and elsewhere within the Lynn
window. The formation crops out over a zone about 1-1/2 km wide along the
north and west margins of the window (pl. 1). Good exposures of the formation
are also present on the east flank of the Tuscarora Range, where the beds are
offset to the southeast along the Leeville fault, and it also is well exposed
along the hills from the north side of Sheep Creek over a distance of about
5 km to the north-northwest (pl. 1).

¢

Roen (1961) described the Roberts Mountains Formation in the Lynn
window. Radtke and Scheiner (1970b) presented chemical and mineralogic data
on the formation; Merriam and McKee (1976) summarized information on its
stratigraphy, depositional facies, and stratigraphic paleontology; and Mullens
(1980) made a comprehensive study of its petrology and stratigraphy including
the section exposed in the Lynn window.

The Roberts Mountains Formation in the Tuscarora Mountains is composed of
a basal cherty dolomitic limestone ranging from 1 to 30 m in thickness,
overlain by thin-bedded laminated silty dolomite and dolomitic limestone
having an estimated thickness of 5530 to 600 m; locally the upper 210 to 240 m
of the formation contains fine- to medium-grained limestone (peloidal
wackestone) interbedded with the laminated dolomitic beds. The upper boundary
of the Roberts Mountains Formation is placed at the contact between the
underlying laminated carbonate beds and the first overlying thick-bedded
coarse-grained limestone; this boundary proved very satisfactory for regional
mapping in most areas of the Lynn window, as well as in the Carlin mine. 1In
areas where the boundary is transitional, the contact was chosen to be where coarse-
"grained limestone becomes more abundant than laminated rocks of the
interbedded sequence; this mapping procedure corresponds to that followed by
Evans (1974a), Mullens (1980), and the geologic staff of the Carlin Gold
Mining Co.

The basal cherty carbonate beds of the Roberts Mountains Formation rest
disconformably on the dolomitic sandstone unit at the top of the underlying
Hanson Creek Formation. Mullens (1980) emphasizes that these cherty carbonate
beds are the only distinctive unit of regional extent in the Roberts Mountains
Formation. The best exposures in the northern part of the Lynn window are
about 1-1/2 km south and southeast of the Carlin mine; Berry and Roen (1963)
described similar beds that crop out about 1-1/2 km southwest of the Carlin
mine and 3/4 km southeast of the mouth of Sheep Creek Canyon.

The basal cherty zone is made up of 25~ to 100~mm-thick bands of brown
and black chert alternating with zones 25 to 250 mm thick of dark-gray
dolomite or dolomitic limestone. The irregular chert bands pinch and swell,
and locally cut across the carbonate bands. Detailed descriptions of this
basal zone in the Roberts Mountains Formation were included in the reports by
Roen (1961) and Mullens (1980). Chemical and spectrographic analyses of a
sample from across the basal cherty zone, as well as of samples of other rck
types in the Roberts Mountains Formation, are listed in table 1 (sample 5).
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Most of the Roberts Mountains Formation consists of a thick section of
thin-bedded laminated medium to dark-gray silty dolomite and dolomitic
limestone that lies conformably on the basal chert zone. Small amounts of
black chert are locally present, but they account for less than 1 percent of
the formation.

The laminated silty dolomite and dolomitic limestone are described
petrographically by Mullens (1980): "They consist of varying amounts of
angular quartz and feldspar silt and very fine sand, silt-size irregular
grains to euhedral rhombs of dolomite and calcite, and clay minerals set in an
extremely fine grained calcite matrix. Fresh rock contains disseminated
grains and tiny stringers of pyrite; specks, films, and coatings of
carbonaceous material; and minute inclusions of carbonaceous material and
pyrite in the calcite matrix. Weathered rock contains grains and stringers of
iron oxide. In general, a slice the size of a thin section, cut across the
laminations, is representative of the sample; but the sample is heterogeneous
at a l- to 2-mm scale. Graded bedding is extremely scarce in rocks collected
during this study."

In order to establish a useful mineralogic mode and average chemical
composition for the fresh laminated carbonate rocks, and to establish a
reference for comparison with mineralized rocks, two rotary-drill holes were
systematically sampled over 30- and 45-m intervals. Chemical and
spectrographic analyses of these composite samples, representing intervals
within the middle and upper parts of the formation, are listed in table 1
(samples 6, 7). Comparison of these two chemical analyses suggests that the
upper part of the Roberts Mountains Formation is more dolomitic and less
siliceous than the middle part. The middle part contains larger amounts of
such elements as boron, chromium, nickel, titanium, vanadium, and zirconium
that reflect a higher content of clastic materials. The contents of heavy
elements, including gold, arsenic, copper, mercury, and antimony, are also
higher in fresh rocks from the middle of the section.

Rocks in the stratigraphic interval from about 240 m below the top of the
formation down to the top of the basal cherty zone are siliceous argillaceous
dolomitic limestone. Chemical analyses and X-ray diffraction studies show
that the contents of the major constituents—-calcite, dolomite, quartz, and
clay--vary widely between individual samples. Ranges for calcite (20-40
percent), dolomite (10-50 percent), quartz (5-30 percent), and clay (5-14
percent), as well as averages for calcite (35 percent), dolomite (25 percent),
quartz (25 percent), and clay (15 percent), agree well with the values
reported by Mullens (1980) for samples from numerous areas in Nevada,
including the Lynn window. 1Illite is the most abundant clay mineral; chlorite
and kaolinite are minor. A few near~surface samples contained small amounts
of montmorillonite, probably formed during late weathering. Detrital
potassium feldspar and plagioclase, in amounts ranging from less than 1 to 3
percent, were present in all the samples studied. Minor constituents,
collectively totaling less than 3 percent, include zircon, hornblende,
monazite, tourmaline, rutile, magnetite, hematite, pyrite, and carbonaceous
materials. In addition to pyrite, other sulfides identified in several
samples of fresh limestone include small diagenetic(?) grains of chalcopyrite,
sphalerite, and galena.
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The upper 230 to 245 m of the Roberts Mountains Formation is made up of
two distinct facies (types I and II) of interbedded carbonate rocks; although
these two facies differ in composition, texture, and fabric, physically they
appear similar. Chemical and spectrographic analyses of rocks of both facies
types are listed in table 1 (samples 8, 9).

The dominant type I facies is strongly laminated argillaceous—arenaceous
dolomite or lime mudstone (fig. 3) that was very favorable for gold

Figure 3 near here

mineralization. About 25 to 45 percent of the rock is composed of dolomite
rhombs, from 25 to 50 Um in diameter, of early diagenetic origin. Other major
constituents include 20 to 30 percent angular 50~ to 100-Lm quartz graims, 15
to 20 percent argillaceous materials (mainly illite), and 5 to 15 percent
fine-grained calcite. Authigenic(?) chert (1-3 percent), pyrite (<0.5-1
percent), and carbonaceous materials (about 0.4-0.8 weight percent) were
ubiquitous in the samples studied. Accessory minerals present in minor
amounts include feldspar, hornblende, monazite, tourmaline, zircon, rutile,
magnetite, hematite, galena, sphalerite, and chalcopyrite. The carbonaceous
materials and the illite commonly are admixed and concentrated in 0.5- to
2-me-thick current-induced laminations. Pelletoid calcium carbonate is
absent, and although spicules are common, other fossil fragments are sparse.

The type II facies is thin-bedded weakly laminated arenaceous peloidal
wackestone (fig. 4). About 40 to 65 percent of the rock is pelletoid, ranging

Figure 4 near here

from 50 to 300 um in pellet diameter. Angular silt- to sand-size quartz
grains make up 10 to 20 percent of the rock, argillaceous materials
(principally illite) account for 1 to 5 percent, and dolomite is scarce (<1-3
percent). Bioclasts, including fragments of brachiopods, echinoderms,
crinoids, and spicules, are abundant and made up as much as 20 to 25 percent
of some samples. Although the conteat of carbonaceous materials (0.3-0.6
weight percent) is lower in this facies, the rocks generally contain the same
minor accessory detrital and diagenetic minerals. Near-surface samples of
both facies contained small amounts of montmorillonite formed during
weathering. Comparison of these samples (8, 9, table 1) shows that the
contents of minor elements--gold, arsenic, barium, chromium, copper, mercury,
nickel, antimony, scandium, vanadium, zinc, and zirconium-are significantly
higher in fresh type I facies rocks than in type II facies rocks.

Although the arenaceous peloidal wackestone contains large amounts of
calcite, this facies was an unfavorable host rock for mineralization; even
within gold ore bodies and zones of intense hydrothermal alteration, beds of
type 1II facies rocks are commonly deficient in gold or are weakly mineralized,
and show only slight hydrothermal alteration. The fact that the type II
facies was not so favorable for mineralization probably reflects a lower
porosity and permeability rather than a less favorable chemical composition.
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Surface exposures of the silty laminated beds tend to weather to light
gray, tan, or light brown. The beds become platy and show a marked decrease in
carbonate, sulfur, and organic carbon, and an increase in silica and alumina
{sample 10, table l). These effects could be due to the oxidation of pyrite
by oxygen—~bearing water; the hydrogen ions thus produced would react with and
remove the carbouates, and ferric ions would oxidize the organic components
(A. S. Radtke and C. L. Christ, unpub. data, 1970).

This surface and near-surface alteration is typical of these facies rocks
in the Lynn window and commonly extends to depths of 5 to 6 m, or even deeper
in highly fractured areas. Evans (1972a, 1974a) mapped large areas of the
Roberts Mountains Formation in the northern Lynn window as having undergone
intensive hydrothermal alteration and other large areas as jasperoid, also
intensely hydrothermally altered. Except for jasperoid formed locally along
faults, however, most of this alteration probably represents normal weathering
unrelated to regional hydrothermal activity.

A large number of paleontologic data are available on the Roberts
Mountains Formation of the Tuscarora Mountains; however, a detailed discussion
of the assemblages and zones reported by previous workers, including Roen
(1961), Berry and Roen (1963), Roberts, Montgomery, and Lehner (1967), and
Mullens (1980), is beyond the scope of this report. Emphasis is placed below
on new, previously unpublished fossil data on the Roberts Mountains Formation
from samples collected by J. G. Evans and T. E. Mullens during geologic study
of the Carlin deposit and regional study of that part of the Lynn window
included in the Rodeo Creek NE. quadrangle.

Roen (1961) and Berry and Roen (1963) reported that rocks 3 to 5 m above
the base of the Roberts Mountains Formatiom and 1 to 1.5 m above the top of
the basal cherty zone from 6 localities near the center of and in the
E-1/28W-1/4 sec. 27, T. 35 N., R. 50 E., contain a large, diverse graptolite
assemblage. The species identified include:

Cryptograptus sp.

Cyrtograptus n. sp. (of the C. lundgreni group)

lapworthi Tullberg(?)

cf. C. rigidus Tullberg

Monograptus dubius (Suess)?

aff. M. parapriodon Boucek

priodon (Bronn)

riccartonensis Lapworth

aff. M. spiralis (Geinitz)

vomerinus n. var. (similar to var. gracilis)
cf. M. vomerinus (Nicholson)

Retiolites geinitzianus var. venosus (Hall)

They concluded that the basal part of the formation in this area is early
Wenlock in age and is within the Zone of Monograptus riccartonensis. The age
of lower beds of the Roberts Mountains Formation was later extended to late
Llandoverian (Early Silurian) on the basis of graptolite fauna in the
Monograptus spiralis zone (W. B. N. Berry, written commun., 1969).
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Graptolites identified in samples from the Roberts Mountains Formation
collected by J. G. Evans and T. E. Mullens are shown in table 2, and conodonts

Table 2 near here

in table 3; ostracods, brachiopods, and corals are summarized in table 4.

Tables 3 and 4 near here

Fossil localities are shown on the map by Evans (1974a).

In summary, graptolite faunal data indicate that the strata of the
Roberts Mountains Formation in the northern part of the Lynn window range from
Early Silurian to Early Devonian. Although fossil data on forms other than
graptolites are not available for the lower and middle strata of the
formation, data on ostracods, conodonts, brachiopods, and corals from the
upper strata confirm that these beds are Early Devonian.

Devonian System
Popovich Formation

The Popovich Formation, a limestone, overlies the Roberts Mountains
Formation in the northern part of the Lynn window. The name "Popovich" was
first applied to this formation by Hardie (1966), in recognition of an early
prospector in the area. The Popovich Formation was formally named and
described by Akright, Radtke, and Grimes (1969) from exposures on Popovich
Hill, about 460 m southeast of the plant-mill site of the Carlin mine, as well
as along the north face of the Main pit. '

The Popovich is also exposed in a series of outcrops cut by north-south-
trending high-angle faults about 1-1/2 to 2-1/2 km southeast of the Carlin
mine on the east side of the Leeville fault. From the Carlin mine, the
Popovich Formation has been mapped northwestward from about 1-1/2 km in the
downthrown block on the east side of the Sheep Creek Canyon fault (pl. 1).
Other excellent exposures of the Popovich are along the east and west flanks
of a prominent series of hills 3 to 5 km northwest of the Carlin mine (pl.
1). On the basis of its stratigraphic position, poorly exposed limestone in
secs. 21 and 28 (pl. 1) along the west flank of the Tuscarora Range has also
been mapped as the Popovich Formation (Evans, 1972a, 1974a; Radtke, 1974).

The Popovich Formation thins from northwest to southeast; 1-1/2 km south
of the Blue Star gold deposit the formation is about 240 to 275 m thick, west
of the Carlin mine it is about 180 to 215 m thick, and in the area of the mine
it ranges from 60 to 125 m in thickness. Roen (1961) estimated the total
thickness of Devonian rocks at 460 m; he unquestionably included in this total
thickness the upper part of the Roberts Mountains Formation, now recognized to
include rocks of Devonian age. The Popovich is truncated by the Roberts
Mountains thrust.
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Basal strata of the Popovich Formation, 15 to 60 m thick, are composed of
fine-~grained limestone beds ranging from about 0.15 to 0.6 m thick, lesser
amounts of laminated silty dolomitic limestone, and scattered thin bioclastic
zones and seams of black chert. The mineralogy of the laminated dolomitic
limestone closely resembles that of the bulk of the Roberts Mountains
Formation but differs from that of the medium to thick-bedded limestone.
Approximate percentages of the principal minerals in this bedded limestone
are: calcite (60-80 percent), dolomite (5-10 percent), quartz (2-10 percent),
and illite (<5 percent).

Above the lower unit is a sequence of thin-bedded fine-grained medium-
gray silty dolomitic limestone interbedded with lesser amounts of thick-bedded
fine~grained dark-gray limestone. The sequence ranges from about 30 to 75 m
in thickness near the Carlin mine; several kilometers to the northwest it may
be as thick as 150 m. Chemically and mineralogically these thin-bedded silty
units also closely resemble the Roberts Mountains Formation. Radtke and
Scheiner (1970b, p. 90) described these beds in the Popovich and the bulk of
the Roberts Mountains Formation as "siliceous, argillaceous, dolomitic
limestones'"; they also reported, "* * * the rocks are composed of 30 to 45
percent calcite, 15 to 30 percent dolomite, 10 to 20 percent clays (mainly
illite with minor kaolin), 15 to 20 percent quartz, and minor abounts of
pyrite, K-feldspar, zircon, rutile, sphene(?), and carbonaceous material."

The upper part of the Popovich Formation is composed of thick-bedded
dark-gray limestone, locally coarse grained and highly fossiliferous; beds of
quartz-rich sandy limestone; and limestone breccia. This part of the Popovich
ranges from about 10 to 30 m in thickness. In describing these beds, Roen
(1961, p. 69-70) stated: "The ridge-forming, resistant, thick limestone are
well bedded and range from about 1 foot to 8 feet in thickness. The fine-
grained beds with smooth-weathered surfaces are usually about 1 foot to 3 feet
thick, whereas the coarse-grained beds that have rough-weathered surfaces are
as much as 7 or 8 feet thick. The coarse-~grained rocks *# * * have a
diversified, clastic lithology. The beds are composed of tabular, lighter
weathering clasts set in a darker gray limestone matrix. The tabular clasts
are shaly limestones that range from 0.25 inches to about 3 or 4 inches in
length. The clasts are similar to the shaly interbedded limestones suggesting
the unit is an intraformational conglomerate. Besides the numerous shaly
clasts there are a few rounded and irregular clasts derived from bioclastic
limestones. Irregular clastic chert nodules are occasionally present. A
distinct lithologic feature are the ‘edgewise conglomerates.”'

Chemical data on the Popovich Formation are listed in table 1 (samples
11-14) . Analyzed samples of thick-bedded fine-grained limestone from the base
and thick-bedded bioclastic limestone from the upper part of the formation
(samples 11 and 14, respectively) indicate that these rocks are low in sio,,
A1203, K20; and MgO; these contents reflect the small amounts of quartz, clay,
. and dolomite. By comparison, analyses of thin-bedded silty dolomitic
limestone (sample 12) and of composite samples of this facies and of
thin~-bedded limestone from the middle of the formation (sample 13) indicate
that these rocks contain much more SiOZ, A1203, KZO’ and MgO, and less COZ--

contents that reflect a greater abundance of quartz, illite, and dolomite, and
less calcite.
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The contents of minor elements in the cleaner thick-bedded limestone in
the lower and upper parts of the formation also differ significantly from
those in the thin-bedded silty dolomitic rocks in the middle of the formation,
whch contain more clay and detrital minerals. The thin-bedded silty dolomitic
rocks contain much more boron, barium, cobalt, chromium, copper, gallium,
lanthanum, nickel, scandium, titanium, vanadium, yttrium, ytterbium, zinc, and
zirconium than does the cleaner limestone (samples 11-14, table 1; A. S.
Radtke, unpub. data, 1969). Although the thin-bedded laminated silty
dolomitic rocks in the Popovich Formation resemble those of the bulk of the
Roberts Mountains Formation in physical appearance and major-element
chemistry, differences exist in trace-element abundances. Analyses of typical
samples (table 1) and of 30 other samples (A. S. Radtke, unpub. data, 1969)
suggest that these beds in the Popovich Formation contain more boron, cobalt,
chromium, gallium, lanthanum, manganese(?), scandium, titanium, yttrium, and
zirconium, and less arsenic, antimony, thallium(?), vanadium, and zinc.

Collections of conodonts from six localities in the northern part of the
Lynn window show that the Popovich Formation ranges in age from Early into
Late Devonian (table 5). In the area to the southeast of the Carlin deposit,

Table 5 near here

within the deposit, and continuing for about 1-1/2 km to the northwest, where
the total thickness of the formation increases from about 60 to 210 m, the
strata range from Early into Middle Devonian; however, farther to the
northwest, in secs. 4, 5, 8, and 9, T. 35 N., R. 50 E. (pl. 1), its thickness
increases to 275 m and includes beds of Late Devonian age. :

Two collections of fossils from basal beds of the Popovich in a thin
section 2-1/2 km southeast of the deposit (pl. 1) contained coral forms as
well as conodonts (Evans, 1974a, locs. M422, - M424A). The following
remarks are from notes’by C. W. Merriam (written commun., 1969) on the corals
in the Popovich Formation of this area:

(field No. M422) at base of section, Nevada cocordinates E. 304,360,

N. 2,241,100; Palisades No. 2 NE. quadrangle.
Australophyllum n. spe.
?Chaetetes sp.
?Chonophyllum sp.
?Heliolites sp..
Concerning this assemblage, Merriam (written commun., 1969) wrote: "The
well=-preserved colonial rugose coral referred to Australophyllum n. sp.
resembles, but is not conspecific with a new subgenus and species I have
described from the Rabbit Hill Early Devonian (Helderbergian). Another
subgenus of Australophyllum characterizes Silurian coral zone E. in the upper
part of this systems Your form is structurally closer to the Rabbit Hill
species, but the associated corals are perhaps a little more suggestive of
Late Silurian." o
(field No. M424A) lower part of section, Nevada coordinates E. 302,400,
N. 2,240,380; Palisades No. 2 NE. quadrangle
?Australophyllum sp.
?Entelophyllum sp.
?Palaeophyllum sp.
Ramose tabulate corals, possibly Coenites (abundant)
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Merriam (written commun., 1969), wrote: '"The ?Australophyllum sp. may be the
same as that from locality M422, but is too fragmentary for thin sectioning.
The fragmentary brachiopods are not identifiable, but may include Atrypa,
ribbed and smooth pentameroids."

Specimens of limestone collected from the basal 50 m of the Popovich
Formation about 1/2 km west of the West pit of the Carlin deposit (Evans,
1974a, loc. M412) contained corals and brachiopods in addition to conodonts
(table 5). C. W. Merriam studied the corals, and J. T. Dutro, Jr., reported
on the brachiopods:

USGS collection 8540-SD (field No. M412), Nevada coordinates E. 292,200,

Ne. 2,240,000; Palisades No. 2 NE. quadrangle, near base of Popovich
Formation
C. We Merriam (written commun., 1969) identified the following coral species:

Dalmanophyllum? sp.

Digitate favositid (Cladopora? or Thamnopora)

Fragmentary brachiopods, including the ventral valve of a possible

Atrypina :
C. We Merriam (written commun., 1969) commented: '"The silicified
Dalmanophyllum? shows fairly well preserved internal structure in thin
section, having an incipient axial structure. Streptelasmatidae of this kind
range from Late Ordovi:ian to Silurian. This coral also suggests the Devonian
genus Scenophyllum to a somewhat lesser degree."

Je T. Dutro, Jr. (written commun., 1969) reported the following
brachiopod species:

Clorinda? sp.

Cyrtina sp.

Protocortezorthis sp.

Spirigerina sp. :
Je T. Dutro, Jr. (written comun., 1969) concluded, "These almost certainly are
from the Quadrithyris Zone of the Lower Devonian."

Limestone beds about 90 to 140 m above the base of the Popovich along the
boundary between secs. 8 and 9, T. 35 N., R. 50 E. contain abundant fossils,
including well-preserved ostracod, trilobite, and brachiopod forms (Evans,
1974a, loc. M470). Ostracods in these samples were studied by J. M. Berdan
(written commun., 1970), who identified the following forms: .

USGS collection D273-SD (field No. M470), Nevada coordinates E. 282,500,

N. 2,249,400; Palisades No. 2 NE. quadrangle
Abditoloculina? sp. '
Acanthoscapha sp. cf. A. navicula ((Ulrich)
Aechmina sp.

" Berounella sp.
Birdsallella sp.
Falsipollex sp.
Jonesites? sp. aff. J.? circa (Coryell and Cuskley)
Smooth ostracods, indet.
Thlipsura sp. aff. T. furcoides Bassler
Ulrichia spe.
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J. M. Berdan reported: '"The new species here listed as Thlipsura sp. aff. T.
furcoides has been found in several collections from the Cortez and Horse
Creek quadrangles associated with leptocoeliid brachiopods. Unfortunately,
leptocoeliid brachiopods occur both in the Spinoplasia Zone and also in the
lower part of the Eurekaspirifer pinyonensis Zonme, and to date is is not clear
whether Thlipsura sp. aff. T. furcoides is restricted to one zone or the
other, or ranges through both zones. However, these collections are not older
than the Spinoplasia Zone and not younger than the Eurekaspirifer pinyonensis
Zone on the basis of the ostracodes."

R. J. Ross (written commun., 1969) reported the following trilobite
forms: _

Phacops (Phacops) claviger Haas

Phacops (Reedops) sp.
On this basis, this collection seems to be equlvalent to the Spinoplasia zomne

of Johnson (1965) from the Wenban Limestone--that is, upper Helderburgian (Haas,
1969).

Brachiopods in the sample from locality M470 (Evans, 1974a) were studied
by J. T. Dutro, Jr. (written commun., 1970), who reported: "The brachiopods
from this collection include a large number of chonetids, Strophochonetes
filistriata (Walcott), and a few specimens of leptocoelia infrequens (Walcott)
and Anoplia? sp. The first two species are abundant in the Eurekaspirifer
pinyonensis Zone and suggest that the collection represents this high Emsian
equivalent."

In summary, the fossil data indicate that the Popovich Formation ranges
in age from Early into Late Devonian. The rock types of the basal and middle
parts of the Popovich in many aspects resemble those of the Early Devonian
Windmill Limestone and the overlying Rabbit Hill Limestone in Copenhagen
Canyon, Nev. (Matti and others, 1975, p. 15-16). Merriam (1973, p. 9-10)
reported that a Rabbit Hill fauna occurs in thick-bedded limestone overlying
strata of the Roberts Mountains Formation in the Carlin window at Maggie
Creek, about 13 km southeast of the Carlin mine. The Popovich is also
equivalent in age to the Early and Middle Devonian Nevada Formation, the Late
Devonian Devils Gate Limestone, and the Early to Late Devonian Wenban
Limestone of the Cortez Mountains (Gilluly and Masursky, 1965).

Upper plate
Ordovician and Silurian Systems

The north margin of the Lynn window is bordered by a thick sequence of
dominantly siliceous and clastic rocks, designated the "siliceous assemblage"
by Roberts, Montgomery, and Lehner (1967) and here called the upper plate of
the Roberts Mountains thrust. Because these upper-plate rocks lithologically
resemble those in the type section of the Vinini Formation, these rocks were
assigned to the Vinini Formation by Hardie (1966), Roberts, Montgomery, and
Lehner (1967), Radtke and Scheiner (1970b), and Radtke (1973, 1974). Although
the age of the Vinini has been extended from Early Ordovician in the original
description (Merriam and Andersomn, 1942) to Early, Middle, and Late Ordovician
(Smith and Ketner, 1975), no known Silurian fossils have yet been identified
in rocks clearly assigned to the Vinini (R. W. Kopf, oral commun., 1980).
.Because graptolites of both Ordovician and Silurian age have been identified
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in samples of rocks collected at several localities near the Carlin deposit
(Evans, 1974a3), these upper-plate rocks are here referred to as
undifferentiated Ordovician and Silurian rocks.

Merriam and Anderson (1942) named and described the Vinini Formation from
exposures along Vinini Creek on the east side of Roberts Creek Mountain, about
40 km northwest of Eureka, Nev. They divided the Vinini into two parts and
stated (1942, p. 1694-1695): "Lower Vinini.* * * Lower strata of the Vinini
formation * * * consist of dark-gray, brownish-weathering bedded quartzites,
gray arenaceous limestone or calcareous sandstones commonly showing
cross—lamination, and fine laminated sandy and brownish-gray and greenish-
brown silty sediments. Locally the silty beds have a shaly parting, and in
some localities true black shales are present in the lower Vinini.* * #*

"Near the top of the lower Vinini, lava flows and tuffs occur * * #*
tuff-breccia grades upward into several feet of greenish volcanic sand
overlain by cherty shale, typical of the upper Vinini. * * * an amygdaloidal
lava* * *# ig% * * overlain by cherty shale of the upper Vinini* * *, The
tuffs and lavas presumably were hornblende andesites that have been
chloritized, and * * * extensive albitization has taken place. * * *

"Upper Vinini.* * * A succession of bedded cherts and black organic
shales constitutes the upper Vinini which follows the lavas and tuffs of the
lower division. In most sections studied the chert beds and lenses make up
more of the thickness than the shale interbeds, though at certain exposures
only the shale was recognized. Except where the resistant cherts are exposed,
outcrops of this unit are often poor."

With the exception of the lava flows and tuff, all the rock types in the
Vinini described by Merriam and Anderson have been recognized in the upper
plate in the area surrounding the Lynn window.

Rocks of the upper plate are very poorly exposed in the Rodeo Creek NE.
quadrangle, owing to extensive soil and talus cover. Exposures good enough to
permit description of the strata occur along stream channels, bulldozer cuts,
and roadcuts, and in faces within the Carlin mine. On the basis of recent
mapping, the upper plate may be divided into three zones: (1) a lower zone
containing interbedded chert and shale, and lesser quartzite, sandstone, and
limestone; (2) a middle zone composed mainly of shale and lesser chert; and
(3) an upper zone containing mainly chert and shale in a lower shale/chert
ratio. The division between the middle and upper zones is indefinite and is
based on the apparent ratio of shale to chert beds. General descriptions of
the Vinini in the Tuscarora Mountains were included in the report by Roberts,
Montgomery, and Lehner (1967, p. 30-32), and a preliminary description of the
rocks near the Carlin mine was given by Radtke and Scheiner (1970b) and Evans
(1974a) .

The regional strike of most strata of the upper plate is northeast, in
contrast to the east-west strike of the Roberts Mountains thrust (see pl. 1;
Evans, 1974a). However, the general similarity of the attitudes of
upper-plate rocks in the lower zone immediately above the thrust to the
attitude of the thrust (pls. 1 -4) implies that a major structural feature
exists within the lower zone that could consist either of concealed high-angle
faults or of a subsidiary thrust above the main exposed thrust.
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Lower zone

The lower zome of the upper plate, which ranges in thickness from about
60 to 180 m, is composed chiefly of interbedded chert and shale, and minor
amounts of sandstone and quartzite. The chert/shale ratio ranges from about
1:2 to 2:1., Thin-bedded black chert seams, as thick as several centimeters,
are interbedded with hard demse dark-gray to black siliceous shale and smaller
amounts of brown, tan, and green dolomitic shale. The shale is composed
chiefly of illite, quartz, and minor amounts of montmorillonite, kaolinite(?),
calcite, and dolomite. The siliceous shale is made up of about equal
proportions of illite and quartz, and only small amounts (<5 percent) of
kaolin and montmorillonite; organic carbon content ranges from about '0.05 to
0.3 weight percent (Radtke and Scheiner, 1970b). The dolomitic shale contains
40 to 60 percent clay (predominantly illite and minor kaolin and
montmorillonite(?)), 15 to 35 percent quartz, 10 to 20 percent dolomite, 1 to
10 percent calcite, and 0.3 to more than 3.0 weight percent organic carbon
(Radtke and Scheiner, 1970b). Chemical and spectrographic analyses of a 30-m
composite sample, consisting of about 70 percent siliceous shale and 30
percent chert, and of samples of the dolomitic shale, are listed in table 6
(samples 1l and 2, respectively.)

Several zones of dark-brown bedded quartzite, ranging from 1.5 to 6 m in
thickness, that are exposed in the West pit of the Carlin mine appear as
distinct, mappable units within the lower 60 m of the strata above the Roberts
Mountains thrust. Other, similar quartzite beds have been recognized within a
zone about 60 to 90 m above the thrust along the west and east slopes of
Popovich Hill. About 1-1/2 km southeast of the Carlin mine, thin poorly
exposed quartzite beds have been mapped at an apparently similar stratigraphic
position above the Roberts Mountains thrust (pl. 1).

Limestone beds as thick as 9 m, interbedded with shale and chert, occur
within the lower zone of the upper plate near the Carlin mine. Chemical and
" spectrographic analyses of this limestone are listed in table 6 (sample 3).

Upper-plate limestone in the lower zone, as well as thicker limestone in
the middle zone (described below), commonly contain less clay and dolomite and
considerably less detrital quartz than do most fresh carbonate rocks of both
the Roberts Mountains Formation and the Popovich Formation, as reflected in
the smaller amounts of 510,, A1203, K50, and MgO in analyzed samples of
upper-plate limestone (samples 3, 4, table 6) relative to most analyzed

Table 6 near here

samples of the Roberts Mountains Formation and the Popovich Formation (samples
6-10, 12, 13, table 1). However, the mineralogic and chemical compositions of
the upper—-plate limestone correspond closely to those of thick-bedded units of
the Popovich (samples 11, 14, table 1). The contents of minor elements in
upper-plate limestone do not differ significantly from those in either of the
lower-plate formations.
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Radtke and Scheiner (1970b, table 2) reported a chemical analysis of a
sample of rocks designated "siliceous Vinini limestone'" collected in the
Carlin mine; the sample contained about 8 percent clay and 40 percent
quartz. Later petrographic study showed that these rocks were altered and
that the silica and clay were introduced during hydrothermal mineralization.

Middle 2zone

The middle zone of the upper plate is made up of interbedded tan to brown
shale, thin-bedded sandy limestone, gray to black chert, light-brown
calcareous sandstone, and small amount of black carbonaceous shale. That part
of the upper plate is more than 750 m thick; however, owing to poor exposures
and extensive faulting, more accurate measurement of its thickness is not
possible. Although surface expsures are limited and the lithology varies over
short distances, in most places the ratio of shale to chert is greater than
2:1. Rocks of the lower zone were not distinguished from those of the middle
zone by Evans (1974a). ‘

Chemical and spectrographic analyses of a 50-m composite sample from the
middle zone are listed in table 6 (sample 5); the sample contained about 70
percent siliceous shale, 25 percent chert, and 5 percent black carbonaceous
shale. The mineralogy of this sample resembles that of the composite sample
from the lower zone, as reflected in the chemical analyses (samples 5 and 1,
respectively, table 6). Comparison of these analyses suggests that the
interbedded shale and chert in the middle zone contain less aluminum, calcium,
potassium, and titanium, and more barium, iron, magnesium, phosphorus, and
organic carbon, relative to similar rocks in the lower zone.

Differences in minor-element compositions may be more diagnostic. Data
from spectrograhic analyses (table 6; A. S. Radtke, unpub. data, 1970) show
that the middle-zone rocks contain significantly less boron, cobalt, chromium,
lanthanum, magnagese, niobium, lead, and strongium, and more barium,
molybdenum, nickel, vanadium, yttrium, and zinc.

Limestone units that may be as thick as 100 m occur within the lower
450 m of the middle zone. These units have been recognized and mapped east
and southeast of the mine (pl. 1l; Evans, 1974a; Radtke, 1974).
Lithologically, these upper-plate units closely resemble the Popovich
Formation of the lower plate, and Hardie (1966, p. 77-78) stated: "The
upper-plate Vinini formation * * * contains limy horizons that are apparently
discontinuous within the more abundant siliceous shale and quartzite. These
limy horizons are indistinguishable from the Devonian ‘Popovich’ unit of the
lower-plate * % %, * * * These limy lenses in places resemble the lower plate
rocks and have been erroneously mistaken for them." These limestone units
commonly contain only small amounts of detrital quartz, clay, and dolomite;
the content of SiOz, A1203, Mgo, TiOz, PZOS’ and total Fe also are low (sample
5, table 6).
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Upper zone

The content of chert in the upper zone of the upper plate increases north
and northeast of the Carlin mine. The ratio of chert to shale ranges from
about 1:1 and 2:1, and the shale beds commonly are highly siliceous; however,
changes in the ratio of chert to shale area gradational, and no sharp boundary
has been recognized. Chemical and spectrographic analyses of a 30-m composite
sample from the upper zone are listed in table 6 (sample 6).

Thin beds of black carbonaceous shale occur throughout the upper part of
the section. Evans (1972a and 1974a) indicated that the upper plate about
2-1/2 km north of the Carlin deposit contains a quartzite unit as thick as
600 m and reported (Evamns, 1974a), "* * * some of the quartzite is interpreted
to be recrystallized chert." Although these strata are shown as quartzite on
the geologic map (pl. 1), I agree with Evans that some and possibly all of
these rocks are bleached recrystallized chert and silicified shale; the
changes probably are due to metamorphic and metasomatic processes associated
with the intrusive igneous body (pl. l1). The total thickness of the upper
zone can be estimated only to be greater than 900 m.

The upper plate in that part of the Tuscarora Mountains discussed here is
estimated to be more than 2,400 m thick, a value comparing well with the
estimate of over 2,100 m by Roberts, Hotz, Gilluly, and Ferguson (1958) for an
area in the southern part of the Tuscarora Range.

Conodonts collected from limestone of the upper plate in the SE-1/4SW-1/4
sec. 19, T. 35 N., R. 51 E. (Evans, 1974a, loc. M426), in the center of the
W-1/2NE-1/4 sec. 19, T. 35 N., R. 51 E. (Evans, 1974a, loc. M428), indicate
that the age of these rocks is probably Middle to Late Ordovician (J. W.
Huddle, written commun., 1969: ‘

USGS collection 6753-CO0 (field No. M426), East Nevada coordinates

E. 304,200, N. 2,235,240; Palisades No. 2 NE. quadrangle

Acontiodus sp. 1
Cordylodus sp. 16
Cyrtoniodus flexuosus (Branson and Mehl) 9
Platodus spp. . 3
" Plectodina? sp. 5

USGS collection 6754=CO (field No. M428), East Nevada coordinates
E. 306,780, N. 2,244,240; Palisades No. 2 NE. quadrangle

Cordylodus spp. 22
Cyrtoniodus flexuosus (Branson and Mehl) 11
Drepanodus? sp. 1

Drepanodus sp.
Phragmodus undatus? Branson and Mehl

Platodus sp.

Plectodina? sp.

Scandodus sp. A
In reference to these samples J. W. Huddle (written commun., 1969) wrote:
"These two collections seem to represent the same fauna. The age is probably
Middle or Upper Ordovician. Phragmodus has been found in the uppermost
Antelope Valley Limestone and Copenhagen Limestone in Nevada."

— b
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Collections of graptolites from chert and shale beds within the upper
plate range in age from Early Ordovician to Early Silurian. Data on
graptolite assemblages reported by Roberts, Montgomery, and Lehner (1967) and‘:
from the fossil localities in the report by Evans (1974a) are summarized in
table 7. The Silurian graptolite Monograptus spiralis of late Llandoverian

Table 7 near here

(Silurian) age has been identified in shale units in the NE-1/4NE-1/4 sec. 15,
Ts» 35 N., R. 50 E., about 300 m northwest of the tailings pond dam of the
Carlin deposit (Homestake Mining Co., oral commun., 1975). The location of
this sample (HM), only 180 m north of locality M548 (Evans, 1974a) of late
Early or early Middle Ordovician age (table 7) suggests the existence of a
fault between these two localities, concealed beneath alluvium in the canyon
below the tailings pond and trending southeast beneath the tailings pond (see
pl. 1). However, the presence of Silurian rocks at such an apparently low
stratigraphic position in the upper plate is an unresolved problem and
suggests that these areas are much more complex structurally than has been
indicated on previous maps (pl. l; Evans, 1974a; Radtke, 1974).

In summary, the fossil data indicate that rocks of the upper plate near
the Carlin mine range in age from Early Ordovician to Early Silurian. If
regional studies should show that these rocks are equivalent to the Vinini
Formation, then the age of the Vinini Formation should be extended through the
Early Silurian.

Cenozoic rocks
Lakebeds

Thin remnants of crystalline tuff interbedded with lesser amounts of
tuffaceous siltstone and sandstone crop out along the west flank of the
Tuscarora Range. These rocks were previously mapped and described as
tuffaceous siltstone and conglomerate of Tertiary and (or) Quaternary age
(Evans, 1972a, 1974a), and as tuffaceous siltstone, sandstone, and clay of
Tertiary age (Radtke, 1974). A paucity of both fossil evidence and
radiometric data precludes establishing a more precise age for these units.
Lithologic similarities between these units and others in Maggie Creek and
Pine Valley described by Regnier (1960) suggest that the rocks could be
correlative with either Regnier’s (1960) Carlin Formation of early Pliocene
age or the Hay Ranch Formation of middle Pliocene to middle Pleistocene age.
However, the presence of crystalline tuff beds in the units and the close
spatial association between these sedimentary rocks and the l4-m.y.(million
year)-old igneous flows suggest that the lakebeds are of early Pliocene age.

The lacustrine deposits along the west flank of the Tuscarora Range are
composed mainly of poorly bedded light-gray vitric crystalline tuff as thick

as 6 m« Chemical and spectrographic analyses of the tuff are listed in table
8. '

Table 8 near here
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Carlin Formation of Regnier (1960)

Clastic sedimentary rocks that closely resemble the Carlin Formation
named and described by Regnier (1960) were first recognized and mapped in the
northeast corner of the Rodeo Creek NE. quadrangle by Evans (1972a, 1974a).
The formation is composed of several rock types that include poorly
consolidated conglomerate containing abundant angular to rounded chert
pebbles, poorly bedded to thin-bedded tuffaceous and nontuffaceous sandstone,
mudstone, and welded tuff. '

Al though these beds occur over a large area (pl. 1), they are poorly
exposed in outcrops, and stratigraphic mapping is virtually impossible. The
thickness of the Carlin Formation in the Rodeo Creek NE. quadrangle is
difficult to estimate (see pl. 1); Evans (oral commun., 1974) reported a
minimum thickness of more than 180 m that corresponds closely to a minimum
thickness of 190 m about 16 km southeast in the Maggie Creek area. No fossil
data are available on the Carlin Formation in the study area, but Evans (1974)
considered it to be Pliocene in age..

Alluvium

Several types of surficial sedimentary deposits of Pleistocene and
Holocene age are here mapped together as undifferentiated Quaternary alluvium
{pl. 1). Most of these surficial deposits are composed of unconsolidated
stream alluvium, gravel, and slope wash. Alluvial fans, composed mainly of
unconsolidated pebble- and cobble-size chert containing sand-size material and
lesser amounts of silt, occur along the east side of the Tuscarora Range north
of the access road to the Carlin mine and were mapped separately as
fanglomerate by Evans (1972a, 1974a).

Waste dumps and low-grade ore stockpiles of the Carlin mine are shown on
the geologic map of the Lynn mining district (pl. 1); because the bedrock
geology was mapped before these manmade deposits were formed, they are not
included or shown as alluvium. Landslide deposits are also omitted from the
map (pl. 1). .

Igneous rocks
Intrusive rocks

The oldest intrusive igneous rocks in the study area are quartz diorite,
diorite, and granodiorite of Late Jurassic and Early Cretaceous age in two
small stocks and numerous dikes (pl. 1l; Evans, 1974a). One small poorly
exposed- stock, here referred to as the North Big Six intrusive, intrudes the
upper plate and crops out about 4 km north of the Carlin mine on the west
flank of the Tuscarora Range. The intrusive rocks is medium grained and
contains abundant chlorite formed by deuteric or hydrothermal alteration of
biotite and hornblende. Petrographic examination, calculated mineral norms,
and chemical analyses (sample 1, table 9) show that the rock ranges from
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diorite to quartz diorite. Radiometric-age determinations were not made owing
to alteration of the ferromagnesian minerals. The North Big Six intrusive is
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tentatively assigned a Late Jurassic and Early Cretaceous age because of its
chemical and mineralogic similarities to other intrusive rocks of that age in
the Lynn mining district.

Another stock, the Gold Strike intrusive, is 2-1/2 km north of the Blue
Star gold deposit in sec. 30, T. 36 N., R. 50 E. (Evans, 1972a, 1974a).
Surface exposures are poor, but the upper few meters are well exposed in
numerous bulldozer cuts made by the Newmont Mining Corp. Most of the
intrusive rock is light- to medium—gray fine-grained granodiorite, although
locally its composition approximates quartz diorite and diorite. Chemical and
spectrographic analyses of-samples of the deep relatively fresh and the
shallow weathered and hydrothermally altered intrusive rocks are included in
table 9 (samples 2 and 3, respectively). Limestone and shale of the upper
plate near the intrusive rocks are recrystallized and bleached; locally, skarn
minerals, including wollastonite, hedenbergite, and iron-rich garnet, are
present.

The granodiorite contains about 20 to 25 percent quartz, 10 to 15 percent.
orthoclase, 30 to 35 percent plagioclase (An35_ 0)»> 10 to 15 percent biotite,
5 to 10 percent hornblende, and small amounts of sphene, apatite, rutile, and
chlorite formed by alteration of both hornblende and biotite. Hausen and Kerr
(1968, p. 922) reported: "Thin sections reveal a hypidiomorphic granular
texture consisting mostly of anhedral plagioclase and quartz with moderate
amounts of biotite and hornblende.* * * Plagioclase, near sodic andesine in
composition, is locally sericitized and argillized."

The intrusive rock has been hydrothermally altered, and the most intense
alteration is confined to gouge within shear zomes and the walls of numerous
fractures. Petrographic and X-ray diffraction studies indicate that pyrite
and both sericite and kaolinite were formed, and that ferromagnesian minerals,
including biotite and hornblende, were removed; small hydrothermal quartz
veinlets were formed in the shear zomes. Gold, together with significant
amounts of arsenic, antimony, and mercury, was introduced and concentrated in
the shear zones (sample 3, table 9). '

Supergene alteration reached a depth of at least 8 m and may extend much
deeper. This alteration, probably induced by oxidation of pyrite, has been
superimposed on the hydrothermal alteration. Upon weathering, the rocks turn
greenish gray and brownish buff and become soft and friable. Plagioclase
alters to clay, mainly montmorillonite, and the mafic minerals alter almost
completely to chlorite and iron oxides.

A radiometric-age determination on biotite separated from unaltered rocks
indicates that the Gold Strike intrusive is 12145 m.y. old, that-is, Early
Cretaceous (Hausen and Kerr, 1968). No data are available on the age of
sericite in the altered rocks presumably formed during hydrothermal
mineralization. This K-Ar age of 121 m.y. on the Gold Strike intrusive is
anomalous in that it falls midway between two of the intrusive epochs of 168
to 143 and 105 to 87 m.y. B.P. in north—-central Nevada, as defined by
Silberman and McKee (1971).
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Intrusive dikes of granodiorite, quartz diorite, and diorite occur
throughout the Tuscarora Range. The fresh rock is light gray to pinkish gray,
fine grained, holocrystalline, and locally contains plagioclase phenocrysts.
A chemical analysis of a sample from a relatively fresh intrusive calc-
alkaline granite or granodiorite dike in sec. 16, 3 km west of the Carlin
mine, is listed in table 9 (sample 4). Except for the dikes in that general
area, many of which have altered borders, most dikes in the Lynn mining
district have been intensely altered throughout to mixtures of clay, chlorite,
iron oxides, and quartz. |

In most areas the dikes were emplaced along high—angle faults that trend
northwest or north-south. Although igneous dikes crop out in many areas,
swarms of dikes are concentrated in only three areas: sec. 16, 3 km west of
the Carlin mine; near the Big Six mine, about 1~1/2 km northeast of the Carlin
mine; and in the jmmediate vicinity of the Carlin and the Blue Star
deposits. In the -areas of the Big Six, Carlin, and Blue Star deposits, a
close spatial relation exists between the dikes and gold mineralization (pl.
1; Radtke, 1974). :

Within the area of the Carlin deposit, igneous dikes were emplaced along
sets of northwest-trending high-angle faults (pls. 1-4; Radtke, 1973).
Except for small areas within two dikes, all the igneous rocks in the Carlin
mine are extensively hydrothermally altered; details of this alteration are
discussed below in the section entitled "Hydrothermal alteration."

One prominent dike, ranging in width from gbout 1.5 to more than 15 m and
trending northwest along a high—angle fault, cuts through the' southwest corner
of the Main pit and has been traced through the Main pit over a distance of
about 300 m (pl. 2). The weakly altered parts of the dike are a light-brown
fine~grained granodiorite containing locally abundant biotite phenocrysts.
Seen in thin section, this rock contains phenocrysts of quartz, biotite,
bladed hornblende, and scattered orthoclase in a groundmass of
cryptocrystalline quartz and plagioclase. The hornblende is altered locally
to epidote, and the margins of biotite phenocrysts are altered to chlorite.
The rock contains little, if any, sericite, clay, or carbonate minerals;
secondary minerals present in minor amounts include iron oxides and
hydroxides, and jarosite. A chemical analysis of this rock is reported in
table 9 (sample 5). Hausen and Kerr (1968) indicated that the dikes are
either dacite or quartz latite. D. M. Hausen (written commun., 1967)
classified this rock as biotite-rich dacite and reported a K-Ar age on the
biotite of 14946 m.y. This age falls within the earliest epoch of igneous
activity of 168 to 143 m.y. B.P. outlined by Silberman and McKee (1971). The
validity of this 149-m.y. age, however, is highly questionable (see Evernden
and Kistler, 1970) because of the low potassium content (3 weight percent) in
the biotite and the fact that the concentrate analyzed contained oaly 85
percent biotite, whereas the whole rock contains 20 percent biotite and 5 to
10 percent chlorite (D. M. Hausen, written commun., 1967).

Another dike of granodioritic composition, several meters wide, intrudes
the upper plate along the north wall in the southwest corner of the Main
pit. Biotite separated from samples of this dike, collected on the 6460 Bench
at mine coordinates 22,050 N., 17,350 E. (pl. 3), gave a K-Ar age of 128+4
m.y. that corresponds well to that of 121 m.y. reported by Hausen and Kerr
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(1968) for the Gold Strike intrusive but is significantly lower than the
questionable 149-m.y. age reported for the other dike in the Carlin deposit.

In summary, K-Ar radiometric age determinations outline an age range of
149(?) to 121 m.y., that is, Late Jurassic to Early Cretaceous, for intrusive
igneous activity in this part of the Tuscarora Mountains. Althought the
radiometric-age determinations on samples of these rocks imply two different
episodes of intrusive activity, chemical and petrographic similarities,
geologic conditions, and the questionable validity of the 149-m.y. age
determination all suggest a common magmatic source and possibly a much
narrower age range.

Extrusive rocks

Flows ranging in composition from rhyolite to rhyodacite are exposed over
large areas along the west flank of the Tuscarora lMountains and overlap both
lower- and upper-plate Paleozoic sedimentary units (pl. l). These reddish~
brown to dark—gray extrusive rocks form low rounded hills, have a westward
regional dip of 159 to 309, and reach an apparent maximum thickness of 180 to
220 m. The rocks have a microcrystalline groundmass composed mainly of
quartz, potassium feldspar, and hornblende, and contain phenocrysts of
sanidine and less commonly, quartz. Vesicular rocks are also present in the
flows. 1In comparison to other igneous rocks in the district, the flows are
fresh and unweathered. Chemical and spectrographic analyses of two samples of
the extrusive rhyodacite flows are listed in table 9 (samples 14, 153).

K-Ar age determinations on sanidine phenocrysts indicate that these
extrusive rocks are 14.2+0.3 m.y. old, that is, Miocene. This age is
compatible with general geologic relations in the Tuscarora Range and
correlates with the pulse of volcanic activity 17 to 13 m.y. B.P. in north-
central and northeastern Nevada recognized by McKee, Silberman, Marvin, and
Obradovich (1971) and Silberman and McKee (1974).

These igneous rocks are associated with a deep body of magma that
supplied the heat for the late Tertiary hydrothermal system responsible for
formation of the Carlin gold deposit.

Structure
General features

The Tuscarora Mountains south of the Carlin mine are composed mainly of
lower—-plate sedimentary rocks folded into a northwest—~trending anticline. The
oldest exposed rocks are in the southern part of the area in the core of the
anticline, and successively younger rocks crop out toward the west, north, and
noriheast (pl. 1). This sequence is truncated by the Roberts Mountains
thrust, which is exposed intermittently across the range in the middle of the
Lynn mining district. Lower-plate sedimentary units below the Roberts
Mountains thrust, as well as the thrust itself, are displaced by complex sets
of high-angle faults.
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Sedimentary rocks above the Roberts Mountains thrust in the north half of
the Lynn district are also broken by numerous high-angle faults. Poor surface
exposures, similar lithology over large areas, and local changes in the
attitude of beds over short distances make it difficult to recognize faults
and other structures in the upper plate, and so actual structural conditions
are much more detailed and complex than those shown on the geologic map
(pl. 1). The anticlinal structure of the Tuscarora Range disappears north of
the outcrop trace of the Roberts Mountains thrust; the thick sequence of
upger-glate rocks has a regional strike of about N. 40°-45° E. and dips
307-40" NW.

The northwest-trending low hills about 1-1/2 km west of the Carlin mine
make up a separate structural block. These hills, referred to as the
Tuscarora Spur, are a horst bounded on the east by the Sheep Creek Canyon
fault and probably bounded on the west by a concealed basin-and-range boundary
fault. Most exposed sedimentary rocks in this block strike about
N. 10°-20° W. and vary widely in westward dips. The overall structure is an
anticline trending about N. 25° W. and having a more steeply dipping east
limb. Most of this east limb either is covered by alluvium or has been
removed by normal faulting, but it is exposed over a short distance about
3/4 km southeast of the Blue Star deposit on the south side of the Blue Star
Canyon fault (pl. 1). Locally the rocks are strongly folded and vary widely
in attitude. Other structures recognized during detailed field mapping
include a series of northwest-trending synclinal and anticlinal folds with
roughly parallel fold axes (pl. 1; Radtke, 1974).

Sedimentary rocks exposed in the downthrown block north of the Blue Star
Canyon fault, including the host rocks for the Blue Star deposit, have
previously been mapped as different rock types within the Vinini Formation
(Radtke, 1974) or as units of the upper plate (pl. l; Evans, 1972a, 1974).
However, these rocks could actually be altered thin-bedded carbonate rocks of
the Roberts Mountains Formation and less altered thicker bedded limestone of
the Popovich Formation. This uncertainty may be resolved through examination
of better surface and subsurface exposures developed during mining operations
at the Blue Star deposit, or from deep-drilling data.

Roberts Mountains thrust

The Roberts Mountains thrust fault, which placed the upper plate on top
of the lower plate during Late Devonian or Early Mississippian time, is the
oldest prominent structure in the study area. Although the thrust, or the
numerous high-angle faults that displace it, crosses the Tuscarora Range over
a distance of about 6 km, the structure is very poorly exposed at the
surface. In many places the margins of the Lynn window are not the exposed
eroded thrust, but are complex sets of high-angle faults that have displaced
the Roberts Mountains thrust.

The best exposures of the thrust are along the east face of the West pit
in the Carlin mine (fig. 5) and along the south and the east flanks of

Figure 5 near here

Popovich Hill. Within both areas on Popovich Hill, the outcrop pattern is
offset by numerous high-angle faults (pls. 1-4 ). Between the West pit and
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Popovich Hill, two high~angle faults with large vertical displacements, here
referred to as the Hardie and Mill faults, displace a block including the
thrust downward, and conceal the thrust along the north and west sides of the
Main pit (pls. 1-4).

The contact between the lower and upper plates cam be traced along a zone
trending about N. 75° W. from the Carlin mine over a distance of approximately
1-1/2 km to the Sheep Creek Canyon fault. Throughout this zone the contact is
poorly exposed. Detailed field mapping and study of drill logs show that
complex sets of high—angle faults offset the lower-plate units and the thrust,
and locally the lower-plate beds are folded and highly contorted. Thus the
Popovich Formation has an apparent thickness much greater than its true
thickness. Three distinct types of upper-plate/lower-plate contacts have been
recognized (fig. 6): the Roberts Mountains thrust, high-angle faults, and a

Figure 6 near here

combination of the thrust and later nearly parallel high-angle normal faults.

The easternmost exposure of the Roberts Mountains thrust in the area of
the Carlin mine is along the northwest wall of the East pit, where the thrust
is displaced and offset by a high-angle fault that in turn is offset by the
prominent Leeville fault (pls. 1-4 ). The thrust crops out again in the S§-~1/2
sec. 13, east of the Leeville fault and 1-1/4 km southeast of the Carlin
mine. In that area also the thrust is poorly exposed and is locally offset by
a series of northwest-trending high-angle faults. Near the east flank of the
range, a thin scab of upper-plate rocks has been faulted into a small
synclinal structure (pl. 1).

The trace of the Roberts Mountains thrust is preserved along the flanks
of the Tuscarora Spur south of the Blue Star deposit, and in the center of a
northwest-plunging syncline along the west side, close to the crest of the
spur. Along the west side of these hills the thrust is cut off by a
high-angle fault, and along the east flank the thrust is projected beneath
alluvial cover and probably terminates against the concealed extension of the
Sheep Creek Canyon fault.

The lower and upper plates also crop out in secs. 21 and 28 along a
series of low hills west of the Tuscarora Range. In earlier studies, Evans
(1972a, 1974a) discovered complex structural relations that include thrusting
of the Roberts Mountains Formation over both the Popovich Formation and upper-
plate limestone. Although surface exposures are poor and attitudes of most of
the units are unclear, the structural relations in this area probably resemble
those recognized farther to the north along the west side of the Tuscarora
Spur and elsewhere in the Lynn mining district (pl. 1; Radtke, 1974).

Tuscarora Mountains anticline

The Tuscarora Mountains anticline, which has deformed sedimentary rocks
in the lower plate, is the largest fold in the study area. This large
structure strikes N. 20-°30° W. and plunges 25°-35° N. Although bedding
attitudes vary locally and individual fault blocks are tilted by vertical
movement on high—angle faults, the outline of the anticline is well shown by
the position and outcrop pattern of the sedimentary units. Beds along the
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west limb of the anticline dip about 30°%-45° W.; beds cropping out along the
nose of the fold have a somewhat flatter dip, generally between 25° ang 35°.
The east limb of the anticline is cut by the Leeville fault. Beds on the
downthrown east side of the Leeville structure close to the fault vary widely
in both strike and dip (pl. 1).

The age of folding has not been clearly established, although folding may
have begun shortly after Early Mississippian time, as suggested by Roberts,
Montgomery, and Lehner (1967). Strong uplift due to compressional tectonic
forces probably accompanied intrusive igneous activity in the region during
Late Jurassic and Early Cretaceous time, and could have continued until the
early through middle Tertiary period of basin-and-range vertical tectonic
activity.

High-angle normal faults

High-angle normal faults are common throughout the northern part of the
Lynn mining district. This type of faulting was important in creating the
structural setting of the district and provided zones of weakness for the
emplacement of igneous dikes and channels for the movement of hydrothermal
ore~bearing solutions. These faults are classified here, on the basis of
location, relative strength or influence on the regional structural setting,
and age, as: (l) high-angle faults in the lower plate, (2) high-angle faults
in the upper plate, (3) large or regional high-angle faults, and (4)
basin-and-range faults.

High—-angle faults in the lower plate

Lower-plate rocks in the Ruscarora anticline are shattered and broken
into blocks by numerous high-angle normal faults. Most of these faults
outside the immediate area of the Carlin deposit strike either N. 20°-45° w.
or N. 20°-45° E. and are displaced vertically by a few tens of meters to over
300 m. Near the thrust contact and along the west side of the anticline these
faults commonly strike between N. 20° W. and N. 20° E.

The high—-angle faults show no apparent changes in attitude in crossing
from one rock type into another. In many places in the district the
northeast—trending faults cut and displace those striking differently. Most
dikes in the lower plate in both the Tuscarora anticline and the Tuscarora
Spur, and all but one dike in the Carlin mine, were emplaced along faults that
trend between about N. 45° W. and north-south. Within the Carlin mine,
northeast-trending faults commonly offset the dikes as well as the other
faults. Either the northeast-trending high—angle faults postdate the other
sets, or they formed at the same time and moved later.

Initial movement on many of the high-angle faults probably took place
during formation of the Tuscarora anticline. Since both the northwest- and
north-south-trending faults contain igneous dikes of Late Jurassic age,
initial high-angle faulting must have begun before or during early Late
Jurassic time. Many of the northeast-trending faults postdate the period of
dike intrusion and predate the later Tertiary (probably Miocene) gold
mineralization because they influenced the positions of ore deposition; some
and possibly all movement on faults of this set in the Carlin mine area is
therefore post-Late Jurassic and pre-Miocene.
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High-angle faults in the upper plate

High—angle normal faults with unknown amounts of displacement have been
recognized and mapped in the upper plate of the Roberts Mountains thrust
(Evans, 1972a, 1974a; Radtke, 1974). The intensity of faulting in upper-plate
rocks, is apparently not so great as in lower-plate .rocks (pl. 1), possibly
reflects a decrease in tensional forces associated with diminished uplift and
folding of the upper plate north of the Carlin deposit, or the tendency for
the shale and shale~chert beds to deform without rupture. Areas where
upper-plate rocks occur as bedrock, however generally have a heavy soil and
talus cover, and the bedrock, which varies little in general lithology over
large distances, generally is very poorly exposed. Most faulting must be
recognized through interpretation of aerial photographs, except along
roadcuts=-in places where linear zones of silicification are visible, where
attitudes of beds vary greatly over short distances, or where changes in rock
type indicate the presence of a fault. In summary, the faulting in the upper
plate could be much more complex than that shown on the geologic map (pl. 1).

North-dipping upper-plate rocks near the thrust are commonly cut by
high-angle faults, where the hanging-wall block apparently is displaced to the
south in response to vertical movement on the fault. Offsets measured on thin
upper-plate quartzite marker beds near the thrust show that vertical movements
on the faults generally range from about 15 to more than 120 m. Several
faults in sec. 13 and 24, T. 35 N., R. 50 E., east of the large Leeville fault
show a strike separation of 200 m or more.

Dikes in upper-plate rocks range in strike from about N. 15° W. to
N. 45° E. At the Big Six mine, about 1-1/2 km northeast of the Carlin mine
and along a zone extending from the Big Six mine for a distance of about
1-1/4 km to the southeast, swarms of dikes spatially related to gold-bearing
quartz veins were emplaced along sets of northwest—-trending faults. About
1-1/2 km southeast of the Big Six mine and north of the road along Simon
Creek, other dikes occupy poorly exposed northeast-trending faults; still
other small fault-controlled dikes occur in upper-plate shale units south of
the road. At the Blue Star deposit, northeast-trending high=~angle faults
provided zones of weakness for the emplacement of igneous dikes and, together
with apparently later northwest-trending faults, served as channelways for the
movement of ore-bearing solutions and controls on ore deposition.

Regional or major high-angle normal faults

- 8ix high-angle normal faults may be traced over great distances, have
large vertical displacements, and separate important structural blocks. These
faults are the Blue Star Canyon, Sheep Creek, Sheep Creek Canyon, Hardie,
Mill, and Leeville faults (pl. 1); the Hardie, Mill, and Leeville faults have
strongly influenced structural conditions at the Carlin gold deposit (pl. 3).

Blue Star Canyon fault

, The Blue Star Canyon fault, in the N-1/2 sec. 4, T. 35 N., R. 50 E.,
crosses the crest of the Tuscarora Spur about 1/2 km south of the Blue Star
gold deposit. The fault strikes N. 60° E., and prominent drainages trending
both northeast and southwest have formed on either side of the crest along
parts of the fault trace. Vertical movement, estimated to be more than 450 m,
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on the steeply north dipping fault has dropped shale, chert, and limestone
units of the upper plate against carbonate rocks of the Popovich and Roberts
Mountains Formations (pl. 1).

Rocks along the fault are shattered, brecciated, and locally contorted
and folded, and calcite veins are common in lower-plate rocks on the south
side of the fault. Movement on the Blue Star Canyon fault is more recent than
on northwest- and other north-south- to northeast-striking faults in the
area., This large fault had no obvious influence on gold deposition at the
Blue Star deposit, and upper beds in the Roberts Mountains Formation south of
the fault, which are favorable sites for gold deposition at the Carlin
deposit, apparently are not mineralized in that part of the Lynn mining
district.

Sheep Creek fault

The poorly exposed east-west-striking Sheep Creek fault forms the south
margin of the Tuscarora Spur. Near the mouth of Sheep Creek Canyon the fault
intersects the Sheep Creek Canyon fault at approximately a 90° angle. In that
locality, highly shattered and folded rocks of the Roberts Mountains Formation
south of the fault are downthrown more than 300 m against the Eureka Quartzite
and the Hanson Creek Formation (pl. 1). The fault continues to the west but
is concealed by alluvium. .

Al though a deep canyon lies along the projected strike of the fault to
the east for about 2-1/2 km from the mouth of Sheep Creek Canyon, field
evidence indicates that the Sheep Creek fault. terminates against the Sheep
Creek Canyon fault. More specifically, on either side of the east-west-
trending canyon the attitudes of units are similar, and contacts between
formations are not offset except by unrelated north~-south and northwest-
striking sets of faults. The intersection between the Sheep Creek and Sheep
Creek Canyon faults evidently marks the southeast corner of the structural
block forming the Tuscarora Spur.

In conclusion, the Sheep Creek and Sheep Creek Canyon faults are similar
in age because all other intersecting faults appear to terminate against them,
and movement on these two large faults apparently postdates other tectonic
activity but predates Miocene extrusive flows, which are not offset across the
projection of the Sheep Creek fault to the west.

Sheep Creek Canyon fault

The Sheep Creek Canyon fault separates the Tuscarora Spur from the
Tuscarora Mountains and intersects the Sheep Creek fault near the mouth of
Sheep Creek Canyon in the SW-1/4 sec. 15, T. 35 N., R. 50 E. From this
locality the fault strikes north-northwest along Sheep Creek Canyon, passes
into the southernmost extension of Little Boulder Valley, and continues to the
north-northwest, concealed by alluvium along the east flank of the Tuscarora
Spur (pl. 1). Along most of Sheep Creek Canyon, units of the Roberts
Mountains Formation and the Popovich Formation east of the fault are
downthrown against the Eureka Quartzite and Hanson Creek Formation. Vertical
movement on the fault is estimated at between 900 and 1,200 m.
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Movement on the Sheep Creek Canyon fault, as discussed above, is thought
to be of similar age to that on the Sheep Creek fault. In terms of the
sequence of faulting along the western part of the range, some, if not all,
movement on the Sheep Creek Canyon fault is younger than that on all other
faults recognized to date.

Hardie fault

Although the horizontal distance of approximately 550 m along which the
Hardie fault has been traced is much shorter than that for the other major or
regional faults, the Hardie is classified as a major fault because of its
large vertical displacement and the strong influence it had on the creation of
the structural setting of the Carlin deposit. The Hardie fault was named for
Byron S. Hardie of Newmont Exploration, Ltd., who first recognized its
existence and importance. The fault strikes approximately N. 60° E., dips
50°-65° N., and has been mapped from the crest of Popovich Hill southwest to
the northwest corner of the Main pit, where it apparently terminates against
the Mill fault (pl. 2). Vertical movement on the fault, estimated to be more
than 300 m, has placed siliceous upper-plate units in the downthrown block
north of the fault against the Popovich and Roberts Mountains Formations, and
cuts the Roberts Mountains thrust from that part of the Carlin deposit (fig.
7).

Figure 7 near here

The Hardie fault is poorly exposed at the surface and, like many other
faults of its type (see fig. 6B), is difficult to distinguish from the Roberts
Mountains thrust solely on the basis of an examination of surface exposures.
Subsurface exposures on numerous benches and faces in the min, aas well as
data from rotary-drill holes, confirm the type and extent of movement on the
Hardie fault. The trace of the fault is marked by a zone of gouge and breccia
ranging from about 1 to more than 25 m in width; breccia fragments consist of
fresh and silicified rocks from all three lower-plate formations. Intense
alteration of the rocks within this fault zone and along its brecciated
margins by hydrothermal solutions suggests that the Hardie is a preore
fault. Alteration along the fault includes zones of intense silicification
and the introduction of hydrocarbons (see pl. 5).

Detailed geologic mapping shows that movement on the Hardie fault and
other closely spaced northeast~striking faults probably postdates movement on
most other faults of varying attitudes in the mine area. Alternatively, P. W.
West of Newmont Exploration, Ltd. (oral commun., 1972, 1973), suggested that
some large north-south~striking faults may cut the Hardie fault on the
southwest side of Popovich Hill.

Mill fault

The Mill fault, referred to as the Northeast fault by Hausen (1967) and
the Lynn fault by Evans (1972a, 1974a), is an important and prominent
structural feature at the Carlin gold deposit. Near the mine the fault is
well exposed at the north end of the Main pit (fig. 8); from there it trends

Figure 8 near here
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about N. 30° E., dips 50°-75° W., and closely follows the west side of the pit
(pl. 3). Near the southwest end of the Main pit it separates into two main
branches, which in turn separate into numerous small strands, before
intersecting a strong set of northwest-trending shears and faults (pl. 3).

The two main branches as well as the numerous small strands provided important
structural control on gold deposition in that part of the deposit.

Except in the southwestern area of the Main pit, vertical displacement on
the Mill fault south of the intersection with the Hardie fault, estimated to
be about 300 m, has placed siliceous upper-plate rocks against the Robert
Mountains Formation. Dan Higley (oral commun., 1975), however, reported that
beds resembling the Popovich Formation were exposed briefly during mining
operations along the west side of that part of the Main pit. This observation
indicates that the vertical movement on this part of the Mill fault may be
only about 150 m.

Vertical movement of between 90 and 150 m on the westernmost strand of the
Mill fault in the southwest end of the Main pit has positioned the Popovich
Formation and upper beds of the Roberts Mountain Formation against lower beds
of the Roberts Mountains Formation (pl. 3). This extent of displacement -
supports the probable existence of units of the Popovich Formation farther
northeastward along the Mill fault, as reported by Dan Higley (oral commun.,
1975), and would accord with a vertical displacement of about 150 m along that
part of the fault.

A change in the extent of vertical movement from about 100 to 300 m over
a relatively short horizontal distance of 180 to 300 m would suggest a
hinge-type fault. The possibility that many of the high-angle normal faults
in the district may actually be hinge faults was first proposed by P. W. West
(oral commun., 1968), who pointed out that hinge faulting could explain many
of the structural problems in the district, including the apparent termination
and intersections of large faults near the mouth of Sheep Creek Canyon.

Beyond the north end of the Main pit the Mill fault trends about
N. 30°-40° E., extends about 100 m east of the mill at the Carlin plant, and
continues about 1,000 m to the northeast, where it apparently terminates
against the Leeville fault (pl. 1). Evans (1972a, 1974a) did not recognize
the Leeville fault and projected the Mill fault 6~1/2 km farther to the
northeast beyond the intersection with the Leeville fault.

Field relations show that the Mill fault is one of a set of
northeast-trending faults that, in the area of the Carlin mine, shcw movement
which postdates that on other faults. No other structures cutting the Mill
fault have been identified, and the structurally prominent Hardie fault
apparently terminates against it. Although the Mill faults was an important
preore structure, it had little influence on ore deposition throughout most of
its length. Over a distance of about 210 to 240 m in the southwest end of the
Main pit, however, intersections of several branches of the Mill fault with
other faults provided a strong local control om gold deposition.
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Leeville fault

The Leeville fault strikes N. 20°~25° E. and roughly bisects that part of
the Tuscarora Range shown on the geologic map of the Lynn mining district (pl.
1). The fault extends from the southeast corner of the northern part of the
Lynn district to the north end of the map area on the west side of the
Tuscarora Range and ranges from a single well-defined fracture to a zone of
parallel and branching faults. The extent of vertical displacement along the
zone ranges from about 300 to more than 450 m. The dip along the fault is
stgeply to the east and in the East pit of the Carlin mine ranges from 70° to
85 E.

Except within and near the East pit of the Carlin mine, the Leeville
fault is poorly exposed. From the Carlin mine it has been traced southeast
for approximately 5 km to the east flank of the range, where it is concealed
by alluvium and presumably terminates against the Tuscarora fault (pl. 1).
Although the Leeville fault is exposed in only a few places, its position is
established relatively well by lithologic differences, changes in the
attitudes of beds, and data from rotary drilling.

The Leeville fault has been mapped for more than 3 km to the northwest
from the Carlin mine, across the crest of the Tuscarora Range, and through
thick sequences of upper-plate chert and shale. Although rock types are
commonly the same across the fault, its position can be established on the
basis of differences in the attitudes of beds, breccia zones, areas of
silicification, and topographic expression. The extent of movement of the
fault appears to decrease to the northwest away from the Carlin mine area.

At the east end of the East pit of the Carlin mine the Leeville fault and
numerous branching faults are well exposed on several benches and faces (fig.
9). Here the fault is best described as a zone, ranging in width from about 6

Figure 9 near here

to 11 m, composed of gouge and breccia fragments and bounded by two
well-defined planes. Vertical movement on the Leeville fault has placed
stratigraphically higher units of the upper plate east of the fault against
lower units, as well as against the lower=-plate Popovich and Roberts Mountains
Formations (pl. 1). East of the Leeville fault the Roberts Mountains thrust
is concealed; in the area immediately west of the Leeville fault the thrust is
also not exposed owing to vertical movement on another pre-Leeville high-angle
fault (pl. 2; Radtke, 1973).

~ Some, if not all, movement on the Leeville fault postdates much of the
other faulting throughout the Tuscarora Range because virtually all other
structures, including dike-filled faults, are displaced by the Leeville
fault. The gold mineralization in the eastern part of the East ore body,
however, crosses the fault into the Vinini Formation in the hanging wall with
no apparent change in attitude. Movement on the Leeville fault was possibly
contemporaneous with late basin-and-range tectonic activity, yet predated gold
mineralization at the Carlin deposit. Although the Leeville fault is a
prominent feature of regional scope and was important in creating the
structural setting for the deposit, it exerted no apparent structural control
on gold deposition.
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Basin—and-range faults

A basin-and-range normal fault, striking roughly north-south, borders the
east side of the Tuscarora Mountains (pl. 1). This fault, the Tuscarora, is
concealed by Quaternary alluvium along most of its length but is exposed about
1-1/2 km north of the map area (pl. 1), where it places Pliocene sedimentary
rocks of the Carlin Formation in contact with chert and shale of the upper
plate. Movement on the Tuscarora basin-and-range boundary fault postdates
that on most other faults in the Tuscarora Range; movement could have begun
during the early Oligocene and continued intermittently into the Pleistocene.

Another basin-and-range fault lies concealed along the east side of the
Tuscarora Spur. The concealed trace of this fault is marked by the position
of the main north-flowing stream in Little Boulder Basin and represents the
northward extension of the Sheep Creek Canyon fault. Initial movement on this
fault probably accompanied that on the Sheep Creek and Sheep Creek Canyon
faults to the south. Some later movement probably of Pliocene or Pleistocene
age is suggested by the strong control that the buried fault trace has had on
the drainage in Little Boulder Basin.

General features of the Carlin deposit
Type and classification

The Carlin gold deposit belongs to the group commonly referred to as
hydrothermal disseminated-replacement gold deposits. These deposits possess
distinct geologic, geochemical, and mineralogic features distinguishing them
from other gold deposits, particularly those of the lode or vein type. At the
time of this report, 16 Carlin-type deposits have been recognized in the
Western United States (table 10). Because of the size and economic importance

Table 10 near here

of these deposits and because they have all the general features partly shown
in other individual deposits, Radtke and Dickson (1974b) applied the term
"Carlin type" to this group.

Many of the important and characteristic features of the Carlin and other
disseminated deposits were summarized by Radtke and Dickson (1974a, 1975b),
who stated (1974a, p. 68): '"They are characterized by: gold-pyrite-silica
association; exceedingly fine-grained ore minerals; organic compounds; gold
ore localized along high-angle faults which commonly contain altered igneous
dikes, and in brecciated permeable thin-bedded carbonaceous, silty carbonate
rocks; fine-grained silicified rocks and jasperoids; zones of oxidized rocks
above unoxidized rocks; and argillized rocks. Visible gold is rare. Base-
metal minerals are very uncommon. Gold ore and surrounding country rocks
contain abnormally large amounts of arsenic, antimony, and mercury. Several
deposits (including Carlin) contain discrete sulfide minerals of these
elements. Thallium occurs in high arsenic ores. Most deposits (including
Carlin) show late crosscutting veinlets of “gangue quartz, barite, and
calcite. Pyrite occurs as preore syngenetic or diagenetic grains in host
rocks and with the ore, and also was deposited from the hydrothermal solutions
before and during gold deposition."
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Among the numerous lines of evidence supporting a late Tertiary age for
the Carlin deposit are: (1) ore control by young faults, (2) extension of ore
bodies across basin-and-range faults without offsets and crosscutting through
Jurassic and Cretaceous igneous dikes, (3) correspondence in the shape of
alteration zones to present topography, (4) isotopic composition of fluid
inclusions, (5) degree of erosion from levels of ore formation on the basis of
fluid-inclusion temperature and salinity data, (6) physical and chemical
similarity to young hot-springs systems, and (7) K-Ar age data. Points (1)
through (6) are discussed in appropriate sections of this report.

K-Ar data on sericite containing dispersed gold in a sample from along
the contact of an igneous dike gave an age of 57.6+2.5 m.y. (R. L. Akright,
written commun., 1967). These data indicate that the hydrothermal activity
responsible for gold mineralization postdated the igneous dikes of Jurassic
and Cretaceous age by at least 90 to 100 mey. The 57.6-m.y. age is a maximum
because any inclusion of original older material from the dike would have

increased the apparent age, and the sample analyzed contained only 30 to 40
percent sericite. :

Stratigraphic relatiomns

The Carlin gold deposit is situated in the northeastern part of the Lynn
window in thin-bedded carbonate rocks that show a general east-west strike and
a regional dip of about 33° N. Sedimentary rocks of the upper plate as well -
as the Popovich and Roberts Mountains Formations are well exposed in the
immediate area of the deposit and within the open pits of the mine.
Stratigraphic relations between these three formations throughout the deposit,
shown on the preliminary map by Radtke (1973), are included here on the
* geologic map of the deposit (pl. 3); lithologic decriptions and chemical
analyses of rocks of these formations are given above.

Most of the gold ore bodies at the Carlin deposit discovered to date lie
within the upper 250 m of the Roberts Mountains Formation. Two exceptions are
(1) the east end of the East ore body, which crosses the Leeville fault and
extends into calcareous shale of the upper plate; and (2) the small South
Extension ore body, which occurs about 250 to 300 m below the top of the
Roberts Mountains Formation south of the Main ore body at intersections
between north-south-~ and northeast-striking sets of faults (pls. 1-4 ).

Trace to small amounts of gold (about 0.3-1 ppm) are ubiquitous
throughout large volumes of hydrothermally altered rocks in the Popovich
Formation above the ore bodies in the Roberts Mountains Formation. Locally,
small pods and lenses of silty laminated dolomitic limestone of the Popovich
Formation contain enough gold (>0.07 troy ounce per ton) to be of ore grade.

The overall trend of the Main and East ore zones is about N. 60° E.,
parallel to the overall strike of the Roberts Mountains Formation, for a
distance of about 1-1/2 km (pl. l). Although the ore body in the West ore
zone has strong and obvious structural controls, its strike of N. 70° W. over

a distance of about 1/2 km is close to that of the host rocks (from east-west
to about N. 80° W.)
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To date, only two small gold ore bodies have been found outside the area
of the Carlin deposit. One, about 1-1/2 km west-northwest of the Carlin
deposit, is in the upper 30 m of the Roberts Mountains Formation below a thin
sequence of highly faulted beds of the Popovich Formation (Dan Highley, oral
commun., 1972). The other, which is east of the Leeville fault and about 2.3
km southeast of the Carlin deposit, occurs within the upper 30 to 45 m of the
Roberts Mountains Formation. The occurrence of these two ore bodies within
both areas in apparently the same stratigraphic sequence as that of the large
ore bodies at the Carlin deposit reflects the stratigraphic favorability for
gold deposition in that part of the Roberts Mountains Formation.

Structural setting

The Carlin gold deposit is spatially related to both the Tuscarora
Mountains anticline and certain sets of high—-angle normal faults (Noble and
Radtke, 1978). As shown by field studies, an apparent relation of the Carlin
deposit to the Roberts Mountains thrust is coincidental, and the position of
the thrust has had no influence on the localization of the gold ore bodies.

From a regional structural standpoint the Carlin deposit lies near the
crest of the north-northwest-striking Tuscarora anticline. Although several
small ore bodies and areas of anomalous gold content have been found along the
west flank and in the down-faulted east flank, most of the gold is
concentrated near the crest of the anticline.

High-angle normal faulting, which has broken the range into numerous
blocks, is common in lower-plate rocks near the trace of the Roberts Mountains
thrust; the zone of concentrated gold mineralization occurs in an area where
closely spaced faults have intensely shattered the carbonate rocks. With the
possible exception of the southwest end of the Mill fault, none of the
regional or major high-angle faults discussed earlier had any apparent
influence on gold deposition, although the Hardie, Mill, and Leeville faults
all helped to create the structural setting for the deposit.

High-angle normal faults in and near the Carlin deposit may be classified
into three sets on the basis of attitude and age: (1) an early set striking
about N. 60°-80° W., generally dipping steeply to the north; (2) a later set
ranging in strike from about N. 45° W. to north-south, dipping in either
direction from 60° to vertical; and (3) a set of late faults, generally with
only minor offsets, commonly striking N. 40°-60° E. and dipping between 50°
and 80° either northwest or southeast. Because of the small offsets, many of
these faults are probably best described as zones of shearing or rock
shattering. Examination of the available geologic maps shows that most of the
faults in set (2) cut those of set (1) and are, in turn, commonly offset by
those of set (3). Although all the faults in each set did not form during a
distinct or separate time interval and a limited amount of late movement has
occurred on many faults, the general sequence of faulting apparently took
place in the order given. P. W. West (oral commun., 1971, 1973) suggested
that many of the north=south-striking faults exposed in the mine had late
movement postdating that on the other faults.
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The Hardie, Mill, and Leeville faults, which are defined as regional or
major high—angle normal faults, were discussed earlier in this report.
Vertical movements on all three faults apparently occurred at different times,
although the combined effects were to position a block of thin-bedded
carbonate rock close to the surface and to create a structural setting
favorable for the trapping of gold-bearing solutions. Furthermore, a minimal
amount of erosion was required to expose the discovery outcrops.

Some, perhaps all, movement on the Hardie fault accompanied formation of
the relatively late set of northeast-striking faults. Beneath Popovich Hill
the Hardie fault probably served as an important channel for the hydrothermal
solutions. Because the Hardie fault apparently terminates against the Mill
fault in the northwest corner of the Main pit, movement on the Mill fault was
probably later and either accompanied or predated major movement on the
Leeville fault (pls. 1-4).

The Roberts Mountains thrust is relatively well exposed near the Carlin
deposit. The thrust is draped around the east and south sides of Popovich
Hill, where both the overlying upper-plate rocks and the underlying Popovich
Formation show few apparent changes in thickness due to faulting (pl. 1). As
a result of vertical movements on high-angle faults, notably the Hardie and
Mill faults, the thrust is concealed over a distance of about 600 m southwest
of Popovich Hill. From the southwest end of the Main pit on the west side of
the Mill fault, the thrust trends west-northwest and is exposed in natural
outcrops as well as in numerous faces and along the floor of the West pit (see
fig. 5), where the thrust is cut and locally offset by numerous high-angle
faults. Although the long horizontal dimension of the West ore body is
roughly similar in strike to the trace of the thrust, the most important
structural features in terms of ore controls were the sets of high=-angle
faults striking about parallel to the thrust (pl. 3). Because of the large
number of data and the differences between the ore zones, the important
features of each principal ore zone are discussed separately below.

" West ore zone

The West ore zone contalns one ore body that throughout most of its
length 1is elongate and tabular, and overall resembles a typical vein
deposit. The gold-bearing zone strikes about N. 60° W. and dips 60°-70° N.,
similar to several spatially related preore high—-angle normal faults (pl.
3). The west end of the ore body pinches out against a gouge zone formed by a
north-south=striking high—-angle fault interpreted to be preore in age. From
that point the ore body continues to the southeast over a horizontal distance
of about 330 m; the ore zone ranges in width from about ! to more than 10 m
and extends more than 120 m along dip. At its southeast end the ore zome
widens out into an oval pipe about 25 to 30 m in diameter, which plunges about
70° N. (pl. 3).

The veinlike part of the West ore body is in the hanging wall of a
prominent west-northwest-striking high-angle normal fault; the footwall is
made up of a highly altered fine-grained igneous dike cut locally by veins and
pods of barite. This close spatial relation between altered igneous dikes and
gold ore is repeated in other parts of the deposit where lateral crosscutting
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of the dikes by ore bodies and altered zones indicates that the mineralization
postdates the dikes and that the relation is nongenetic. Narrow veins and
small irregular pods of white crystalline barite occur along the west-
northwest-striking faults, and two distinct veins, similar in attitude to both
the igneous dike and the ore body, parallel the south or lower contact of the
dike (cross sec. A=-A", pl. 4).

Two large bodies of heavily silicified limestone or jasperoid are
spatially related to the east-west-striking faults. These large bodies are
stratigraphically lower than the ore bodies and form tabular masses that
narrow and pinch out downward near the bottom of the zone of acid leaching
(cross sec. A=A, pl. 4) discussed later in this report. The relation here
between areas of intense hydrothermal silicification and gold deposition
resembles that in other parts of the Carlin deposit.

Faults.=-=-Several sets of high-angle normal faults are well exposed near
the West ore body. The earliest set, which strikes east-west to about N. 60°
W. and dips steeply to the north, apparently provided a main channelway for
the vertical movement of hydrothermal solutions. Several individual faults
form the margins of this channelway, which is characterized by intense
shattering and brecciation of limestone and the presence of heavy clay-rich
gouge. Except for the pipe-shaped mass of ore at the southeast end of the ore
zone, the entire West body lies within this zone of increased porosity and
permeability. In this part of the Carlin deposit the ore body shows strong
structural control. ol

A later set of normal faults, ranging in strike from N. 45° W. to about
north-south, locally offsets the earlier set as well as the Roberts Mountains
thrust. Although map patterns of earlier faults and contacts between
lithologic units cut by the younger set of faults suggest strike-slip movement
(pl. 3; Radtke, 1973), these features are only apparent and reflect vertical
movement on high-angle structures cutting the dipping faults and lithologic
units. .

The pipe-shaped mass of gold ore was formed at intersections between the
two prominent sets of high—angle normal faults. The position of the concealed
part of this ore body indicated by drilling information, as well as the
projected positions of several of the faults at depth, shows that these
intersections coincide well with the axis of the pipe and that the ore body
lies in favorable beds in the upper 60 m of the Roberts Mountains Foramtion.

The time of movement on the northwest-= to north-south-striking fault set
was clearly postthrusting and premineralization. In the north-central part of
the West plt, the emplacement of fine-~grained dikes, probably of Late Jurassic
or Early Cretaceous age, along one of these faults indicates that at least
some of the faulting predates the time of emplacement.
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Qre characteristics.—-Deep mineralized unoxidized rocks in both the
veinlike and pipe-shaped parts of the ore body contain relatively less
carbonaceous materials relative to the unoxidized parts of the East and most
of the Main ore zone; analyses of 55 samples show that the organic carbon
content ranges from 0.11 to 0.24 and averages only 0.18 weight percent. The
primary unoxidized ores contain significant amounts of arsenic, antimony, and
mercury, but sulfide minerals containing these elements are sparse. Although
the average mercury content (22 ppm) in the West ore zone corresponds closely
to that in the Main and East ore zones, the average contents of arsenic (222
ppm) and antimony (52 ppm) are considerably lower than in the Main and East
ore zones (Harris and Radtke, 1976).

The contents of base metals and other elements, including boron,
selenium, tellurium, and tungsten, are low in unoxidized ores along the West
ore zone in comparison to those in the other ore zones. Harris and Radtke
(1976) reported average values of 25 ppm Cu, 6 ppm Mo, 26 ppm Pb, 72 ppm Zn,
54 ppm B, 10 ppm W, 1.5 ppm Se, and less than 0.2 ppm Te. In contrast, the
average barium content (650 ppm) is higher here than in the other ore zones.

The average gold content in unoxidized ores in the West dre zone (8.7
ppm) is slightly higher than in the other ore zones at the deposit. This
value corresponds well to the three median values of 7.5, 8.3, and 8.6 ppm Au
reported by Harris and Radtke (1976) from statistical treatments of analyses
using different numbers of samples. This average value, which is 10 to 15
percent higher than in the other ore bodies, reflects the uncommonly high gold
content in the western 75 m of the ore zone; along the West ore zone the gold
content reaches as high as 150 ppm, owing in part to confinement of the ore
solutions against impermeable gouge in the preore north-south-trending normal
fault at the west end of the ore body (pl. 3). In the unoxidized to weakly
oxidized ores most of the gold occurs as coatings on pyrite grains and as
micrometer-size dispersed particles of metallic gold; only minor amounts of
gold are associated with carbonaceous materials.

Although most of the mineralized rocks in the West ore zone were
pervasively altered by oxygen-bearing solutions, significant amounts of
dolomite and lesser amounts of calcite in the host rocks survived. The
altered carbonate rocks along the footwall of the ore zone, as well as the
mineralized rocks themselves, contain large areas whose varying shades of
pink, red, and orange represent iron oxides formed by weathering of pyritic
altered rocks, referred to as weathered pyritic alteration by H. T. Morris
(oral commun., 1976).

Data from analyses of 80 samples of oxidized ores show that, eicept for
gold, the contents of most elements in these ores differ somewhat from those
in the deeper unoxidized ores.  The average content of gold is 9.1 ppm.
Average contents of other elements, present in smaller amounts in the oxidized
relative to the unoxidized ores, include 180 ppm As, 45 ppm Sb, 20 ppm Hg,

8 ppm W, 10 ppm Cu, and 40 ppm Zn. The average content of barium increases to
1,600 ppm, and the average contents of molybdenum, lead, selenium, and
tellurium do not significantly differ.
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Main ore zone

The Main ore zone includes all of the mineralized rocks along a zone
900 m long, trending about N. 60° E., between the southwest end of the Main
pit and mine coordinate 19,500 E. (pl. 3). Several ore bodies lying south of
mine coordinate 22,000 N., not included in the Main ore zone and here
designated collectively the "South Extension ore zone," are discussed in the
next section.

The central and northeastern areas of the Main ore zone contain several
large connected ore bodies whose positions reflect the influence of strong
stratigraphic as well as structural controls. The southwestern area of the
Main ore zone contains numerous small irregular ore bodies whose longest
dimensions and positions show that they are closely related to north=-south-
and northeast-trending high—angle normal faults. Approximately 50 to 60
percent of the gold ore in the Carlin deposit was contained within the Main
ore zone.

The northeast end of the Main ore zone begins almost due south of the
crest of Popovich Hill. 1In this area a sheetlike mass of ore as thick as 30 m
strikes roughly east-west, plunges 30°-40° N. parallel to bedding in the host
rocks, and continues for a distance of more than 250 m downdip. Attitudes of
this ore body suggest its continuation below Popovich Hill, and Larry Noble
(oral commun., 1975) confirmed that mineralized rocks had been found by deep
drilling beneath the south and southwest sides of Popovich Hill. This
mineralized zone could well extend downdip to the Hardie fault.

Most of the ore in the northeastern part of the Main ore zone lies within
a 75-m-thick section near the top of the Roberts Mountains Formation. In that
area the ore body apparently is spatially related to intersections between
east-west and north-south-striking normal faults; the subsurface configuration
of the ore body, however, indicates that intersections between late
northeast-striking normal faults and favorable host rocks may also have
influenced the sites of ore deposition. About 150 m west of the east end of
the Main ore zone, at mine coordinate 19,000 E., the strike of this large ore
body changes to N. 70° E., and its plunge steepens slightly to 35°-45° N. The
ore body connects with the sheetlike ore body in the central part of the Main
ore zone below the 6,420-ft level (Dan Higley, oral commun., 1973; cross sec.
B-B", pl. 4).

A series of small oval to tabular ore bodies occur along the south margin
of the Main ore zone between mine coordinates 18,500 and 19,500 E. These ore
bodies formed along northwest- to north-south-striking high-angle normal
faults and exhibit strong structural controls (pl. 3). Tabular bodies of
jasperoid associated with these faults are common in this part of the
deposit. One particularly large ore body with a strike length of 90 m lies
between mine coordinates 18,500 and 18,750 E., strikes N. 25° W., and connects
with the main sheetlike ore body southwest of Popovich Hill (pl. 3). This ore
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body is spatially related to a pair of closely spaced faults, one of which
contains a vein of barite. The position of this southwest limb or
southwestward extension of the main body of mineralized rocks is controlled by
these faults and another pair of northwest-trending normal faults at mine
coordinate 18,800 E. (pl. 3).

The large ore bndy in the central part of the Main ore zone joins the
sheetlike ore body in the northeastern part of the zone to form a continuous
mass of mineralized rock more than 450 m long that extends from the south side
of Popovich Hill to the center of the Main pit. In the central area the ore
body reaches a maximum thickness of more than 90 m, strikes roughly N. 45° E.,
and plunges 45°-50° NW. 1In horizontal section the ore body may be described
as an irregular tabular body with a long dimension that strikes N. 25° W.
parallel to a prominent dike-filled fault zone and plunges northwest parallel
to the fault (cross sec. B-B’, pl. 4). The position and shape of this ore
body indicate that the prominent dike-filled northwest-trending fault zome,
which also contains a large intermittent postdike barite vein, served as a
main channel for ore solutions and provided an important structural control on
ore deposition (cross sec. B-B", pl. 4).

A small tabular body of ore about 90 m long in the hanging wall of a
normal fault extends S. 20° W. from the larger ore body. This small body
widens out and turns northward to form a continuous fishhook-shaped ore body
near the intersection between the northeast-trending normal fault and numerous
strong normal faults trending N. 10° W. to north-south (pl. 3).

The southwestern part of the Main ore zone is made up of a tabular body
of ore that begins near the intersection of mine coordinates 18,000 E. and
22,000 N., strikes N. 60° E., dips 50°-70° NW., and continues for about 400 m
to the southwest (pl. 3). Although the ore body is about 30 m thick along
most of this distance, near mine coordinate 17,500 E. it thickens to more than
45 m in response to extreme shattering of the host rocks caused by
intersections between numerous northwest- to north-south-~trending faults and
one or more northeast-trending faults (pl. 3). Southwest of mine coordinate
17,300 E. the ore zone progressively thins and pinches out against zones of
heavy gouge and breccia composed of silicified and clay-rich altered limestone
near the intersection of mine coordinates 21,500 N. and 16,800 E. The
constricted part of the ore zone consists of a series of small ore bodies
spatially related to the northeast-striking high—angle normal faults; the
longest dimensions of these ore bodies parallel the trend of the faults and
plunge parallel to their dip (pl. 3 ; Radtke, 1973).

Massive bodies of jasperoid were formed along prominent north=-south-
striking high-angle normal faults near the southwest end of the Main ore zone,
close to the areas of gold deposition. These bodies of heavily silicified
carbonate rocks are spatially and genetically related to the gold
mineralization; although they lie stratigraphically below the zone of gold
deposition, they are spatially higher and border the gold ore bodies, and
appear to narrow and pinch out near the bottom of the zone of acid-leaching
alteration. Most of the jasperoid bodies were probably formed during the late
hydrothermal stage accompanying acid leaching.
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Structures.=-The structural conditions within the Main ore zone are
complex. Many structures within the ore zone are better exposed in areas
close to but outside the ore bodies. Major structural features exposed near
the Main ore zone, including the Roberts Mountains thrust and the Hardie and
Mill faults, have been discussed in the preceding section.of this report.
However, structural features that controlled the positions of ore deposition
along this zone include sets of high-angle normal faults and intersections
between these faults within the upper 250 m of the Roberts Mountains
Formation. - .

The Roberts Mountains thrust did not influence the localization of ore in
the Main ore zone. The thrust is exposed along the north wall near the
southwest end of the Main pit, where the thrust surface, dipping 50°-60° NW.,
is locally displaced by high-angle normal faults and terminates against the
Mill fault (pl. 3; Radtke, 1973). Hausen (1967, p. 14, fig. 3, and p. 19,
fig. 9) and Evans (1974a) showed that the Roberts Mountains thrust crops out
approximately parallel to the Main ore zone for a distance of 275 to 300 m to
the northeast beyond its termination against the Mill fault--an observation
that, in turn, erroneously suggested a possible genetic relation between ore
bodies and the thrust.

The Mill fault, which is classified as a regional or major high-angle
normal fault, is well exposed along the west wall of the Main pit. This large
structure had no apparent control on gold deposition except where it
intersects or crosses the southwest end of the Main ore zone near mine
coordinates 22,000 N. and 17,500 E. (pl. 3). Ore occurs along the fault over
a distance of 210 to 240 m, and the fault branches into several strands
separated by zones of extreme brecciation. Ore bodies in this area were
formed along these northeast-trending faults, at intersections between north-~
south- and northeast-trending faults, and within highly shattered intervening
areas (pl. 3).

The Hardie fault was important in creating the structural setting for the
deposit but provided no structural control on the position of the ore
bodies. The ore bodies in the northeastern and central parts of the Main ore
zone plunge north to northwest toward the fault. By displacement of favorable
beds in the upper part of the Roberts Mountains Formation, the subsurface
position of the Hardie fault may represent the maximum possible downdip
extension of the Main ore zone (cross sec. C-C’, pl. 4).

Although minor late movement may have occurred along the Hardie fault,
strong evidence indicates that this fault is a premineralization feature.
Bodies of jasperoid were formed along the footwall and within the fault zone,
and hydrocarbons mobilized by hydrothermal fluids were introduced locally into
heavily brecciated areas. Although no ore bodies have been found along the
Hardie fault, detection of anomalous amounts of gold, mercury, and arsenic in
samples of gouge and jasperoid along the fault zone suggests that the
hydrothermal solutions moved along at least the shallower parts of the
fault. If the ore solutions penetrated upward along the fault and
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subsequently moved updip through the upper beds of the Roberts Mountains
Formation concealed below Popovich Hill, then steeply plunging
disseminated-replacement ore bodies conforming to the attitude of the Hardie
fault could exist at deeper levels. Examples of this type of structurally
controlled ore body include the West ore body at Carlin, described in this
report, and the ore bodies in the Getchell deposit.

The three sets of high-~angle normal faults, described earlier in the
subsections entitled "Structural setting," are well exposed throughout the
Main pit. Within this area, generally consistent offset relations between
faults suggest that each set may represent different episodes of movement,
although all the faults are preore. Faults in the earliest set, striking
roughly east~west, are present in the northeast end of the Main ore zone and
continue westward along the northern part of the Main pit. Many of these
faults contain veinlike bodies of white crystalline barite that lack any
associated sulfides within 55 m of the surface. The barite veins appear to
pinch out horizontally, and the east-west-striking faults terminate near the
east end of the Main ore zone; both features terminate to the west in the
. northwestern part of the Main pit (pl. 3).

Several faults that belong to this early set but strike about N. 60° W.
cross the southwest end of the Main pit. These faults, which represent the
continuation of structures with the same strike, are well exposed in the West
pit, where they provided important ore controls.

Numerous high-angle normal faults, striking between N. 20° W. and
north-south, shattered and locally offset the lower-plate carbonate rocks
along the Main ore zone before ore deposition. The extent of displacement on
most of these faults in unclear; however, along the southwest side of Popovich
Hill and near the east end of the Main ore zone, measured offsets on earlier
faults and at lithologic contacts indicate that in these areas the vertical
displacement was generally less than 30 m. Displacement on one north-south-
striking fault running across the west side of Popovich Hill positioned shale
beds of the upper plate against chert-shale—quartzite beds east of the fault
(ple 3). The extent of displacement on this fault could be as wmuch as 90 m.
Near the east end of the Main ore zone, closely spaced faults, generally
striking N. 20° W. to north~south, have been traced from the south edge of the
Main pit, northward through the Main ore zone, into overlying limestone units
of the Popovich Formation on the south and southwest sides of Popovich Hill
(Radtke, 1973). These faults offset the earlier east-west-striking set and
are themselves offset to a small extent locally by some of the northeast-
trending faults (pl. 3). Intersections between the east-west- and north=-
south~-striking normal faults provided important structural controls on ore
deposition in the northeastern part of the Main ore zone.

The south edge of the massive sheet of ore at the east end of the Main
ore zone breaks up into many small ore bodies spatially associated with the
north-south-trending faults within the area bounded by mine coordinates 18,500
to 19,500 E. and 22,000 to 22,300 N. (pl. 3). The positions of these small
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ore bodies, as well as the extreme brecciation in mineralized areas along the
faults, in contrast to that in barren rocks, show that these faults served as
channels for the hydrothermal solutions and controlled the positions of ore
deposition.

The central part of the Main ore zone also contains many high-angle
normal faults and shear zones ranging in strike from N. 30° W. to
north-south. One particularly prominent fault in this set probably served as
the main channel for the hydrothermal ore solutions and was the single most
important structural control for the central part of the Main ore zone. Along
the south wall of the Main pit this shear zone consists of several closely
spaced faults, separated by zones of heavily brecciated altered limestone and
small irregular jasperoid bodies. The intense alteration and local offset of
the dike emplaced along the Main ore zone indicate minor postintrusive
movement along the shear zone.

From the surface at the top of the south wall the dike~filled fault,
striking N. 20°-25° W., continues over a horizontal distance of about 360 m
through the central ore body in the Main ore zone and terminates against the
Hardie fault in the northwest corner of the Main pit (pl. 3). From southeast
to northwest the fault zone narrows progressively from more than 18 to less
than 3 m, the numerous parallel faults merge into a single fault, and the dike
narrows to less than 1.5 m (width exaggerated in pl. 3). Small stringers and
pods of barite locally fill fractures in the dike. For a distance of about
60 m through the center of the Main ore zone, a massive vein of barite as wide
as 1 m in contact with the dike occurs along the hanging-wall side of the
fault (pl. 3; Radtke, 1973). This occurrence of massive barite along the
margin of a dike~-filled fault adjacent to gold ore resembles that in the
veinlike part of the West ore body. The dike and the important northwest-
trending structure are shattered or offset locally by late northeast-trending
faults.

Sets of parallel high—-angle faults and shear zones, striking between
about N. 25° W. and N. 5° E., are well exposed along the south wall of the
Main pit both east and west of the dike-filled fault zone. Near mine
coordinate 18,200 E., zones of heavy brecciation along numerous parallel
faults trending N._lO° W. to north-south, as well as intersections between
these and other, northeast-trending faults, provided the favorable structural
conditions for the southwestward extension of hydrothermal mineralization in
the Main ore zone (pl. 3). As described above, the tabular southwestern part
of the Main ore zone west of mine coordinate 17,500 E. is structurally
controlled by intersections between the numerous northwest- to north-south-
trending and one or more northeast-trending faults. Although the
northeast-trending fault between mine coordinates 17,500 and 18,000 E.
generally is poorly exposed in the floor of the pit, the longest dimension of
the ore body (trending N. 45° E.) and the absence of continuity in faults
exposed in the pit walls north and south of the fault confirm its presence.
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The hydrothermal solutions probably followed the northeast-trending fault
to form the tabular ore body. In areas where northwest- to north-south-
striking faults intersected the structure, the solutions spread outward into
the shattered footwall and moved upward and laterally to the south to form
small ore bodies along the north-south-trending high-angle faults.

Several types of intense alteration in carbonate rocks along the south
wall of the Main pit west of the dike-filled fault (see pls. 3-6) are
spatially related to the northwest- and north=-south-striking faults. Although
most of the faults were preore, offset boundaries between alteration zones and
the presence of some postalteration brecciation indicate that a limited amount
of late movement took place along some of these faults.

The youngest high-angle normal faults in the area of the Main ore zone
belong to the set trending N. 40°-60° E. These faults are characterized by:
(1) a limited amount of vertical movement, generally less than 6 m and
commonly grading into breccia or shear zones lacking recognizable offsets; (2)
heavy zones of brecciation and gouge locally formed along the borders; and (3)
an important structural control on ore deposition along the northeastern and
southwestern areas of the Main ore zone. At least three and possibly more
faults of this set, all displaying a limited amount of vertical movement,
parallel the Hardie fault and cross the northwest corner of the Main pit
(Radtke, 1973). Although the Hardie fault is a member of the set of late
northeast-trending normal faults, it is here designated a regional or major
high~angle fault because of its great extent of vertical movement.

Ore characteristics.—--Oxidized gold ores occur in large amounts along the
entire length of the Main ore zone, and deep sections in the central and
northeastern areas contain significant tonnages of primary unoxidized ores.
General features of the gold ores. along this zone are described below, and
detailed information on the chemistry and mineralogy of the different ore
types are presented in later sections of this report.

Unoxidized ores in the Main ore zone are characterized by widely varying
amounts of fine-grained quartz and pyrite, and an extremely wide variation in
the content of organic carbon (Harris and Radtke, 1976). Analyses of 85
samples from throughout the Main ore zone show that the content of organic
carbon ranges from 0.15 to 0.85 weight percent and averages 0.38 weight
percent. These data do not include several areas in the central part of the
zone where the organic carbon content ranged from l.5 to 5.0 weight percent
owing to 'apparent introduction of hydrocarbons by-hydrothermal fluids (Radtke
and Dickson, 1974b, 1975b). The content of organic carbon is lower in the
host rocks and ores in the southwestern part of the Main ore zone, and
generally increases to the northeast through the central and northeastern
areas.

Physically, most of the primary unoxidized ores closely resemble normal
fresh rock of the Roberts Mountains Formation. These ores are thin bedded and
medium to dark gray; except for scattered grains of pyrite, they lack visible
sulfide minerals. Although the mineralized rocks are slightly less calcareous
and more siliceous than the fresh rocks, whether or not they have been
mineralized can be established only by analysis for gold.
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The average content of gold in the unoxidized ores was deétermined to Lo
7.1 ppm, a value corresponding closely to the three values of 6.5, 6.9, and
6.9 ppm Au reported by Harris and Radtke (1976). The average gold content in
the Main ore zone (7.1 ppm) is close to that in the East ore zone (7.4 ppm)
~and slightly less than that in the West ore zone (8.7 ppm).

Most of the gold in unoxidized ores in the Main ore zone occurs either as
coatings on grains of pyrite or in association with carbonaceous materials;
very minor amounts are present as fine metallic particles (Radtke and others,
1972b). More recent studies have indicated that in samples containing little
organic carbon, collected from both the central and northeastern areas of the
zone, most of the sparse fine particles of metallic gold are dispersed in
hydrothermal quartz, or are dispersed through or associated with clay
minerals. .

Data on mercury, arsenic, and antimony, reported by Harris and Radtke
(1976), show that the average mercury content in the Main ore zone (20 ppm)
closely resembles that in both the West and East ore zomes. In contrast, the
average contents of both arsenic (490 ppm) and antimony (106 ppm) in the Main
ore zone indicate that these elements are enriched by a factor of 2 over their
average contents in the West ore zone but are depleted somewhat from their
average contents in the East ore zone.

Except for arsenic, antimony, and selenium (0.9 ppm), the average
contents of most other hydrothermally introduced minor elements are higher in
unoxidized ores of the Main ore zone than in either the West or East ore
zones. Average values for these elements, reported by Harris and Radtke
(1976), include: 36 ppm Cu, 7 ppm Mo, 49 ppm Pb, 193 ppm Zn, 85 ppm B,

17 ppm W, and 0.4 ppm Te. Excluding samples containing abmormally large
amounts of barium derived from fragments of late barite veins, the average
content of barium in the ore (500 ppm) reflects the general systematic
decrease in barium content from west to east through the entire Carlin
deposit.

The central part of the Main ore zone contains heavy local concentrations
of pyrite, organic carbon, and various sulfides,. predominantly those of
arsenic. Detailed descriptions of the mineralogy and chemistry of the
different types of gold ore, which are less abundant in the Main than in the
East ore zone, are given in later sections of this reporte.

Throughout most of the southwestern and central areas of the Main ore
zone the depth of supergene oxidation ranges from 90 to 120 m below the
original land surface. Depth of this alteration in the eastern part of the
Main ore zone ranges from about 60 to 90 m but locally reaches to greater
depths along fault and breccia zones. The typically narrow boundary zone
between oxidized and unoxidized gold ores in the central area of the Main ore
zone is shown in figure 10.

Figure 10 near here
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Oxidized ores along the Main ore zone are composed of widely varying
amounts of clay, fine-grained quartz, and minor remnant carbonates, mainly
dolomite. Important changes due to oxidation include: destruction of sulfide
minerals and carbonaceous materials; additional removal of calcite (previously
depleted during hypogene .alteration); formation of pink, red, and pale-red-
brown zones by oxidation of -pyrite; and bleaching of the rocks to tan and

light gray. All these features are prominent in shallow rocks along the Main
ore zomne.

Analyses of 150 samples of oxidized ores systematically collected along
the entire Main ore zone indicate that the average content of gold is 9.0 ppm,
slightly higher than in the deeper unoxidized ores. Although most other minor
elements of hydrothermal origin are somewhat more abundant in ores of the Main
ore zone than in the West ore zone, the changes in their abundance with
oxidation show similar trends. Barium content is slightly higher (1,500 ppm)
in oxidized than in unoxidized ores, and the average abundances of other
elements are lower; these averages include: 380 ppm As, 95 ppm Sb, 18 ppm Hg,
12 ppm W, 25 ppm Cu, 95 ppm Zn, 30 ppm Pb, 3 ppm Mo, 0.4 ppm Se, and less than
0.2 ppm Te.

South Extension ore zone

The South Extension ore zone includes the mineralized rocks within the
area bounded by mine coordinates 19,000 to 20,200 E. and 21,000 to 22,000 N.
(pl. 3). The shape and position of the ore zone suggest that it represents a
structurally defined extension of the east end of the Main ore zone (Radtke,
1973).

Most of the ore discovered to date in the South Extension ore zone occurs
at the south end. The tabular ore body is about 15 to 20 m thick and plunges
about 20° NW. In plan view the ore body narrows to the north, where three or
more northeast-trending faults appear to merge into a single fault, and
progressively widens to the southwest, where these faults fan out from the
main fault (pl. 3). Two other small ore bodies occur in the northeastern part
of the ore zone (pl. 3).

Although only a small amount (<1 percent) of the total ore in the Carlin
deposit was contained in the South Extension ore zone, the well-exposed
geologic features within this area provide exceptionally good evidence of the
close spatial relations between the positions of ore bodies, jasperoid, and
high-angle normal faults.

Structures.--The principal ore body as well as the two smaller ore bodies
are in limestone adjacent to high-angle normal faults, striking about
N. 40°-~50° E. Most of the ore occurs in extremely shattered rocks in areas
characterized by the presence of numerous closely spaced northeast-trending
faults or by the intersections of these faults with earlier N. 20° W.- to
north~south-trending faults (pl. 3). Although both sets of faults are preore
and gouge within the faults is mineralized, the presence locally of brecciated

jasperoid fragments in the gouge suggests some late movement along both fault
sets.
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Several closely spaced faults connect the north end of the principal ore
body in the South Extension ore zone to the east end of the Main ore zomne.
Small bodies of gold ore occur along these faults, and jasperoid bodies as
thick as 6 m along and between these faults, as well as within the principal
ore body, contain small amounts of gold. These structures probably served as
channelways allowing some hydrothermal solutions to move outward from the main
area of hydrothermal activity into these adjacent areas favorable for ore
deposition.

Ore characteristics.=~All the ore discovered to date with the South
Extension ore zone has been oxidized. Owing to the relatively small size of
the ore bodies and the absence of available rotary-drill-hole samples, no
statistical study of these ores has been done. Information on the ores is
based on studies of 20 hand specimens collected by both the author and the
staff of the Carlin Gold Mining Co.

-

The gold ores in this zone contain remnant dolomite and calcite. Fine
particles of metallic gold are dispersed throughout mixtures of fine-grained
quartz, illite, and minor kaolinite, and a lesser amount is dispersed in small
grains of hydrothermal quartz. Jasperoid bodies within and along the margins
of the ore zone locally contain small amounts of gold, both as dispersed
particles and as coatings on small pyrite grains. Fine particles of metallic
gold, mixed with various iron oxide minerals, predominantly hematite, occur
sporadically along the closely spaced northeast-trending faults at the west
limit of the principal ore body (pl. 3).

The content of gold in the 20 samples ranges from 2 to 6 ppm and averages
3 ppm, values corresponding well to the average value of 0.12 troy ounces of
gold per ton or 4 ppm Au from ore mined in this zomne. These values indicate
that the average gold content in the South Extension ore zone is significantly
less than in the other ore zones of the Carlin deposit.

The average contents of elements closely associated with gold are also
lower than in oxidized ores of the Main ore zone and include: 250 ppm As,
50 ppm Sb, and 10 ppm Hg. Average abundances of additional elements
include: 8 ppm W, 15 ppm Cu, 30 ppm Zn, 15 ppm Pb, and 2 ppm Mo; selenium and
tellurium were not determined.

Small veins of barite in faults lie close to but outside the ore bodies,
and the average barium content in ore samples is 800 ppm. Except for small
scattered remnant grains of pyrite in jasperoid, no sulfide minerals were
identified in either the ores or altered rocks. No igneous dikes were exposed
within the workings or in surface outcrops during mapping of that part of the
deposit.

East ore zone

The East ore zone includes the mineralized zone that begins south of
Popovich Hill and east of mine coordinate 19,500 E., and continues to the
northeast for a distance of about 730 m (pl. 3; Radtke, 1973). - On the basis
of location, ore controls, and chemical compositions, the ores within the East
ore zone are here divided into two principal ore bodies.
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The larger principal ore body is an irregular elongate tabular mass of
mineralized rock, overall resembling a fishhook. The body extends from the
intersection between mine coordinates 23,000 K. and 20,200 E., continues along
a zone trending about N. 20° E. over a distance of 375 m, and then turns
eastward about 90 to 120 m (pl. 3). All the known ore bodies along the East
ore zone are in the upper 90 m of the Roberts Mountains Formation, except for
one small pocket of ore in calcareous shale of the upper plate on the hanging-
wall side of the Leeville fault, several small zones in thin-bedded dolomitic
limestone in the lower zone of the Popovich Formation, and several other small
tabular bodies along dike-filled faults southeast of and downsection from the
principal ore bodies.

The horizontal axis of the East ore zone parallels the strike of the host
rocks, even in the northeastern part, where the strike of the host rocks
changes to east-west, possibly at least partly owing to drag in beds near the
Leeville fault. The amount and direction of plunge of the larger ore body
correspond closely to the dip of the host rocks. Near the southwest end the
plunge is approximately 35° NW.; farther northeast it steepens to about 45° W.
(cross sec. D-D’, pl. 4) and changes progressively to about 50°-55° N. along
the northeast limb.

The westward plunge of the larger ore body suggests that the mineralized
zone could continue beneath the east side of Popovich Hill (cross sec. D-D’,
pl. 4). Projected intersections of ore-controlling structures, including
northwest—-trending dike-filled faults and weak northeast-trending faults, with
the upper part of the Roberts Mountains Formation beneath the east side of
Popovich Hill would be favorable areas for gold deposition.

The second principal ore body, which lies at the southwest end of the
East ore zone, is a thick continuous pipe-shaped mass of mineralized carbonate
rock, about 60 m wide at its southwest end, that narrows to 12 m wide to the
northeast and plunges about 30° NE. (pl. 3). In several areas in the
southwestern part of the ore zone, small isolated bodies of mineralized
carbonate rock occur along faults (Radtke, 1973).

Structures.--In the East ore zone the shapes and attitudes of the ore
bodies reflect an overall stratigraphic control or influence on gold
deposition. The positions of the ore bodies, however, indicate that strong
structural controls were superimposed on the host rocks by two sets of
nigh-angle normal faults, one strong set striking about N. 40°-45° We, and
another, weaker set ranging in strike from north-south to N. 40° E., both of
which displace earlier faults. Fine-grained igneous dikes along at least five
of the earlier northwest-trending faults are also offset slightly (generally
<6 m) by movement on the north-south- to northeast-striking faults (pl. 3;
Radtke, 1973).

Near the East ore zone are a few early normal faults ranging in strike
from east-west to N. 75° W. Only in two areas has there been sufficient
movement on these faults to contribute significantly to the overall structural
controls (pl. 3).
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The first area, at the north end of the East pit, contains two prominent
faults. The Roberts Mountains thrust terminates against the footwall of the
more northerly fault, which strikes about N. 60° W. On the north or
hanging~wall side, a vertical movement of more than 90 m causes the thrust to
be concealed (pl. 3). The other fault, which strikes about east-west and is
about 50 m to the south, displaces the Popovich Formation-Roberts Mountains
Formation contact by about 90 m of apparent right-lateral movement (pl. 3)
that placed unfavorable massive limestone beds of the Popovich against
favorable units in the Roberts Mountains Formation and locally set a north
limit to mineralization.

The second area, about 150 m southwest of the north end of the East pit,
contains at least three closely spaced east-west-striking normal faults, well
exposed along the pit walls on the east side of Popovich Hill (pl. 3). The
southernmost of these three faults forms the south margin of a horst, which is
wedge shaped in plan (fig. 11). The apparent left-lateral movement on the

Figure 11 near here

fault probably is due mainly to more than 150 m of vertical movement of
west—dipping beds and subsequent erosion and mining. Another parallel fault,
about 20 m to the north, within the horst, contains a highly altered igneous
dike that represents the continuation of a prominent igneous body emplaced
along a northwest-trending fault. The apparent westward change in trend of
the dike at the point of intersection between the faults, following the
east-west-striking fault, shows that both structures were formed before the
period of igneous intrusion.

The strong set of faults provided important structural controls on ore
deposition and apparently served as channels for the ore solutions. Spatial
relations between the dike-~filled faults and the large fishhook-shaped ore
body, as well as the shape of the ore body near these structures, show that
the ore solutions probably moved upward along the faults and spread laterally
through the favorable shaly limestone in the upper part of the Roberts
Mountains Formation (pl. 3; Radtke, 1973); in some areas the lateral movement
of solutions apparently followed north-south- to northeast-trending faults.
Jasperoid bodies related to north-south-trending faults lie stratigraphically
below and along the lower margins of the tabular East ore body (pl. 3), in the
same spatial relation as along the south edge of the Main ore zone.

The horizontal dimensions and plunge of the pipe-shaped body of ore at
the southwest end of the East ore zone indicate that it plunges to the
northeast along several parallel closely spaced northeast-trending faults (pl.
3); the ore body also widens and thickens along northwest—trending faults.
These features suggest that the ore solution moved upward along parallel
structures from northeast to southwest and, close to the surface, spread
laterally along northwest-trending faults. The constricted part of the ore
body plunging northeast could connect with the west-plunging part of the
larger ore body beneath the east side of Popovich Hill.
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Ore characteristics.--Primary unoxidized ores in the East ore zone are
characterized by extremely wide variations in chemical and mineralogic
compositions, an abundance of sulfide minerals, an overall enrichment or
introduction of hydrocarbons and numerous hydrocarbon-rich zones, and only
small amounts of barite. Except for a paucity of sulfide minerals and lower
levels of organic material, the oxidized ores show these same features.
Approximately half the ore developed to date in the larger ore body is
unoxidized, and 70 to 80 percent of the ore in the smaller pipe-shaped ore
body at the southwest end of the zone is unoxidized.

The significantly larger average content of organic carbon in unoxidized
ores of the East ore zone than in most other parts of the deposit is probably
. due to introduction of some hydrocarbons by hydrothermal solutions throughout
the zone and to large concentrations of these materials locally throughout the
southwestern part of the ore zone (pl. 5). Harris and Radtke (1976) reported
that most samples of unoxidized ores in the East ore zone contain 0.5 to 1.0
weight percent organic carbon; however, samples from areas of heavy enrichment
contain as much as 8.0 weight percent organic carbon. Comparison of data from
75 individual samples shows that the content of organic carbon in mineralized
rocks increases progressively from the northeastern part of the ore zone (avg
0.2-0.4 weight percent), through the central part (avg 0.4-0.7 weight
percent), to the southwestern part (avg 0.8->1.0 weight percent). Fifty
samples analyzed from the southwestern part contained 2.0 to 5.0 weight
percent organic carbon (A. S. Radtke, unpub. data, 1972).

The content of gold in 110 samples of unoxidized mineralized limestone
from the East ore zone averaged 7.4 ppm.- - On the basis of varying numbers of
samples, Harris and Radtke (1976) reported values of 6.4, 7.2, and 7.2 ppm
Au. Many elements are more abundant in the East ore zone than in the other
ore zones. The average gold content (7.4 ppm), however, compares closely with
that in the Main ore zone (7.1 ppm) but is lower than that in the West ore
zone (8.7 ppm).

Most of the gold in unoxidized ores along the East ore zomne is associated
with both subhedral cubic and spheroidal or framboidal grains of pyrite and
with carbonaceous materials. Minor amounts of gold occur in realgar, either
as fine wetallic particles or in solid solution, and small sparse grains of
metallic gold occur locked in fine-grained hydrothermal silica. No discrete
particles of metallic gold have been recognized dispersed in other materials
in the ores. Small particles of metallic gold associated with pyrite are
present in small quartz veinlets in several areas; small amounts of fluorite,
and frankdicksonite (BaF,) have also been identified in these quartz veinlets
(Radtke and Brown, 1974).

Data reported by Harris and Radtke (1976) show that the contents of
arsenic and antimony average 590 and 155 ppm, respectively, in unoxidized ores
of the East ore zone. These values are significantly higher than those in the
Main and West ore zones, although the content of mercury (21 ppm) is about the
same. The much lower average content of barium in the East ore zone (300 ppm)
than in the other ore zones reflects both the smaller amount of barite
dispersed throughout the limestone and the infrequency of barite veins. The
average selenium content (1.8 ppm) rather resembles that in the West ore zone
(1.5 ppm) and is higher than that in the Main ore zone (0.9 ppm). The average
contents of other elements include: 33 ppm Cu, 5 ppm Mo, 20 ppm Pb,
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177 ppm Zn, 84 ppm B, 10 ppm W, and 0.2 ppm Te. Comparison of these data with
‘those for the other ore zones suggests that these elements are less abundant
in the East than in the Main ore zone but generally are more abundant than in
the West ore zone.

Realgar is sporadically distributed in unoxidized rocks throughout the
East ore zone. Near the southwest end of the elongate fishhook-~shaped ore
body and throughout the deeper parts of the pipe~shaped ore body, large
amounts of coarse-grained realgar occur in both mineralized and barren
limestone enriched in organic carbon. Lesser amounts of orpiment and stibnite
are present along the East ore zone, and coarse-grained stibnite occurs
filling open spaces in small bodies of heavily silicified brecciated
limestone. '

The pipe-shaped ore body at the southwest end of the East ore zone has
been informally referred to as the ''garbage can'" ore body by several
geologists, owing to the presence of large amounts of sulfide minerals and the
abnormally high local enrichment in numerous elements, including mercury,
arsenic, antimony, lead, zinc, and thallium. Mineralized rocks in this part
of the deposit commonly contained more than 30,000 ppm (3 weight percent) As,
5,000 ppm Sb, 2,000 ppm Zn, 1,000 ppm Pb, and 500 ppm Tl. The mineralogy of
the "garbage can" ore body is described in the next section.

The depth of oxidation along most of the East ore zone is slightly
shallower than in other parts of the deposit. .The boundary separating
oxidized from unoxidized ores generally lies about 60 to 75 m below the
surface; locally the oxidation reaches as deep as 90 m in shattered rocks
along fault zones. This selective fault-controlled oxidation was clearly
shown in the pipe-shaped ore body, in which late oxidation proceeded to a
depth of more than 60 m along closely spaced parallel northeast=-striking
faults that created a tabular core of oxidized ore surrounded by unoxidized
ore (pls. 3, 7; Radtke, 1973).

The mineralogy of the oxidized ores in the East ore zone generally
resembles that of other parts of the deposit. The bulk of the rocks are
composed of fine-grained quartz, clay (mainly illite), and remnant carbonate
minerals. Although dolomite is the dominant mineral, significant amounts of
remnant calcite are abundant locally.

The arsenical ores commonly contain abnormally large amounts of certain
minor elements, including barium, copper, mercury, antimony, thallium,
tungsten, and zinc. Small amounts of barite are associated with realgar
locally near the top of the unoxidized part of the Main ore zone. Tungsten
occurs in- the form of small disseminated scheelite grains. Chalcopyrite and
sphalerite have also been recognized in the arsenical ores. Stibnite, though
present, generally is not spatially associated with either realgar or
orpiment.

The presence of large amounts of arsenic, together with antimony,
mercury, and thallium, resulted in the formation of a suite of the relatively
rare minerals that contain these elements (Dickson and Radtke, 1977),
including realgar, orpiment (including antimony- and thallium-containing
varieties), lorandite, getchellite, galkhaite, cinnabar, weissbergite,
stibnite, christite, and ellisite.
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The unoxidized ores in the "garbage can'" ore body at the southwest end of
the East ore zone were characterized by large amounts of the arsenic-mercury-
antimony-thalliumbearing sulfide and sulfosalt minerals. These ores also
contained especilally large amounts of sphalerite, galena, scheelite,
chalcopyrite, and molybdenite in comparison with all other known unoxidized
ores in the deposit. Other minerals recognized only in the '"garbage can'" area
include small amounts of pyrrhotite, covellite, chalcocite, elemental arsenic,
and carlinite in arsenic-deficient areas rich in carbonaceous materials.

Important differences between these oxidized orés and those in other
parts of the deposit are: (1) the presence of larger amounts of remnant
calcite; (2) a higher content of organic carbon, particularly near unoxidized
ores; (3) the presence of incompletely oxidized fine-grained pyrite; (4) the
presence of incompletely oxidized remnant sulfides of arsenic and antimony;
(5) large amounts of arsenic and antimony in some form dispersed throughout
the rocks; (6) a general paucity of intense bleaching and apparent argillic
alteration; and (7) a paucity of zones of weathered pyritic alteration. The
implications of these features for the history of the Carlin ores are
discussed in the section entitled "Genesis of the deposit.”"

Chemical data on oxidized ores in the East ore zone were obtained from
120 samples collected from exposed ore and chosen from drill holes throughout
the entire ore zone. The content of gold in these samples averages 8.0 ppm,
slightly greater than the average in the deeper unoxidized ores (7.4 ppm).
The abundances of other elements vary with the intensity of oxidation, similar
to those in ores of the Main ore zone. The average content of barium
increases to 1,100 ppm, but the contents of other elements are lower; average
values are: 450 ppm As, 105 ppm Sb, 18 ppm Hg, 8 ppm W, 20 ppm Cu, 80 ppm Zn,
15 ppm Pb, 3 ppm Mo, 0.6 ppm Se, and less than 0.2 ppm Te.

Primary unoxidized ores

Most of the unoxidized gold ores occur in the Main and East ore zone, and
only small amounts in the West ore zone. Of the 11 million t of ore known in
1965, about 4 to 4.5 million t was unoxidized, of which over 90 percent was in
the Main and East ore zone. This estimate does not include the deep
mineralized carbonate rocks beneath Popovich Hill (pl. 3), which could
increase the total amount of unoxidized ores by a minimum of several million
tons.

The unoxidized ores all contain quartz, calcite, dolomite, clay (mainly
illite and minor kaolinite and sericite), pyrite, and carbonaceous materials
in widely varying amounts, and the same accessory minerals are present in the
unmineralized host rocks. The unoxidized ores, however, may be divided into
five types on the basis of differences in mineral content, chemical
composition, and associations of the gold: (1) normal, (2) siliceous, (3)
carbonaceous, (4) pyritic, and (5) arsenical. Chemical and spectrographic
analyses of samples of the primary unoxidized ores are listed in table 1l1.

Table 11 near here
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Normal ore

The normal gold ore is medium to dark gray, thin bedded, and laminated,
and physically resembles fresh unmineralized rocks of the Roberts Mountains
Formation (fig. 12). This ore type makes up over 60 percent of the known

Figure 12 near here

unoxidized ores in the Carlin gold deposit and accounts for all the unoxidized
ores in the West ore zone, over 50 percent of the unoxidized ores in the Main
ore zone, and 30 to 40 percent of the unoxidized ores in the East ore zone.

The normal gold ore, which was well described by Wells and Mullens
(1973), is composed mainly of dolomite, illite, and quartz, and contains
lesser amounts of kaolinite, sericite, and remnant calcite. Anhedral to
subhedral corroded rhombs of diagenetic dolomite, ranging from about 20 to
80 um in length, and angular grains of sedimentary quartz, ranging from about
40 to 100 um in diameter, lie in a matrix of interlocking clay, fine-grained
calcite and dolomite, and carbonaceous materials. Grain size of the matrix
minerals ranges from submicroscopic to about 10 um. Many dolomite grains are
corroded and exhibit poorly defined edges owing to reaction with the
hydrothermal solutions.

Other features of the normal ore that indicate reaction with hydrothermal
solutions include: several textural varieties of introduced silica in the
form of irregular patches as long as 80 Um and small veinlets narrower than
30 Um; replaced carbonate grains (most commonly the margins of dolomite
rhombs); fossil fragments and fine-grained calcite in the rock matrix; and
overgrowths on quartz grains (figs. 13, 14). Small amounts of kaolinite were

Figures 13 and 14 near here

formed in the matrix, and calcite was recrystallized as small microveinlets.

In addition to the relatively large (10-30 pm) subhedral cubes and thin
stringers of diagenetic pyrite inherited from the original lmestone, the
normal gold ore contains two forms of introduced pyrite. Hydrothermal pyrite
occurs (1) as small dispersed subhedral cubes in the matrix and along the
margins of dolomite rhombs; and (2) as clusters of small (<10 Um in diameter)
framboidal microspheres in the matrix, dispersed in patches of hydrothermal
quartz, and along fractures in dolomite grains. Hydrothermal sulfide minerals
other than pyrite are uncommon in this ore type.

Gold occurs in several forms and associations in the normal ore (Radtke
and others, -1972b). Surfaces of both the subhedral cubes and the framboidal
spheres of hydrothermal pyrite are commonly coated with thin (<2 Um) films of
gold, mercury, arsenic, and antimony, and locally with small amounts of
thallium. TFrom 70 to 80 percent of the gold in the normal ore is estimated to
occur in this form. Small amounts of gold in the form of either very fine
grained (<l Um) metallic particles or a gold-organic compound are distributed
in the mixed carbonaceous materials and clay in the rock matrix; sparse
individual particles of metallic gold also occur locked in small patches and
scams of hydrothermal quartz (fig. 15).

Figure 15 near here
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The types of carbonaceous materials in the fresh unmineralized host rocks
and unoxidized ores are: (1) activated amorphous carbon, (2) mixtures of
high-molecular-weight hydrocarbons, and (3) organic acid(s) with properties
similar to humic acid (Radtke and Scheiner, 1970b). The higher average
content of organic carbon (0.5-0.6 weight percent) in normal gold ore than in
fresh rocks (0.2-0.3 weight percent) suggests that small amounts of organic
material, probably hydrocarbon compounds, were introduced during hydrothermal
activity. »

The contents of major and minor elements in typical samples of normal
gold ore are listed in table 11 (samples 1-5) and plotted in figure 16, and

Figure 16 near here

were reported by A. S. Radtke (unpub. data, 1969), Wells and Mullens (1973),
and Harris and Radtke (1976). Comparison of these data with those for fresh
unmineralized rocks (fig. 16; table 1; A. S. Radtke, unpub. data, 1969; Radtke
and others, 1972a; Harris and Radtke, 1976) shows that the normal ore contains
more silicon, aluminum, total iron, potassium, sulfur, and organic carbon;
slightly more barium; and more silver, arsenic, gold, boron, cobalt, chromium,
copper, mercury, lanthanum, molybdenum, manganese, nickel, lead, antimony,
selenium, tellurium, titanium, thallium, vanadium, tungsten, yttrium,
ytterbium, zinc, and zirconium. Increases in the contents of silicon,
aluminum, potassium, iron, sulfur, and organic carbon reflect the introduction
of quartz, kaolinite, pyrite, and hydrocarbons; and the larger titanium
content is due to dispersed grains of a mineral of composition TiO,. Ferride
elements, including cobalt, chromium, manganese, nickel, and vanadium, may be
present in the hydrothermal pyrite. Minor elements associated with gold,
including arsenic, mercury, antimony, and thallium, occur with gold on the
surfaces of pyrite grains, and small amounts of mercury are associated with
carbonaceous materials.

Siliceous ores

The siliceous gold ores are characterized by large amounts of introduced
silica and only small amounts of remnant carbonate minerals. The ores are
dark gray to black and grade from normal ore exhibiting faint remnant thin
bedding and laminations to massive dense gold-bearing jasperoid (fig. 17).

Figure 17 near here

Less than 10 percent of the known unoxidized gold ores are of the
siliceous type, and the bulk of them are in the East ore zone. These ores
commonly contain 80 to 95 percent quartz, 5 to 10 percent clay (including
illite and small amounts of hydrothermal kaolinite and sericite), less than 1
to 5 percent dolomite, and smaller amounts of carbonaceous materials and
pyrite. Hydrothermal silica has replaced most of the dolomite rhombs, formed
overgrowths on quartz grains, and replaced virtually all the calcareous fossil
fragments and the grains of calcite and dolomite in the matrix. The presence
of small veinlets of quartz as wide as 50 yYm, filling microfractures both
parallel to and transecting the bedding, suggests that the silica was
introduced in several stages.
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Small amounts of pyrite in the form of subhedral cubic grains and rounded
framboidal aggregates occur in the hydrothermal silica and are scattered
throughout the matrix (fig. 18). Small (<10 Um in diameter) grains

Figure 18 near here

of pyrite, together with carbonaceous materials, also occur in the quartz
veinlets (fig. 19). Other sulfide and sulfosalt minerals identified in the

Figure 19 near here

siliceous ores include galena, sphalerite, chalcopyrite, weissbergite,
realgar, and stibnite. All these minerals are commonly sparse and fine -
grained. .

In contrast to the other types of unoxidized ores, the siliceous ores
contain fine (<10 Um) particles of metallic gold dispersed in patches of
hydrothermal quartz. However, most of the gold in this ore type--probably
ovar 80 percent of the total amount--occurs on the surfaces of grains of
hydrothermal pyrite, including pyrite in the small quartz veinlets. No
association of gold with carbonaceous materials has been recognized in the
siliceous ores.

The chemical compositions, including both major and minor elements, and
the mineralogy of the siliceous ores differ significantly from those of other
types of unoxidized ores (samples 6, 7, table 1; A. S. Radtke, unpub. data,
1970). Elements less abundant in the siliceous ores than in most other ore
types include aluminum, boron, calcium, cobalt, chromium, iron, gallium,
potassium, lanthanum, magnesium, manganese, molybdenum, sodium, nickel,
scandium, strontium, titanium, thallium, vanadium, yttrium, ytterbium,
zirconium, sulfur, and organic carbon. The small amounts of aluminum, boron,
gallium, potassium, sodium, and scandium reflect the comparatively .small
amounts of clay; the sparsity of calcium, magnesium, and strontium is due to
the virtually complete removal of calcite and dolomite; the small amounts of
iron and sulfur, as well as of elements commonly found in pyrite (including
cobalt, chromium, magnanese, nickel, and vanadium), suggest that these ores
. contain less hydrothermal pyrite. R. L. Erickson (written commun., 1977)
suggested that the sparsity of such elements as chromium, gallium, titanjium,
and zirconium could reflect lower contents in the original rocks, which were a
purer carbonate facies.

Although titanium was introduced into the host rocks at Carlin during
hydrothermal alteration, the exceptionally small amounts of the element in the
siliceous ores suggest that it did not accompany the main hydrothermal
stage. A hydrothermal mineral of composition TiOZ has been recognized in
heavily silicified mineralized carbonate rocks in the Carlin deposit. Bailey
(1974) previously reported at TiO, phase in jasperoid of the Drum Mountains,
Utah, but did not further identify the mineral. Except for thallium, the
contents of elements closely associated with gold, including arsenic, mercury,
and antimony, closely resemble those in the other ore types.
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In addition to the high coﬁtent of silica, the average content of barium
(700 ppm) in the siliceous ores is larger than that in the other ore types
except for the carbonaceous. The preseunce of sparse randomly scattered
irregular subrounded grains (<50 um) of barite replaced by quartz in the
siliceous ores indicates that a small amount of barite was formed _during the
early or main hydrothermal stage before a later influx of silica.

Carbonaceous ore

The term 'carbonaceous ore'" has been loosely used by numerous geologists
to refer to any unoxidized gold-bearing carbonate rock. Radtke and Scheiner
(1970b, p. 96) originally defined the term "* * * as a refractory ore
containing organic carbon constituents capable of interacting with gold
cyanide complexes, thus making the ore non-amenable to conventional
cyanidation treatment." This definition is satisfactory for metallurgic
purposes but is too general and broad to be of much value geologically.
Although many of the unoxidized ores contain organic carbon compounds in
sufficient abundance (>0.2 weight percent) in interfere with gold extraction
by cyanidation, the term "carbonaceous gold ore" is restricted to those ores
containing an abnormally large amount of organic carbon owing at least in part
to hydrothermal introduction of hydrocarbons.

The carbonaceous gold ore is dark gray to black and ranges in appearance
from thin bedded and laminated, displaying alternating dark-gray and black
laminae, to dense, black, and unlaminated, displaying fractures coated with
black amorphous carbon (fig. 20). Carbonaceous ore makes up about 15 to 20

Figure 20 near here

percent of the known unoxidized ores; this percentage could become much larger
once information is available on the composition of the unoxidized ores below

Popovich Hill. Carbonaceous ore occurs along most of the East ore zone and in
the deeper levels of the Main ore zone along the south and southwest sides of

Popovich Hill (pls. 3-5 ).

The content of organic carbon in the massive dense carbonaceous gold ore
is commonly greater than 1.0 and locally as high as 6.0 weight percent.
Otherwise, most of the carbonaceous ore resembles the normal ore except for a
slightly lower content of remnant calcite. Corroded rhombs of dolomite and
angular detrital quartz grains are dispersed throughout a matrix of clay,
fine-grained quartz and dolomite, and carbonaceous materials. Much of the
fine-grained calcite in the matrix has been dissolved out and the voids filled
by organic materials; the remainder of the calcite and some of the dolomite
are replaced by quartz and small grains of pyrite, and remmnant corroded A
dolomite grains occur as inclusions in hydrothermal silica. 1In addition to
the carbonaceous materials in the matrix, organic carbon compounds also occur
in small veinlets (<20 ym wide) commonly parallel to the bedding, and in small

(as much as 70 Um in diameter) patches that may represent replaced dolomite
rhombs.

The altermating gray and black laminae in the carbonaceous ore differ in
mineralogy and chemical composition. The gray laminae are composed of angular
detrital quartz grains and dolomite rhombs in a matrix of clay, fine-grained
quartz, calcite, and dolomite. Subhedral to euhedral cubic pyrite grains, as
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large as about 150 m in diameter, are abundant; fragments of small silicified
brachiopod shells are sparse and poorly preserved. The content of organic
carbon ranges from about 0.4 to l.2 weight percent. The black laminae contain
corroded dolomite rhombs and angular quartz grains in a matrix of carbonaceous
materials, clay, quartz, and small amounts of dolomite; shell fragments are
silicified, abundant, and well preserved. Carbonaceous materials flooded
throughout the matrix (fig. 21) occur as small patches and seams parallel to

Figure 21 near here

bedding; organic carbon content ranges from 1.0 to more than 3.0 weight
percent. Both the cubic and the framboidal varieties of pyrite are common,
and pyrite grains and fragments commonly are concentrated along the seams of
carbonaceous materials (fig. 22).

Figure 22 near here

The carbonaceous gold ore contains relatively large amounts of the same
three types of organic carbon compounds identified by Radtke and Scheiner
(1970b) and discussed above in the subsection entitled "Normal ore." 1In the
carbonaceous ore, most of the amorphous carbon and those grains coated with
hydrocarbons occur as blocky patches and seams. The organic acid(s) is
associated with clay, quartz, and remnant carbonate minerals in the matrix.
Electron microprobe studies show that gold is associated with both amorphous
carbon and organic acid(s) in the carbonaceous ore, an association described
in the later section entitled "Mineralogy and distribution of elements in
unoxidized ores.”

Much of the gold in the carbonaceous ore is associated with pyrite. Both
the framboids (fig.. 22) and cubic grains (<40 Um in diameter) of pyrite
commonly have coatings of gold, mercury, arsenic, and antimony. Larger cubic
pyrite grains, probably representing early diagenetic pyrite, rarely contain
detectable amounts of these elements. Grains of metallic gold have not been
recognized in the carbonaceous ore.

Pyrite is the most abundant sulfide mineral in the carbonaceous gold
ore. By comparison, other sulfide and sulfosalt minerals are sparse and occur
randomly distributed throughout the ore; these minerals include realgar,
orpiment, stibnite, lorandite, christite, weissbergite, ellisite, carlinite,
cinnabar, sphalerite, galena, molybdenite, chalcopyrite, chalcocite, and
covellite.

Chemical and spectrographic analyses of samples of the carbonaceous gold
ore are listed in table 11 (samples 8-10); data on the contents of major
components in the carbonacecus ore in comparison with those in other
unoxidized ores and in fresh host rocks are plotted in figure 16. The average
contents of several elements, including aluminum, gallium, potassium,
titanium, vanadium, and organic carbon, are higher in the carbonaceous ore
than in all other ore types. Relative to the normal ore, the carbonaceous ore
also contains more barium, phosphorus, silicon, and sulfur, and less calcium,
sodium, and CO,. These differences reflect a greater abundance of quartz,
hydrothermal clay (mainly kaolinite), carbonaceous materials, barite, and a
Ti0, phase, and a sparsity of calcite. The higher content of phosphorus is
due to the introduction of carbonaceous materials.
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Important differences between the chemical and mineralogic compositions
of the unoxidized ore types, including the carbonaceous gold ore, were
discussed in the preceding section entitled "Siliceous ores." Except for the
great abundance of arsenic and the accompanying large amounts of associated
elements (including antimony, mercury, thallium, and sulfur) that characterize
the arsenical ores, the mineralogy and chemical compositions of the arsenical
and carbonaceous gold ores are similar. In comparison with the pyritic gold
ore, the carbonaceous ore contains more clay and remnant dolomite, as shown by
the contents of aluminum, potassium, magnesium, calcium, and CO,, and the
smaller amounts of quartz and pyrite, as reflected in the contents of silica,
total iron, and sulfur (fig. 16; table 11).

The abundance of carbonaceous materials in the carbonaceous gold ore
provided a chemical environment favorable for the formation and preservation
of at least two rare thallium-bearing minerals. These two minerals—-carlinite
(T1,8) and ellisite (T13AsS3)——are probably unstable except under strongly
reducing, oxygen—deficient conditions, such as those provided by the
surrounding carbonaceous materials in this ore type.

Pyritic ore

About 0.5 to 3 weight percent pyrite is a ubiquitous constituent of
unoxidized Carlin ores. Locally, however, the content of pyrite is much
higher; these mineralized carbonate rocks, which contain from 3 to 10 weight
percent pyrite, are classified as pyritic gold ore.

The pyritic ore is medium to dark gray and commonly contains sufficient
pyrite to be visible in hand specimen. Pyrite-rich ore occurs as bands
ranging from a few millimeters to 20 mm in thickness, interlayered with or
crosscutting carbonaceous ores (fig. 23), and as lenticular masses 3 to 4 m

Figure 23 near here

wide within either the normal or carbonaceous ore., The pyritic ore occurs in
both the Main and the East ore zone and accounts for about 5 to 10 percent of
the total known unoxidized ores in the deposit.

Most of the pyrite occurs as subhedral to euhedral cubic grains, as large
as 0.4 mm in diameter, and smaller amounts as rounded framboidal grains. The
pyrite and remnant corroded dolomite rhombs are set in a matrix composed
mainly of fine-grained dolomite, silt-size angular detrital quartz grains, and
irregular patches and seams of hydrothermal quartz, much of which replaced the
original carbonate minerals. The pyritic ore generally contains relatively
small amounts of remnant dolomite, little if any calcite, and comparatively
small amounts of hydrothermal clay. Carbonaceous materials are dispersed
throughout the matrix, are concentrated in seams parallel to the bedding, and
fill randomly oriented microfractures. Fossil fragments commonly are
completely silicified. :

Chemical analyses of samples of the pyritic ore (samples 11, 12, table
11) show that its composition varies widely and that median values for many
elements differ significantly from those in other unoxidized ore types (fig.
16). Except for the siliceous ores, the pyritic ore contains the most silica
and the least aluminum, calcium, potassium,magnesium, titanium, and CO,. The
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high contents of both total iron and sulfur reflect the presence of abundant
pyrite; the content of organic carbon generally is between 0.5 and 0.8 weight
percent. '

The minor-element contents in samples of the pyritic ore are listed in
table 11 (samples 11, 12). The abundances of most elements, including gold,

vary widely between samples but resemble those in other ore types except for
the arsenical ores.

Microprobe studies show that most of the gold, together with mercury,
arsenic, and antimony, occurs as coatings on both the framboidal and cubic
varieties of pyrite. Surfaces of larger cubic pyrite grains generally lack
detectable amounts of these elements. Small amounts of gold and mercury
associated with carbonaceous material are sporadically distributed throughout
the matrix of the rocks. Small (<5 {m diameter) particles of metallic gold
occur in hydrothermal quartz but are very rare.

Sulfide minerals other than pyrite are uncommon in the pyritic ore.
Sparse amounts of realgar, stibnite, cinnabar, sphalerite, galena,
molybdenite, and chalcopyrite occur in randomly scattered grains smaller than
50 m in diameter. ’

Arsenical ores

Unoxidized gold ores that contain especially large amounts of arsenic are
classified as a separate ore type (fig. 24). The content of arsenic in these

Figure 24 near here

ores ranges from 0.5 to more than 10.0 weight percent, mostly in the form of
realgar but including lesser amounts of orpiment and various sulfosalt
minerals. The arsenic sulfides, which occur in small veinlets as wide as

20 mm, as coatings on the walls of fractures, and as small discrete grains,
were formed late in the paragenesis.

Though a distinct ore type, the arsenical gold ores were formed by
introduction of large amounts of arsenic into either the carbonaceous or, less
commonly, the normal gold ore. The irregular masses and veins of bright-red
to red-orange arsenic sulfides that account for most of the arsenic in these
rocks are distinctly visible against the black typically carbonaceous host
rocks.

Small bodies of arsenical ore were found along the entire length of the
East ore zone; large amounts were near the southwestern part of the zone (fig.
25). The pipe-shaped ore body at the southwest end of the East ore zone (the

Figure 25 near here

"garbage can" ore body) contained large tonnages of arsenical ore. Small
remnant unoxidized pods of arsenical ore occurred in oxidized ores in the
central part of the Main ore zone southwest of Popovich Hill. Some deep
unoxidized ores in the Main ore zone south and southwest of Popovich Hill
contain large amounts of arsenic sulfide minerals. The arsenical ores are
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estimated to make up 5 to 10 percent of the known unoxidized ores in the
Carlin deposit. Although no data are currently available on the deep
unoxidized ores below Popovich Hill, these ores are probably rich in arsenic.

In thin section, most of the arsenical ores show deeply corroded dolomite
rhombs and angular silt-size quartz grains in a matrix composed of dolomite
grains (2-4 MUm), clay, and carbonaceous materials. Fossil fragments are
completely silicified. Veinlets of realgar and minor quartz, ranging from a
few micrometers to about 200 Um in width, £ill microfractures and follow bands
of carbonaceous materials (fig. 26). Realgar also occurs filling vugs 50 to

Figure 26 near here

300 Um in diameter that have walls lined with quartz crystals; local
.transection or replacement of realgar by small veinlets of chalcedony or
quartz indicates late introduction of silica. Most of the hydrothermal
quartz, however, occurs in small irregular patches and seams that replaced
calcite and lesser amounts of dolomite during the early and main stages of
hydrothermal activity. Small subhedral grains of hydrothermal pyrite occur in
these patches of quartz, as well as in veinlets of quartz filling randomly
oriented fractures. Thus quartz was introduced by the hydrothermal solutions
throughout the entire period of mineralization; quartz deposition ended after
the relatively late formation of arsenic sulfides.

The occurrences, associations, and forms of pyrite in the arsenical gold
ores resemble those in the carbonaceous ores discussed above. In addition,
small (generally <20 Um) corroded subhedral cubic pyrite grains, locked in
realgar veinlets, appear to be partly replaced by realgar.

Chemical and spectrographic analyses of samples of the arsenical gold ore
are listed in table 11 (samples 13, 14).

The introduction of large amounts of silica, the removal of calcite and
lesser amounts of dolomite, and the resulting general mineralogic similarity
between the arsenical and carbonaceous ores are reflected in the similar
median values for calcium, magnesium, phosphorus, silicon, and COZ in both ore
types (fig. 16), and in the content of organic carbon, which commonly is more
than 1.0 weight percent in the arsenical ores. The high content of sulfur in
arsenical ores is due to the presence of arsenic sulfide minerals.

The gold in arsenical ores has several modes of occurrence. Gold,
together with arsenic, antimony, mercury, and, locally, thallium, form thin
films on both the framboidal and cubic varieties of pyrite. Pyrite grains
associated with hydrothermal quartz, as well as those in realgar, commonly
contain detectable amounts of gold and mercury. The associations of gold and
mercury with carbonaceous materials in the arsenical ores resemble those
described above in the subsection entitled "Carbonaceous ore." Electron
microprobe analyses indicate that small amounts of gold are present locally in
realgar; whether the gold occurs as discrete particles of native gold or is in
solid solution in the realgar has not been determined.

Although arsenical gold ore makes up only 5 to 10 percent of the total

known unoxidized ores at Carlin, in other disseminated-replacement gold
deposits, including these at Getchell, Nev., White Caps (Manhattan), Nev., and
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Mercur, Utah, it accounts for much larger percentages; particularly the
Getchell and Mercur deposits probably contained large tonnages of arsenical
ore. This ore type also occurs at Kendall (North Mocassin), Mont. (A. S.
Radtke, unpub. data, 1970). :

Mineralogy and distribution of elements in unoxidized ores
Iron

Most of the iron in unoxidized ores of the Carlin gold deposit occurs in
pyrite, and both diagenetic and hydrothermal pyrite are present in all the
unoxidized ore types. Diagenetic pyrite in unoxidized ores commonly occurs in
relatively large (as much as 1 mm in diameter) euhedral cubes that tend to be
concentrated in narrow bands parallel to bedding. Pyrite of hydrothermal '
origin occurs in two forms: (1) subhedral to euhedral cubic grains, generally
less than 0.3 mm in diameter and smaller than the diagenetic pyrite grains
(figs. 13, 19, 23); and (2) rounded framboidal microspheres, generally smaller
than 10 pm in diameter (fig. 22). A few samples from the southwest end of the
East ore zone contained small amounts of fine-grained pyrrhotite. No other
iron sulfide minerals have been identified in the unoxidized ores, although
the fine-grained texture of these minerals commonly precludes quantitative
microprobe analysis.

The content of pyrite in fresh unmineralized rocks of the Roberts
Mountains Formation is less than 0.5 weight percent. The total pyrite content
in mineralized rocks ranges from less than 1 weight percent in siliceous ores
to as much as 10 weight percent in pyritic ore. Pyrite is ubiquitous in all
the unoxidized ore types. Surfaces of the small cubic pyrite grains commonly
are altered to hematite or other iron oxide minerals; grains showing an
apparent interlocking of pyrite and hematite represent a progressive oxidation
outward from microfractures that cut the pyrite grains.

Other iron-bearing minerals include chalcopyrite and sphalerite. The
hydrothermal sphalerite in Carlin ores commonly contains only 0.2 to 0.6
weight percent Fe, in contrast to the fine-grained diagenetic or authigenic
sphalerite in the Roberts Mountains Formation, which contains 5 to 8 weight
percent Fe. Small amounts of iron (as much as 4.5 weight percent) are present
in sparse grains of both tetrahedrite and tennantite. '

Iron also occurs in detrital minerals, including hematite, magnetite, and
ilmenite, and minor amounts (0.3-0.7 weight percent) are common in illite.
Microprobe analysis shows that amorphous carbon frequently contains 0.05 to
0.1 weight percent Fe; and an unidentified organic compound, probably an
organic acid, may contain as much as 1.2 weight percent Fe.

Gold

Gold in unoxidized ores of the Carlin deposit occurs: (1) as coatihgs or
thin films on pyrite, (2) sporadically distributed on surfaces of amorphous
carbon grains, (3) in association with organic acid(s) as a gold-organic
compound, (4) as metallic gold, (5) dispersed as particles of metallic gold in

- realgar or in solid solution in realgar, and (6) in solid solution in sparse
- grains of elemental arsenic. Results of electron microprobe analyses of 60
- samples of unoxidized ores from throughout the deposit show that most of the
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gold in unoxidized ores occurs in forms 1 through 3. The forms of gold in the
unoxidized ore types were discussed above.

The presence of gold on surfaces of pyrite grains in Carlin ores was
first reported by Radtke, Taylor, and Christ (1972b). Later, Wells and
Mullens (1973) verified this result but, from study of one specimen,
erroneously concluded that all the gold in unoxidized ores of the deposit was
associated with pyrite.

Electron microprobe analyses show that gold, mercury, arsenic, antimony,
and, locally, thallium occur together in thin (<2 pm) films coating the
surfaces of cubic pyrite grains; these five elements also are associated with
the rounded framboidal pyrite grains. Although the framboids generally are
too small to locate the gold precisely, chemical analyses, as well as optical
studies by electron microprobe and scanning electron microscope, of a few
larger framboids show the that the gold is associated with sulfur, iron,
antimony, and mercury coating the surface, and not within the pyrite structure
(see fig. 22C). The gold content of coatings on pyrite grains commonly ranges
from less than 0.0l to 0.35 weight percent and varies widely between
individual grains (samples 1, 2, table 12). X-ray scanning images show gold,

Table 12 near here

mercury, arsenic, and antimony on surfaces of a sectioned pyrite grain in the
arsenical ore (fig. 27).

Figure 27 near here

On the basis of experimental studies of the extractive properties of
carbonaceous materials on gold complexes in various solutions, Radtke and
Scheiner (1970a) showed that unoxidized Carlin ores commonly contain three
types of organic carbon compounds and postulated that gold in some form was
associated with these carbonaceous materials. Radtke and Scheiner (1970b)
pointed out that certain organic carbon compounds could have removed gold
complexes from ore solutions and thereby increased the amount of gold
associated with carbonaceous materials rather than pyrite.

Electron microprobe analyses of an activated amorphous-carbon compound
show that it commonly contains 0.1 to 0.4 weight peréent S and trace amounts
(<0.1 weight percent) of phosphorus, iron, vanadium, and chromium. Gold and
mercury in unidentified forms are sporadically distributed and concentrated on
the surfaces of the grains, which commonly are coated with high-molecular-
weight hydrocarbons. No data are available on the spatial relation between
the heavy metals and the hydrocarbons on the amorphous-carbon grains.

However, in areas of carbon grains containing detectable amounts of gold, the
element generally is present in concentrations of between 0.05 and 0.5 weight
percent.

The unoxidized ores also contain an organic acid(s) with properties
closely resembling those of humic acids extracted from leonardite, a partially
oxidized form of lignite (Scheiner and others, 1968). The organic acid in the
Carlin ores has major absorption peaks characteristic of long=-chain carboxylic
acids, contains sulfur and nitrogen groups, and has a neutralization
equivalent of 1,500. Electron microprobe analyses show that this organic
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compound contains 1.0 to 1.5 weight percent S, 0.5 to 1.0 weight percent O,
and trace amounts of phosphorus and vanadium. Some grains contain detectable
amounts of gold as well as at least 0.06 weight percent Hg, 0.08 weight
percent Fe, 1.0 to 1.2 weight percent F, and 0.1 to 0.2 weight percent Cl.
Although the gold content varies greatly between grains (<0.02-0.25 weight
percent), its uniformity across individual grains suggests that the gold
occurs as a gold-organic compound. Scheiner, Lindstrom, and Henrie (1968)
reported that the organic acid(s) contain(s) CO-N-S functional groups capable
of behaving as ligands in gold complexes, and that much of the gold in the ore
probably occurs in a chelate.

Grains of the organic acid(s) contain detectable amounts of mercury,
generally less than of gold, uniformly distributed across the grain. Mercury
probably is also chemically bound to the organic carbon compound in a
chelate. Although the gold and mercury are associated with carbonaceous
materials, other elements, including silver, arsenic, antimony, thallium,
copper, lead, zinc, molybdenum, and tungsten, were not detected in microprobe
analyses of all types of the organic-carbon compounds. X-ray scanning images
for gold, mercury, carbon, and sulfur that reveal the association of gold and
mercury with carbonaceous materials in a grain-mount section of carbonaceous
ore are shown in figure 28.

Figure 28 near here

Microprobe analyses show that a small amount of gold in the unoxidized
ores occurs in the metallic form. Most of this metallic gold, generally as
particles smaller than 10 Um in diameter, is contained in small patches and
veinlets of hydrothermal silica. The siliceous ores contain the most metallic
gold; ores containing abundant carbonaceous materials, including both the
arsenical and carbonaceous gold ores, lack metallic gold. A few of the sparse
quartz veinlets carry metallic gold; all but two of these auriferous veins
recognized to date occur at shallow depths, less than 45 m below the
surface. Near the southwest end of the East ore zone, at mine coordinates
23,050 N., 20,100 E. (pl. 3), a small quartz vein as wide as 50 mm contained
pyrite, metallic gold, and frankdicksonite (Ban) (Radtke and Brown, 1974).

Gold is also associated with realgar in the arsenical gold ores. Results
of microprobe studies show that small auriferous pyrite grains occur locked in
realgar. Locally, however, gold in some form is present in iron-deficient
spaces (<5 um in diameter) within realgar (sample 9, table 12). Whether this
gold occurs as fine metallic particles or is in solid solution is uncertain.
The presence of small amounts of gold in realgar at Mercur, Utah, was reported
by Dickson, Radtke, Weissberg, and Heropoulos (1975b), who also indicated that
synthetic realgar and orpiment may contain as much as 200 and 2,000 ppm Au,
respectively, is solid solution.

Wells and Mullens (1973) reported that sphalerite and chalcopyrite in
Carlin ores contain detectable amounts of gold. However, results of more than
800 microprobe analyses (tables 12, 13) encompassing all of the sulfide

Table 13 near here

and sulfosalt minerals recognized in Carlin ores, including sphalerite and

chalcopyrite, show that only pyrite and realgar contain detectable amounts of
gold.
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The few grains of elemental arsenic analyzed from the East ore zone
contained as much as 0.3 weight percent Au. No gold tellurides have been
found in Carlin ores.

Mercury

Average and median contents of mercury (25 and 30 ppm, respectively) in
unoxidized ores were reported by Radtke and others (1972a). Later, Harris and
Radtke (1976) reported an average mercury content of 21 ppm in samples of
unoxidized ore from throughout the entire deposit, and of 22, 20, and 21 ppm
in the West, Main, and East ore zomes, respectively. On the basis of data
presently available, the mercury/gold ratio in individual samples commonly
falls between 2:1 and 4:1 and averages about 3:1 for each ore zone.

Mercury in unoxidized ores occurs: (1) in thin films coating grains of
pyrite; (2) associated with carbonaceous materials, including both amorphous
carbon and organic acid(s); (3) as small dispersed cinnabar grains; and (4) in
other sulfides and in arsenic-antimony=-thallium sulfosalts. Most of the
mercury occurs in forms 1 and 2.

Mercury occurs as a surface coating on both the cubic and framboidal
pyrite grains. Detectable amounts of the element (>0.04 weight percent Hg)
were present inm about half of the 280 grains from 60 samples of ore analyzed
on the electron microprobe. The content of mercury ranges from less than 0.04
to 1.2 weight percent (samples 1, 2, table 12), and the mercury/gold ratio
ranges from 1:1 to 3:1l. An X-ray scanning image for mercury on the surface of
pyrite is shown in figure 27 above.

Electron microprobe analyses of carbonaceous materials show that the
distribution and association of mercury resemble those of gold. Mercury is
erratically distributed on the surfaces of awmorphous-carbon grains; in grains
of the organic acid(s), which contain detectable amounts of the element,
mercury occurs rather uniformly throughout individual grains. The mercury in
these grains, which is probably present as mercury~-organic and mercury-gold-
organic compounds, ranges from about 0.04 to 1.0 weight percent. Mercury
associated with gold in carbonaceous materials is shown in X-ray scanning
images in figure 28 above.

Sparse randomly distributed cinnabar grains, generally smaller than 50 pm in
diameter, have been identified in pyritic, carbonaceous, and arsenical gold
ores. Microprobe analyses show that the cinnabar contains no detectable
amounts of other elements (sample 11, table 12). The cinnabar in this
occurrence probably formed with quartz and pyrite from the introduction of
gold, mercury, arsenic, and antimony during the main hydrothermal stage.

The largest amounts of cinnabar are contained in arsenical ores in the
East ore zone, where the mineral is associated with late arsenic-mercury-
antimony-thallium sulfides and sulfosalts. Arsenical ores in the "garbage
can' area contained relatively coarse grained cinnabar. Individual grains as
large as 1 mm in diameter occurred both intergrown with and spatially
associated with realgar, lorandite, christite, and ellisite (fig. 29).

Figure 29 near here

Microprobe analyses show that cinnabar in this association may contain as much
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as several tenths of a weight percent of arsenic (sample 12, table 12).
‘Sulfosalt minerals containing mercury identified to date in the arsenical ores
are galkhaite ((Hg,Cu,Tl,Zn)AsSZ) and christite (samples 2, 4, table 13).
Galkhaite in arsenical ores at the Getchell gold deposit was described by
Botinelly, Neuerburg, and Conklin (1973), and the presence of the mineral at
Carlin is its second reported occurrence in the United States. Sphalerite in
Carlin ores contains as much as 0.l weight percent Hg, and some galena grains
contain 200 to 400 ppm (0.02-0.04 weight percent) Hg.

Arseunic

, Arsenic is found in all disseminated-replacement gold deposits of the
Carlin type (Radtke and others, 1974a; Radtke and Dickson, 1976), although the
average content varies widely between deposits. The element occurs: (1) in
geochemical halos outside the ore zones in the host rocks, (2) in small joints
and fractures in bedrock at shallow depths above ore bodies, and (3) in
secondary dispersion halos in soil close to ore bodies (Erickson and others,
1964a, b; Wrucke and others, 1968; Akright and others, 1969).

In Carlin ores, arsenic is the most abundant of the arsenic-mercury-
antimony~-thallium site of elements closely associated with gold. Values report-
ed for the average content of arsenic in unoxidized ores include 480 ppm
(Radtke and others, 1972a) and 506 ppm (Harris and Radtke, 1976). Although
the average contents of gold and mercury are nearly constant in the West,

Main, and East ore zones, the average arsenic content ranges from 222 ppm in

the West, through 490 ppm in the Main, to 590 ppm in the East ore zone (Harris
and Radtke, 1976).

In unoxidized Carlin ores, arsenic occurs: (1) with gold, mercury,
antimony, and thallium coating pyrite grains; (2) in sulfide and sulfosalt
minerals; and (3) as elemental arsenic. Arsenic is not associated with any
carbonaceous materials in Carlin ores. ‘

) The occurrence of arsenic coatings on the surfaces of pyrite grains is
ubiquitous in all unoxidized ore types. Surfaces of both euhedral cubic and
framboidal pyrite grains commonly contain more arsenic than any of the other
four associated metals (samples 1, 2, table 12). The content of arsemnic )
between grains in the film, which ranges widely from less than 0.08 to about
6.0 weight percent (samples 1, 2, table 12), is rather uniform over the
surfaces of individual grains, and the arsenic/gold ratio on the surface is
commonly about 15:1. The higher arsenic/gold ratio in hand specimens of ores,
which lack arsenic sulfide minerals, is due to the presence of arsenic on the
surfaces of gold-deficient as well as gold-bearing pyrite.

Results of electron microprobe analyses show that arsenic, as well as
antimony and thallium, is not associated with the organic carbon compounds,
and Wells and Mullens (1973) reported that the small amounts of arsenic in
carbonaceous materials could be due to inclusions of submicrometer-size grains
of arsenic-coated pyrite. These facts suggest that the organic carbon
compounds had little, if any, influence on the deposition of arsenic.

A major amount of the -arsenic in arsenical ores, and lesser amounts (in

decreasing order) in carbonaceous, pyritic, and siliceous ores, are in the
form of arsenic sulfide minerals. Although both realgar and orpiment are
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present, in unoxidized Carlin ores realgar is much more abundant and makes up
more than 90 percent by volume of the arsenic sulfide and sulfosalt minerals.

Realgar in Carlin ores is essentially AsS in composition and commonly
carries as much as 200 ppm Sb (sample 4, table 12; Dickson and others, 1975b)’
and small amounts of gold (sample 5, table 12). The mineral occurs in many
forms: (1) veins ranging in size from a few micrometers wide following
microfractures to large veins as wide as 20 mm in open fractures and joints,
(2) small seams narrower than 0.2 mm associated with carbonaceous materials,
(3) fillings in small vugs and cavities, and (4) apparently randomly dispersed
grains.

The realgar is generally associated with quartz, carbonaceous materials,
and arsenic-bearing sulfosalts. In the ore samples studied to date, stibnite
is scarce and only occurs locally with realgar. Within 30 m below the bottom
of the oxidized zonme, realgar is also associated with orpiment and minor
amounts of stibnite, and within about 9 to 12 m of the oxidized zone it is
concentrated in barite veins containing varying amounts of calcite. Veinlets
of realgar filling fractures in carbonaceous limestone in the East ore zone
are shown in figure 25 above.

Orpiment, a primary mineral in Carlin ores, ranges in composition from
relatively pure As,S, (sample 6, table 12) to an antimony-rich variety
containing as much as 15,000 ppm (1.5 weight percent) Sb (sample 7, table 12;
Radtke and others, 1973). Orpiment containing significant amounts of thallium
(1,000-3,500 ppm) has been recognized in the East ore zone (sample 8, table
12; Radtke and others, 1974b). This variety usually lacks detectable amounts
of antimony (<20 ppm) and is associated only with realgar, barite, calcite,
and quartz.

Among the numerous other arsenic-bearing minerals recognized in
relatively small amounts in Carlin ores are stibnite (Dickson and others,
1975b), lorandite (Radtke and others, 1974c), tennantite (Hausen and Kerr,
1968), getchellite, jordanite, galkhaite, gratonite, christite (Radtke and
others, 1977), and ellisite (Dickson and others, 1979).

Small amounts of arsenic, generally 0.1 to 0.4 weight percent, commonly
are present in stibnite in Carlin ores (sample 10, table 12), and Dickson,
Radtke, Weissberg, and Heropoulos (1975) reported that stibnite associated
with arsenic sulfides may contain as much as 15 mol percent As,S;. Gratonite
(Pb9As S 5) and jordanite (Pb13 14A56 7523 24) have been identified in galena
crystals dlspersed throughout barite veins and in galena associated with other
sulfides in the "garbage can' area. Chemical data on these minerals are
listed in table 13 (samples 5, 6). Whether they formed by exsolution or
replacement is unclear. Hausen and Kerr (1968, p. 933) reported that
jordanite rims and replaces galena crystals and locally replaces the galena,
where it forms masses of jordanite several millimeters thick in barite.
Results of microprobe analyses confirm that small amounts of tennantite occur
with sphalerite in barite veins, as reported previously by Hausen and Kerr
(1968). Tetrahedrite in Carlin ores contains as much as 1.2 weight percent
As. :

Five arsenic-bearing sulfosalts closely associated with realgar are
lorandite (TlAsSZ), getchellite (AsSbS3), galkhaite (Hgg(Zn,Cu)3Tl(AsS3)8),
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christite (TngAsS3) and ellisite (T13Ass3). Compared with realgar, all five
of these minerals are relatively scarce and were identified in about a third
of the polished sections studied from 35 specimens of arsenical ores.
Textural relations suggest that lorandite, christite, and ellisite formed
simultaneously with realgar; the paragenetic relations between getchellite,
galkhaite, and realgar are uncertain.

Although arsenopyrite is present in many hydrothermal gold deposits and
is closely associated with and a common host mineral for gold in such deposits
as those at the Homestake mine and in the Northern Mines districts of
California, it may be absent at Carlin. Arsenopyrite has not been identified
in any detailed study of Carlin ores to date.

A few small (<0.2 mm diameter) dispersed grains of elemental arsenic,
containing a few tenths of a weight percent of antimony and less than 0.06 to
0.3 weight percent Au, have been identified in several samples of carbonaceous
ore in the '"garbage can' area of the East ore zone. The mineral, which is
surrounded by heavy concentrations of introduced carbonaceous materials or
silica, apparently formed under strongly reducing conditions accompanying the
introduction of silica and hydrocarbons during the late hydrothermal stage.

Antimony

All known Carlin-type gold deposits contain anomalous amounts of
antimony; the average antimony content in the ores ranges from about 25 to 40
percent that of arsenic. Antimony also occurs with arsenic in geochemical
halos around the ore bodies; however, in contrast to arsenic halos, many of
the antimony anomalies are weak, limited in extent, and correlate poorly with
gold (A. S. Radtke, unpub. data, 1970).

The average content of antimony in unoxidized Carlin ores was reported as
130 ppm (Radtke and others, 1972a) and 126 ppm (Harris and Radtke, 1976).
The average antimony content varies significantly between the principal ore
zones at Carlin and ranges from 52 ppm in the West, through 106 ppm in the
Main, to 155 ppm in the East ore zone (Harris and Radtke, 1976).

Antimony in the unoxidized ores occurs (l) together with gold, mercury,
arsenic, thallium as a coating on pyrite grains; and (2) in sulfide and
sulfosalt minerals. Probably more than 90 percent of the total antimony in
the ores is in form 1.

Antimony is present on pyrite grains in all unoxidized ore types and in
normal gold ore is recognized only in that form. Although the surfaces of
individual pyrite grains contain rather evenly distributed amounts of
antimony, the content of the element varies widely (>0.08 to about 4.0 weight
percent Sb) between grains (samples 1, 2, table 12). On most pyrite grains,
including those that lack detectable gold, the antimony/arsenic ratio is
between 1l:4 and 1:3. An X-ray scanning image showing antimony on the surface
of pyrite is in figure 27.

Detectable amounts of antimony (>0.05 weight percent) have not been found
in any carbonaceous materials in Carlin ores analyzed by standard electron
microprobe methods. Wells and Mullens (1973) reported that the carbonaceous
materials in unoxidized ores at the Cortez deposit contain antimony and that
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illite in Cortez ores contains about l.5 weight percent Sb. 1Illite in Carlin
ores does not contain detectable amounts of antimony, and results of electron
microprobe analyses of clay and carbonaceous materials in Cortez ores (A. S.
Radtke and C. M. Taylor, unpub. data, 1970) did not confirm the presence of
antimony. Wells and Mullens misidentified the characteristic lines for
antimony (SbLa ) and some other element, such as potassium (KKﬁ ), in
analyzing 1llite both apart from and mixed with carbonaceous materials.

Compared to realgar, stibnite is rare in Carlin ores. Most of the
stibnite is in the form of small (<0.2 mm long) grains associated with
hydrothermal silica, pyrite,.and hydrocarbons. This association is also found
in the arsenical ores, where commonly only small amounts of stibnite are
spatially associated with realgar.

. Stibnite has been identified in all unoxidized ore types except the
normal. Although the mineral is present in ores of both the Main and the East
ore zones, it apparently is absent in the West ore zone.

Stibnite in relatively large (as long as 18 mm) grains is concentrated
locally in both siliceous and carbonaceous gold ores in the East ore zone.
The mineral also fills open spaces between broken fragments of heavily
silicified limestone in breccia zones in the East ore zone.

In the "garbage can" area of the East ore zone, stibnite is associated
with base-metal sulfides, including sphalerite and galena, and with
weissbergite and realgar. Samples of stibnite from that area contained as
much as 15 mol percent (7.0 weight percent) As,S, in solid solution (sample
10, table 12; Dickson and others, 1975b). Results of microprobe analyses show
that dispersed stibnite grains not associated with arsenic sulfide minerals
commonly contain 0.05 to 0.4 weight percent As (sample 9, table 12).

Hausen and Kerr (1968) initially pointed out that small amounts of
stibnite were associated with realgar and quartz in barite veins. 1In this
association, finely crystalline stibnite needles occur both with realgar and
quartz in the barite veins and in heavily silicified limestone bordering these
veins; however, the ratio of realgar to stibnite is more than 50:1l.

Resuylts of microprobe and spectrographic analyses indicate that the
stibnite in Carlin ores, including that associated with weissbergite (TleSz),
may contain as much as 0.3 weight percent Tl (sample 9, table 12; A. S.
Radtke, unpub. data, 1973). Reports on the thallium content of stibnite are
not available, although Bohac, Brénnimann, and Gdumann (1974) studied phase
relations in the system T1l,5-Sb,S,. '

Radtke, Taylor, and Heropoulos (1973) reported the occurrence of orpiment
in Carlin ores containing as much as l.5 weight percent Sb (sample 7, table
12). Studies of synthetic stibnite and orpiment confirmed that large solid-
solution fields exist in the system Sbgs -As,S5 (Moore and Dickson, 1973) and

that stibnite may contain as much as 40 mol percent As283 (Dickson and others,
1975b).

Sulfosalt minerals containing antimony, which are uncommon, include
weissbergite (T18bS ), getchellite (AsSbS3), boulangerite (PbSSbgs1 ), and
tetrahedrite ((Cu Fe Zn,Ag)lZ(Sb As)4513). Chemical analyses of welssberglte,
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tetrahedrite, and boulangerite are listed in table 13 (samples 7, 9, 10).
Weissbergite is associated with stibnite, pyrite, quartz, and carbonaceous
materials in siliceous and carbonaceous ores in the East ore zone (Dickson and
Radtke, 1978). Getchellite in small amounts is intergrown with realgar,
lorandite, quartz, and minor stibnite in arsenical ores in the East ore

zone. Boulangerite and tetrahedrite occur in small isolated ellipsoidal to
round patches in galena locked in barite veins in the Main ore zone.
Tennantite, associated with sphalerite, contains as much as 1.2 weight percent
Sb and averages about 0.8 weight percent Sb (sample 8, table 13). Textural
relations suggest that both minerals were exsolved from the galena host.
Elemental antimony has not been identified in Carlin ores, although a few
tenths of a weight percent of antimony are present in elemental arsenic.

Thallium

The average content of thallium (40-50 ppm) in unoxidized Carlin ores
represents a large increase over that (<3 ppm) in the fresh unmineralized host
rocks. Using average values of less than 0.05 ppm Tl in limestone and
dolomite (Graf, 1960), 1.4 ppm Tl in shales, and about 0.0l ppm Tl in
limestores (Turekian and Wedepohl, 1961), the element evidently is concentrated
by a factor of more than 100 in the mineralized rocks. Within the Carlin
deposit, the average content of thallium varies from 15 ppm in the West,
through 40 ppm in the Main, to 60 ppm in the East ore zone. The progressive
enrichment in thallium from west to east through the deposit corresponds to
similar trends for arsenic and antimony, and reflects the strong associations
between these three elements.

In the unoxidized ores, thallium occurs (1) on surfaces of pyrite grains
and (2) in sulfide and sulfosalt minerals. Thallium has not been identified
in microprobe analyses of carbonaceous materials.

Small amounts of thallium have been identified on the surfaces of some
pyrite grains that contain large amounts of arsenic and antimony, including
those that lack detectable gold and mercury. On grains that contain
detectable thallium, the thallium content ranges from 0.08 to 0.25 weight
percent, and the element is randomly distributed. Most of the thallium in
unoxidized ores in the West ore zone, as well as in normal and siliceous ores
throughout the deposit, probably occurs in this form.

Locally, samples of orpiment, stibnite, and sphalerite in Carlin ores
contain several tenths of a weight percent of thallium (samples 8-10, 17, table
12). Radtke, Taylor, Dickson, and Heropoulos (1974b) reported that orpiment
in the East ore zone contains as much as 0.2 weight percent Tl. Stibnite in
the same zone commonly contains 0.2 to 0.3 weight percent Tl, and sphalerite
in the "garbage can" area contains as much as 0.3 weight percent Tl (A. S.
Radtke, unpub. data, 1973).

Thallium-bearing sulpharsenite minerals identified in the unoxidized ores
include lorandite (TlAsSZ) (Radtke and others, 1974c), galkhaite
(Hgg(Zn Cu) Tl(AsS )Q, jordanite (Pb As6 7S 4) containing about 0.5
weight percent T1, chrlstlte (TngAsS ) ?Radtke and others, 1977), and
ellisite (T1l,AsS ) (Dickson and others, 1979); weissbergite (TleS ) (Dickson
and Radtke, %978) is the only sulphantimonite mineral recognized to date.
Chemical analyses of samples of all the thallium~bearing sulfosalt minerals
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are listed in table 13. -Mineralogic studies indicate that these phases are
most abundant in the southwest end of the East ore zone and in the "garbage
can" area between the East and Main ore zones. All the arsenic-rich varieties
occur in arsenical gold ores, and lorandite, christite, and ellisite are
present in carbonaceous ore. In arsenical gold ores the thallium sulfosalt
minerals commonly are intergrown or closely associated with realgar (fig. 29);
they also occur with realgar in barite veins and as individual grainms
dispersed throughout the rock. In carbonaceous ore these phases are fine
grained and dispersed, and can be identified only by electron microprobe
analysis.

Weissbergite occurs in both arsenical and siliceous ‘gold ores, and is
closely associated with stibnite and hydrothermal silica. Microprobe analysis
of a sample of the weissburgite is listed in table 13 (sample 7), and the
system T1SbS,-TlAsS, is currently under investigation by F. W. Dickson and A.
S. Radtke.

Carlinite (les) is present as small grains in silicified carbonate rocks
at two localities in the East ore zone that contain abundant hydrocarbons and
hydrothermal silica, and only sparse arsenic and gold (Radtke and Dickson,
1975a). The presence of this mineral indicates that the hydrothermal
solutions contained high concentrations of thallium, that such other elements
as arsenic and antimony were essentially absent, that a mechanism existed
which prevented dissolution, and that a reducing environment prevailed during
and after deposition. Chemical and spectrographic analyses of a sample of the
carlinite are included in table 12 (sample 13).

Peterson (1976), who studied phase relations in the system Tl §-As,S4,
showed that four stable phases exist, of compositions TlZS, T13AsS , TlAs 29
and As,S3, and that none of them consists of more than a few percent solid
solution. All these phases occur in unoxidized Carlin ores.

Lead

The average content of lead in unoxidized ores (30 ppm; Radtke and
others, 1972a; Harris and Radtke, 1976) represents an increase by a factor of
more than 4 over the average content (7 ppm) in the fresh host rocks. The
lead content varies widely throughout the deposit; in 292 samples analyzed,
the content of lead ranged from less than 7 to 1,500 ppm. Harris and Radtke
(1976) reported values of 26, 51, and 20 ppm for average lead contents in
unoxidized ores in the West, Main, and East ore zones, respectively.

Most of the lead in unoxidized ores occurs as galena; minor amounts are
in the form of sparse grains of several lead-bearing sulfosalt minerals and
secondary anglesite. Small (<80 um diameter) grains of galena, apparently
only genetically associated with hydrothermal silica, have been identified in
all unoxidized ore types except the normal. Microprobe analysis of galena in
this form (sample 14, table 12) shows that the mineral generally contains from
less than 0.06 to 0.10 weight percent Ag, from less than 0.05 to 0.15 weight
percent Sb, and no detectable amounts of either arsenic or bismuth. No
inclusions of other phases were observed in any of the grains examined.

In the "garbage can" area, crystals of galena ranging from 60 to 600 m
in diameter occur spatially associated and commonly intergrown with fine-
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grained sphalerite, chalcopyrite, pyrite, and quartz. Galena in this area
contains inclusions of other minerals, including jordanite, gratonite, and
tetrahedrite. '

Relatively coarse grained (as large as 5 mm) galena is concentrated
locally in deep parts of barite veins at the bottom of the oxidized zone in
the central part of the Main ore zone. Areas in barite veins that contain
galena or sphalerite also contain abundant veinlets of late quartz cutting the
barite. Galena in this occurrence contains abundant inclusions, ranging in
size from about 10 to 300 Um, of other minerals, including jordanite,
gratonite, tetrahedrite, and boulangerite. Small grains of sphalerite occur
with quartz along contacts between the galena crystals and barite.

Microprobe analyses of the galena and spectrographic analyses of
composite samples of galena, including samples containing abundant inclusions,
are listed in table 12 (samples 14, 15). Spectrographic analyses of composite
samples of the coarse-grained inclusion-bearing galena from both the Carbonate
rocks and the barite veins show abundances of silver (500-1,000 ppm), arsenic
(20,000-30,000 ppm), and antimony (700-1,000 ppm). Results of microprobe
analyses show that the galena contains only about 200 to 400 ppm Ag, less than
400 ppm As, about 500 ppm Sb, and less than 500 ppm Bi.

In a previous study, Hausen and Kerr (1968, p. 933) identified jordanite
replacing galena in barite veins, a relation that has not been observed in
this study. In most samples, however, galena is altered to anglesite along
cleavage planes, fractures, and grain margins.

Gold has not been detected either in the galena or in samples of barite
veins containing base-metal sulfides. Results of microprobe analyses show
that lead is not concentrated in carbonaceous materials in the ores. Most of
the galena, including that concentrated in barite veins, probably formed
during the late hydrothermal stage after the deposition of gold.

Zinc

Except for titanium and arsenic, zinc is the most abundant metal of
hydrothermal origin in the unoxidized ores. Published values for the average
zinc content, which include 185 ppm (Radtke and others, 1972a) and 165 ppm
(Harris and Radtke, 1976), represent an increase by a factor of more than 10
above the average zinc content (14 ppm) of the carbonate host rocks. The
average zinc content is 72 ppm in the West, 193 ppm in the Main, and 177 ppm
in the East ore zone (Harris and Radtke, 1976).

Except for very minor amounts of galkhaite, tennantite, and tetrahedrite,
as well as trace amounts of secondary smithsonite, all the zinc in unoxidized
ores occurs as sphalerite. Dispersed irregular grains of sphalerite, ranging
in size from about 60 to 150 uUm, are present in all unoxidized ore types.
Sphalerite is closely associated with hydrothermal silica and commonly occurs
in areas containing abundant hydrothermal pyrite and carbonaceous materials.
Individual sphalerite grains commonly are intergrown with or contain
inclusions (<15 Um across) of pyrite or chalcopyrite.

Sphalerite in fine-grained (<30 yUm) particles, an accessory mineral in
fresh unmineralized rocks of the Roberts Mountains Formation, is not
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intergrown with either pyrite or chalcopyrite and probably is of authigenic or
diagenetic origin. Electron microprobe analyses show that the sphalerite
contains large amounts of iron (commonly 5-8 weight percent), 0.1 to 0.3
weight percent Cd, and no detectable silver, copper, mercury, indium, or
manganese--in contrast to the coarser grained hydrothermal sphalerite, which
commonly is intergrown with pyrite or chalcopyrite and contains 0.2 to 0.6
weight percent Fe, less than 0.04 to 0.05 weight percent Cd, and 0.07 to 0.1
weight percent Hg. The abundance ranges of iron, cadmium, and mercury in this
variety of sphalerite resemble those in most of the coarse~grained sphalerite
in barite veins (sample 16, table 12). Spectrographic analyses of two
composite samples of coarse~grained sphalerite show that it commonly contains
200 to 700 ppm Cu, 200 to 300 ppm Ga, 50 to 300 ppm Ge, 50 to 150 ppm Sb, 50
to 70 ppm Pb, 10 to 20 ppm Ag, 7 to 50 ppm Mn, and 7 to 10 ppm In (sample 16,
table 12).

Unoxidized ores in the '"'garbage can" area contain sphalerite associated
with galena, pyrite, chalcopyrite, and quartz. Sphalerite in that area also
contains as much as 0.3 weight percent Tl (samples 17, table 12). Although
the ores in that part of the deposit contain abundant sulfides and sulfosalts
of arsenic, mercury, antimony, and thallium, sphalerite generally is not
spatially associated or intergrown with any of these other minerals.

Sphalerite is concentrated locally in deep parts of the barite veins,
which follow and cut through the prominent northwest-trending igneous dike in
the central part of the Main ore zone along the southwest side of Popovich
Hill (pl. 2). The sphalerite-rich pockets are generally confined to a 12-m
section within the barite veins at the base of the oxidized zone. Individual
sphalerite crystals are coarse grained (5-12 mm diameter) and commonly
intergrown with small amounts of fine-grained galena, pyrite, chalcopyrite,
quartz, and, less commonly, tennantite. The pods of sphalerite-bearing
barite lack coarse-grained galena, and areas within barite veins that contain
large amounts of both sulfides have not been observed. Smithsonite formed by
the alteration of sphalerite is common on surfaces of and in fractures cutting
sphalerite grains. ’

Tennantite and tetrahedrite in Carlin ores generally contain 3.0 to 4.5
and 1.8 to 2.9 weight percent Zn, respectively. Microprobe analyses of
tennantite and tetrahedrite are listed in table 13 (samples 8 and 9,
respectively). No zinc-rich sulfosalt minerals have been identified in Carlin
ores, and electron microprobe studies indicate that zinc is not associated
with carbonaceous materials and that sphalerite lacks detectable amounts of
gold.

Silver

In contrast to most other types of gold deposits, the disseminated-
replacement deposits of the Carlin type contain very small amounts of silver
and have abnormally large gold/silver ratios. The average silver content in
unoxidized ores of the Carlin deposit is 0.4 ppm (Radtke and others, 1972a),
and the gold/silver ratio is about 20:1. The content of silver ranges from
less than 0.7 to 3 ppm in 292 analyzed samples from throughout the deposit and
is low in all unoxidized ore types; the average silver content is 0.7 ppm in
the West and East ore zones, and 0.7 ppm in the Main ore zone.
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Silver in unoxidized Carlin ores apparently is associated with the base-
metal sulfide and sulfosalt minerals formed during the late hydrothermal stage
and not with the gold-arsenic-mercury-antimony-thallium suite of minerals.
Spectrographic analyses (table 12) and microprobe analyses show that silver is
much more abundant in the sulfide and sulfosalt minerals, and that-
carbonaceous materials and surfaces of pyrite grains lack detectable amounts
of silver. Galena in Carlin ores generally contains only very small amounts
of silver (samples 14, 15, table 12), and both tetrahedrite inclusions in
galena and tennantite associated with sphalerite contain 0.5 to 1.0 weight
percent Ag (samples 8, 9, table 13); sphalerite contains trace amounts (10-20
ppm) of silver. None of the silver-rich sulfosalt and silver sulfide minerals
typical of epithermal precious-metal deposits have been recognized.

Copper

The average content of copper in unoxidized Carlin ores is relatively
low, about the same as that of lead. Reported values of 35 ppm Cu (Radtke and
others, 1972a) and 33 ppm Cu (Harris and Radtke, 1976) represent an increase
by a factor of 3 over the average content (10 ppm Cu) in the fresh host
rocks. The average copper contents are 25 ppm in the West, 36 ppm in the
Main, and 33 ppm in the East ore zone (Harris and Radtke, 1976).

Chalcopyrite is the predominant copper mineral in the ores. Dispersed
grains (50-150 um) of chalcopyrite have been recognized in all unoxidized ore
types except the normal. The mineral also occurs in fine-grained (5-15 um)
particles locked in sphalerite, dispersed throughout the ores and concentrated
locally in barite veins.

A substantial amount of total copper probably occurs in hydrothermal
pyrite. Spectrographic analyses of coarse-grained pyrite separated from
pyritic ore show that the pyrite contains 300 ppm Cu, and similar analyses of
framboidal-pyrite concentrate including lesser cubic pyrite give 500 ppm Cu.
Microprobe analyses of grains of both cubic and framboidal pyrite indicate a
copper content of less than 0.1 weight percent.

Small amounts of covellite and chalcocite in grains ranging in size from
15 to 40 um are present in carbonaceous and arsenical ores in the "garbage
can" area. Both minerals occur in samples containing relatively large amounts
of chalcopyrite, pyrite, and sphalerite, although paragenetic relations are
uncertain. None of these three copper minerals is closely associated with the
arsenic-mercury~-antimony-thallium suite of minerals, and galkhaite is the only
mineral in this suite that contains significant amounts of copper.

The sparse grains of tennantite contain 44.0 to 47.3 weight percent Cu,
and those of tetrahedrite 4l1.5 to 43.8 weight percent Cu (samples 8 and 9,
respectively, table 13). Although sphalerite commonly contains 200 to 700 ppm
Cu and hydrothermal pyrite 300 to 500 ppm Cu, other minerals analyzed contain
much less (table 12). Results of microprobe analyses show that carbonaceous
materials and surfaces of pyrite grains lack detectable amounts of copper.
The presence of the element in pyrite could reflect the introduction of copper
throughout the hydrothermal cycle.
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Molybdenum

Molybdenum is a minor constituent in all unoxidized ore types. Values
for the average molybdenum content in the ores include 6 ppm (Harris and
Radtke, 1976) and 7 ppm (Radtke and others, 1972a). Using a valug of 2 ppm Mo
for the average content in fresh host rocks, the concentration by a factor of
more than 3 corresponds closely to that for both copper and lead. The average
content of molybdenum is rather uniform between individual ore zones and
ranges from 5 to 7 ppm (Harris and Radtke, 1976).

Molybdenite, the only molybdenum mineral recognized to date, is very
sparse, occurs in small (<20 Um) grains, and has been identified in
carbonaceous, pyritic, and arsenical ores. Samples of ores from the "garbage
can”" area contained more molybdenite than those from other parts of the
deposit. A

The mineral occurs in discrete grains, neither intergrown nor in contact
with other sulfide minerals. Samples that contain molybdenite, however, also
generally contain chalcopyrite, sphalerite, pyrite, and abundant hydrothermal
silica and carbonaceous materials. Molybdenite probably formed with the base-
metal sulfides late in the hydrothermal cycle.

Tungsten

Unoxidized Carlin ores contain minor amounts of tungsten of hydrothermal
origin. The tungsten content ranges from less than 20 to 400 ppm and averages
18 ppm (Radtke and others, 1972a); Harris and Radtke (1976) reported a lower
value (12 ppm) for the average content of tungsten. Radtke and others (1972a)
reported that their failure to detect tungsten in 15 samples of fresh carbonate host
rock indicated that these rocks contain less than 20 ppm W. Neutron-
activation analyses subsequently showed that the tungsten content was below 10
ppm. Graf (1960) reported an average tungsten content of 0.5(?) ppm in
carbonate rocks in general, and Turekian and Wedepohl (1961) gave values of
0.6 ppm for carbonate rocks and 1.8 ppm for shales. The average tungsten
content is 10 ppm in the West and East ore zones, and 17 ppm in the Main ore
zone (Harris and Radtke, 1976). The enrichment in tungsten in the rocks as a
result of mineralization is greater than the enrichment in lead, copper,
molybdenum, and zinc (R. L. Erickson, written commun., 1977).

The only tungsten mineral that has been identified in unoxidized Carlin
ores is scheelite. The mineral is very rare and occurs in small (<25 um)
particles randomly scattered throughout unoxidized ores in both the Main and
East ore zones. Scheelite grains are contained in seams of hydrothermal
quartz, but the mineral does not occur with any other hydrothermal mineral.

Barium

The average content of barium in unoxidized ores, determined from
analyses of 292 samples from throughout the deposit, is 400 ppm (Harris and
Radtke, 1976). This value represents an increase by a factor of about 2 to 3
over the average barium content in samples of fresh unmineralized rocks of the
Roberts Mountains Formation, reported as 150 ppm (Radtke and others, 1972a).
Some of the barium in the host rocks is in the form of fine-grained (10-20 yum)
particles of barite. Barium also occurs in small amounts (<200 ppm) in some
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original dolomite grains. In addition, the unoxidized ores contain minor
amounts of fine-grained hydrothermal barite dispersed throughout the rocks.
Shallow unoxidized ores also contain small amounts of barite closely
associated with seams and patches of hydrothermal silica; this barite probably
formed during the late hydrothermal stage.

The average barium content ranges from 300 ppm in the East, through
500 ppm in the Main, to 650 ppm in the West ore zone (Harris and Radtke,
1976). This systematic increase also corresponds to the occurrence of barite
veins, which increase in abundance through the deposit from east to west.
Barite veins are very sparse in the unoxidized ores and generally pinch out
within 6 to 9 m below the bottom of the oxidized zone. Details of the
mineralogy and genesis of the barite veins are given below in the section
entitled "Hydrothermal acid~leaching alteration."

The content of barium varies widely among individual samples in all the
unoxidized ore types (fig. 16; table 1l1). The available data (A. S. Radtke,
unpub. data, 1976) suggest that the average barium content is significantly
higher in the siliceous and arsenical than in the normal and pyritic gold
ores. Microprobe analyses show that small amounts of fine-grained barite,
sporadically concentrated with carbonaceous materials in both carbonaceous and
arsenical ores, account for the high median value of Ba0 in the carbonaceous
ore (fig. 16). '

A rare mineral, frankdicksonite (Ban), present in small amounts in
quartz veins at two localities in the East ore zone, was identified and
described as a new mineral by Radtke and Brown (1974). No other hydrothermal
minerals were associated with frankdicksonite in the quartz veins at either
locality. However, small amounts of fluorite occurred about 5 m deeper in one
quartz vein, and pyrite and metallic gold were present 5 m higher in the other
vein.

Barite in the Carlin deposit, including that dispersed throughout
mineralized l%ggstone and that in veins, apparently formed by the combination
of barium (Ba“®") in the ore solutions with sulfate (so, ~) produced by the
oxidation of sulfide minerals or of H,S vapor derived by boiling (Dickson and
others, 1975a). Although small amounts of dispersed barite formed throughout
the hydrothermal episode, most of the barite veins were formed during the late
stage after the deposition of gold. In several samples of unoxidized ores,
small (0.3-0.6 mm long) pods of early barite are replaced by later quartz
containing auriferous pyrite. The quartz veins containing pyrite, gold,
fluorite, and, locally, frankdicksonite were formed during the main
hydrothermal stage in places lacking carbonate and sulfate.

Gold was not detected in 150 samples of barite veins analyzed from
throughout the deposit. 1In addition, gold was nowhere found closely

associated with dispersed barite grains in any of the ore specimens studied by
optical methods, electron microprobe, or scanning electron microscope.

Boron
The significantly higher average content of boron in unoxidized ores than

in the fresh host rocks reflects the introduction of boron by the hydrothermal
fluids. Average values reported by Radtke and others (1972a) and Harris and
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Radtke (1976) include 70 and 79 ppm B in the ores and 15 ppm B in the host
rocks. The average boron content is nearly the same (84-85 ppm) in both the

Main and East ore zones, and 54 ppm in the West ore zone (Harris and Radtke,
1976).

Results of spectrographic analyses show that clay fractions separated
from both host rocks and ores contain more than 90 percent of the total boron
in the samples. Most clay fractions from the ores are composed of illite and
smaller amounts of hydrothermal kaolin and sericite, and contain 300 to
700 ppm B. Boron in the gfe solutiog_likely was fixed in the illite by
substitution of [B03(0H)] for 8i0, (Christ, 1965). ©No borate minerals
have been identified in the unoxidized ores.

Selenium

The selenium content in unoxidized Carlin ores is very low. In 288
‘samples analyzed from throughout the deposit, the selenium content ranges from
less than 1 to 20 ppm and averages 1.5 ppm (Harris and Radtke, 1976). Harris
and Radtke (1976) also reported values of 1.5, 0.9, and 1.8 ppm for the
average selenium content in the West, Main, and East ore zones,
respectively. The content of selenium is below 1 ppm in the fresh host rocks;
the element was not detected in 25 samples analyzed. The presence of little
more than trace selenium in the ores at Carlin agrees with the selenium
content in other gold deposits of the Carlin type, except for the Getchell
deposit (A. S. Radtke, unpub. data, 1973), for which Erickson, Marranzino,
Oda, and Janes (1964) reported values as large as 10 ppm. The small amount of
selenium in Carlin ores contrasts with its abundance in many other types of
hydrothermal precious-metal deposits, especially those of volcanic
affiliation.

No selenide, or selenium~rich sulfide or sulfosalt, minerals have been
identified, nor has selenium been detected in any phases, including
carbonaceous materials and pyrite, analyzed on the electron microprobe. Most
of the selenium is probably in hydrothermal pyrite in amounts below the
detection limit of the microprobe.

Tellurium

Unoxidized ores at Carlin contain only trace amounts of tellurium.
Harris and Radtke (1976) determined that the average content of tellurium is
0.04 ppm in the Main and 0.02 ppm in the East ore zone, and 0.02 ppm in the
entire deposit. The average content in the West ore zone is even lower (<0.02
ppm Te), owing to a paucity of samples containing detectable amounts of
tellurium. The absence of tellurium in 25 samples of host rocks but its
presence in detectable amounts (0.02-~0.6 ppm) in 25 percent of 288 samples of
unoxidized ores suggests that very small amounts of the element were
introduced by the hydrothermal fluids.

No telluride minerals have been found, and tellurium has not been
detected in microprobe analyses of any phases in the ores. Harris and Radtke
(1976) reported that the contents of gold and tellurium correlate reasonably
well in the unoxidized ores. Correlation coefficients between gold and
tellurium are 0.34 in the Main and 0.50 in the East ore zone, and 0.37 for the
entire deposit. These data, as well as the known tendency for gold to combine
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with tellurium in deposits containing both elements, suggest that the small
amounts of tellurium in the ores occur with the gold on surfaces of pyrite
grains. '

Rare earths

The contents of rare-earth elements in samples of both fresh and
mineralized rocks of the Roberts Mountains Formation are very low; however,
results from spectrographic analyses of 40 samples of the host rocks and of
282 samples of unoxidized ores show that the mineralized rocks contain
somewhat more lanthanum, yttrium, ytterbium, and possibly cerium (Radtke and
others, 1972a). Other rare-earth elements are generally not present at the
detection limit (>10 ppm) in either the host rocks or the ores.

The content of lanthanum ranges from less than 20 to 30 ppm and averages
20 ppm in fresh limestone; a single sample analyzed by neutron activation
contained 10.7 ppm La. These values compare well with the lanthanum content
of less than 10 ppm for carbonate rocks and of 10 ppm for deep-sea carbonates
reported by Turekian and Wedepohl (1961). By comparison, the lanthanum
content in unoxidized ores ranges from less than 20 to 100 ppm and averages 30
ppm.

The direct variation in the lanthanum content with the contents of
potassium and aluminum suggests that the lanthanum is concentrated ia clay.
In addition, the content of lanthanum in concentrates of carbonaceous
materials from two samples of host rocks and unoxidized ores ranged from 160
to 222 ppm. '

The abundance of yttrium in the unoxidized ores ranges from 10 to 50 ppn
and averages 20 ppm; corresponding data for the fresh host rocks are from less
than 10 to 30 ppm, and 15 ppm. Both sets of data give lower average yttrium
contents relative to those obtained by Turekian and Wedepohl (1961): 30 ppm
for carbonate rocks and 42 ppm for deep-sea carbonates.

Ytterbium is very scarce in both the host rocks and the ores. 1In
carbonate rocks the content of ytterbium ranges from less than 1 to 2 ppm (avg
1 ppm), and in the unoxidized ores from less than 1 to 3 ppm (avg 2 ppm)
Turekian and Wedepohl (1961) reported values of 0.5 ppm Yb for carbonate rocks
and 1.5 ppm Yb for deep-sea carbonates.

Cerium was not detected in 40 samples of the fresh carbonate rocks;
detectable amounts of the element (>70 ppm Ce) were found in 8 of 282 samples
of the unoxidized ores. 1In these ores the cerium content ranged from more

than 70 to 200 ppm and averaged 70 ppm. Neodymium was detected in three
samples of unoxidized ores at 70 ppm.

Statistical study of elemental distributions

Statistical analyses of chemical data on selected elements in the
unoxidized ores were done by Harris (1974). Harris and Radtke (1974, 1976)
used the results of Harris’s study, together with information on the geology
and mineralogy, to interpret the chemical associations in and the paragenesis
of the Carlin deposit. The information presented here is summarized from
these earlier reports. '

93



Stepwise linear-regression analysis, using the computer techniques
described by Dixon (1964), was employed to examine the correlations between
elements. Here, I calculate the statistical dependence of the gold content on
the contents of other elements. Correlation coefficients between pairs of
elements were determined for the entire deposit and in the West, Main, and
East ore zones. Stepwise discriminant analyses were also done to compare the
distributions of and relations between pairs of elements in the West, Main,
and East ore zones.

Least-squares equations used to predict the mean gold content on the
basis of the abundance of other elements, and multiple correlation
coefficients used to determine the adequacy of the different values for
predicting the mean gold content, were included in the reports by Harris
(1974) and Harris and Radtke (1976), but are omitted here.

Gold~arsenic-mercury-antimony
Linear correlation coefficients between pairs of elements in the gold-

arsenic-mercury-antimony suite in unoxidized ores of the West, Main, and East
" ore zones and for the entire deposit are shown in table l4. The relatively

Table 14 near here

high correlation coefficients in the West ore zone suggest that strong spatial
associations exist between these pairs of elements and also agree with the
results of mineralogic studies showing that most of the gold, mercury,
arsenic, and antimony in samples from the West ore zone occur together on the
surfaces of pyrite grains. Organic carbon is very scarce in that area and had
little influence on concentrating gold and mercury. These ores apparently
represent the product of the main hydrothermal stage (fig. 30). The paucity

Figure 30 near here

of arsenic, antimony, and mercury sulfides and the absence of introduced

hydrocarbons substantiate the absence of late hydrothermal activity in that
part of the deposit.

The suggestion by Krumbein (1959) that independent variables correlating
most strongly with a dependent variable also relate most directly to the
physical phenomenon under study accords with the mineralogic data on
unoxidized Carlin ores for arsenic, mercury, and antimony taken as independent
variables and for gold taken as a dependent variable. In all the ores zones
and for the entire deposit, gold and mercury have large correlation
coefficients. Both elements tend to occur together on surfaces of pyrite and
with carbonaceous materials, and only minor amounts are in other forms.

Although arsenic and antimony occur on pyrite grains, large amounts of
both elements occur also as late sulfides. Realgar and orpiment are present
in both the Main and East ore zones, and gold-to—arsenic correlation
coefficients in both areas are relatively low. Stibnite is present in the
East ore zone, and the gold-to-antimony correlation coefficient is only 0.08
(table 1l4); in the Main ore zone, in which stibnite is much less abundant, the
higher gold-to-antimony correlation coefficient of 0.62 (table 14) is due to
the small amount of stibnite and the tendency for antimony to concentrate with
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gold on the surfaces of pyrite grains. Furthermore, the low correlation
coefficients between gold and arsenic, arsenic and mercury, and mercury and
antimony in the Main ore zone, and between gold and arsenic, gold and
antimony, arsenic and mercury, and mercury and antimony in the East ore zone,
probably reflect the tendency of carbonaceous materials, abundant in both
zones, to concentrate gold and mercury preferentially and also suggest that
gold and mercury were not deposited with the arsenic and antimony phases.

Although arsenic and antimony were introduced throughout the hydrothermal
episode, the highest correlation between these elements (0.78) is in the West
ore zone, Where both elements occur together almost entirely on pyrite
grains. The low arsenic-to-antimony correlation coefficients in the other ore
zones accord with the tendency for the late sulfides of both elements to occur
spatially separated. Many samples containing realgar or orpiment have little
or no stibnite, and those containing stibnite commonly lack arsenic sulfide
minerals.

The distributions of and relations between gold, arsenic, mercury, and
antimony in the West, Main, and East ore zones were studied by stepwise
discriminant analysis. Table 15 shows the percentages of the total number of

Table 15 near here

samples from each ore zone containing a particular element or combination of
elements closest to the mean value in each ore zone. These data indicate that
the West ore zone differs significantly from the Main and East ore zones. The
West ore zone shows the greatest polarization; that is, the values for arsenic
and for the various groups of elements in the West ore zone are counsistently
much closer to the mean value in the West ore zone than to the mean values in
the Main and East ore zones. Furthermore, values for these elemental suites
in the Main ore zone tend to resemble values in the West more than in the East
ore zone. Through all the successive steps of the stepwise discriminant
analysis, the polarization shown by the West ore zone persists because gold
and mercury, which vary little in abundance between the three ore bodies, are
added to the analysis alternately with arsenic and antimony, which vary
significantly between the ore bodies. This result, in turn, accords with the
paragenetic model, according to which the late arsenic, antimony, and mercury
sulfide mineralization (fig. 30) failed to occur in the West ore zone.

Gold-barium-copper-molybdenum-lead-zinc

The mineralogy of barium, copper, molybdenum, lead, and zinc, and the
associations between minerals containing these elements, were discussed in
earlier sections of this report. Although mineralized limestone in the Carlin
deposit contains anomalous amounts of these elements, the concentration by
factors of 3 to 10 over the respective abundances in the fresh host rocks are
much less than those for arsenic, mercury, antimony, and thallium.

Linear correlation coefficients for pairs of elements in the gold-barium=—
base-metals suite in each ore zone and for the entire deposit are shown in
table 16. All correlations between these elements are weak in the Main and

Table 16 near here
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East ore zones and for the entire deposit. The poor correlations between gold
and barium, and between gold and the different base metals, are compatible
with the paragenetic model, according to which gold was deposited during the
main hydrothermal stage, the base metals were introduced later, and most of
the barite formed during the late hydrothermal stage. These results are
discussed below in the section entitled "Genesis of the deposit." 1In
addition, in the unoxidized ores most of the sparse barite and base-metal
sulfide grains are not spatially associated with each other nor with
auriferous pyrite or carbonaceous materials, and thus tend to give
insignificant elemental correlations.

In the West ore zone, however, many of the correlation coefficients are
significantly larger. Within the West ore zone, correlations between pairs of
base metals and between barium and zinc are larger than those between barium
and the other base metals, gold and base metals, and gold and barium (Table
14).

The consistently low correlation between gold and barium in each ore zone
and for the entire deposit is compatible with the paragenetic separation
between gold and barite and suggests that different mechanisms controlled the
deposition of each element... Barite veins lack detectable amounts of gold, and
the correlations show that in individual ore samples, gold and barite contents
are unrelated. These factors support the idea that although small amounts of
barium were introduced and deposited as dispersed fine grains of barite
throughout the hydrothermal episode, most of the barite formed during a
paragenetic stage different from that in which gold was deposited.

Results of stepwise discriminant analyses of gold, barium, copper,
molybdenum, lead, and zinc are presented in table 17. Using all combinations

Table 17 near here

of variables (steps l-6), the percentages in the West and East ore zones
consistently are strongly polarized toward their own means. In contrast,
percentages in the Main ore zone, which contains the most base metals,
resemble those in the ore bodies on either side.

Gold-boron-selenium-tellurium-tungsten

Boron, selenium, tellurium, and tungsten were introduced in small amounts
by the hydrothermal ore solutions. The limited amount of information
available on the minerals containing these elements, and their associations
with other minerals, were presented in earlier sections of this report.
Tellurium is the only element of the group to form natural compounds with
gold. Although gold telluride minerals have not been found in Carlin ores,
tellurium in amounts below the limit of detection by microprobe analysis may
occur with gold on the surfaces of pyrite grains.

Linear correlation coefficients for pairs of elements in the gold-boron-
selenium-tellurium-tungsten suite are shown in table 18. The only

Table 18 near here

correlation of any significance is between gold and tellurium; this
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correlation is strongest in the East ore zone and becomes progressively weaker
through the Main and West ore zones (table 18). For the entire deposit, the
only significant correlation is also that between gold and tellurium, and this
correlation coefficient (0.37) is considerably smaller than many others. The
other correlations, none significant, suggest that the physical associations
between gold and boron, selenium, and tungsten are weak.

The distributions of these five elements between the West, Main, and. East
ore zones were evaluated by stepwise discriminant analysis (table 19).

Table 19 near here

Results show that the abundances of these elements in the West ore zone
consistently are strongly polarized toward their mean values in that ore zone.

Hydrothermal alteration

A useful description of the rock alteration at Carlin requires a
discussion of the paragenetic model and its principal phases, which include:
(1) hydrothermal mineralization, (2) acid-leaching oxidation, and (3)
supergene oxidation. The hydrothermal phase is subdivided into early, main,
and late stages. From a timing standpoint, certain processes during the late
hydrothermal stage and during acid-leaching oxidation probably took place
simultaneously at different depths. At some intermediate depth, perhaps 90 to
150 m below the present surface, rising hydrothermal fluids mixed with
descending acid-leaching solutions to create a zone having some mineralogic
features characteristic of the zones above and below, and others rather
different. ‘

It is difficult to sort out separate events at a given locality into a
definitive time sequence and even more difficult to determine which events
took place within a given interval at different localities in the deposit.
Because so many of the alteration processes undoubtedly were intermittent and
overlapping, only a general paragenetic model can be presented (fig. 30). The
major sequence of events is consistent with the spatial distribution of
geologic features in the Carlin deposit, as discussed in detail in this
report.

The hydrothermal alteration at Carlin is here defined to include all
changes in the host rocks caused by interaction with fluids during
hydrothermal mineralization and acid-leaching oxidation; the alteration
effects and processes for each of the three hydrothermal stages, however, are
discussed separately. In the shallower parts of the deposit, many of the
hydrothermal alteration effects have been obliterated owing to attack by the
acidic solutions generated at elevated temperatures through boiling of the
hydrothermal fluids and, later, to weaker interactions with low~temperature
oxygen—-bearing meteoric waters.

Rocks representative of the types of hydrothermal alteration (pls. 5-7)
are well exposed below the zone of oxidation in the deeper levels of the Main
and East pits and, locally, in isolated areas within the oxidized zone in the
West, Main, and East pits. The important features of each type of alteration
are discussed below according to the general paragenetic sequence of
hydrothermal activity.
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Early hydrothermal stage
Carbonate removal

The early hydrothermal fluids responsible for formation of the Carlin
gold deposit moved upward along complex sets of high-angle normal faults and
breccia zones, and spread out laterally through favorable laminated silty
dolomitic beds in the Roberts Mountains Formation. Petrographic evidence
indicates that these early fluids dissolved out small to moderate amounts of
calcite from the matrix of -the host rocks and precipitated lesser amounts of
quartz. The early fluids probably were at relatively low temperatures (about
IOOOC), were undersaturated with regard to calcite, and were supersaturated
with regard to quartz. The silica content of the solutions at saturation near
this temperature on the vapor-pressure curve of water would be only about 50
to 70 ppm (Morey and others, 1962, fig. 1). The fluids moved through the
thin-bedded carbonate rocks away from feeder fractures and aggressively
dissolved out calcite but deposited only small amounts of quartz. The
relatively small changes in bulk rock composition are compatible with initial
penetration of the rocks by solutions at significantly lower temperatures than
those responsible for the succeeding main hydrothermal stage.

The importance of the early hydrothermal stage was to increase the
porosity and permeability of the host rocks and thus to make them more
favorable for mineralization.

Main hydrothermal stage

Most of the hydrothermal alteration took place during the main
hydrothermal stage, which included a potassic-argillic alteration
characterized by kaolinite, sericite, and fine-grained silica, limited local
massive silicification, and initial introduction of carbonaceous materials.
The distributions of these altered rocks are shown in plate 5.

Potassic-argillic alteration

The potassic—argillic alteration, which is pervasive throughout the
Carlin deposit, extends into rocks lateral to as well as above and below the
zones of gold deposition (pl. 5). In addition to the Roberts Mountains
Formation, large volumes of the Popovich Formation and shale-chert beds of the
upper plate exhibit this alteration. Potassic-argillic alteration is
intimately associated with the gold mineralization and is evident in all the
mineralized rocks and in all unoxidized ore types of the deposit.

During the main hydrothermal stage, the fluids introduced 5i0,, K50, and
A1203, and removed additional amounts of Ca0 and CO,. These effects are best
shown by comparing the contents of these components in the fresh unmineralized
rocks with thse in the unoxidized ores (fig. 16). The most accurate
comparison is between these values in the fresh rocks and in the normal gold
ore, which was not affected by any overprint of carbonaceous materials,
silica, or sulfide minerals. The increase in Si0, reflects the formation of
fine-grained quartz, and the values for KZO’ A1203, and H20(+) are due to the
formation of kaolinite and sericite.
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Results of experimental sulfides on the system K,0-A1,04-810,-H,0 were
reported by Hemley (1959) and Hemley and Jones (1964). Garrels and Christ
(1965) presented data on stability relations of the various phases in this
system at 25°C and 1 atm as a function of ikt1/ "] and [H4Sio4]. Their
diagram (Garrels and Christ, %925, p. 361, fig. 10.6) imzlies a value for
[K+]/[H+] of approximately 10~ °~ and for'[H4SiO4] of 107" for potassium mica,
kaclinite, and quartz in equilibrium at 25°C and 1 atm. The observed mineral
assemblage in mineralized carbonate rocks at Carlin consists principally of
intimately intergrown sericite, kaolinite, and quartz. Quartz, however, is
much more soluble at the temperatures at which this assemblage precipitated,
which were between approximately 175° and 200°C (thermometry is discussed
below), than at 25°C, and so their diagram cannot be used directly. At these
tempezitgres thszsglubility of quartz along the vapor-presssure curve of water
is 10 “°” to 10 “*~ molal (Morey and others, 1962). Thus, if the three solid
phases were precipitated at equilibrium, the fields for potassium mica and
kaolinite at 175° to 200°C would need to be shifted to the right of their
position at 25°C in the diagram of Garrels and Christ.

The mineral assemblage muscovitetkaolinitetquartz, according to the
calculations by Helgeson, Brown, and Leeper (1969) on the system
HC1-H,0~Al1,04-K,0~8i0, at 200°C and 1 atm, coexists sgably with a solution in
which the log activity ratios §K+/§H+ and 2A13+/(§H+) are 3.5 and 1.5,
respectively. If the solutions at Carlin were nearly neutral at 200°¢
(pH = 5.6), the calculated log activities of kKt and A1°% would have been -2.1
and -15.3, rgigectivel§; These solutions would have contained about 300 ppm
K" and 10x10 ppm Al”'; under these conditions aluminum is essentially
insoluble.

A solution containing a larger amount of Al3+F-say, 1 ppm or more--gained
at elevated temperatures at depth would precipitate essentially all the
aluminum by the formation of muscovite and kaolinite at 200°C. This result
implies that the solution which interacted with the source rocks at depth
moved rapidly upward; otherwise the aluminum would have been removed by
wallrock=solution exchange reactions before reaching the near-surface
environment represented by present exposures.

Activity diagrams (Helgeson and others, 1969) for the system
HC1~H,0-A1,0,~Ca0~C0,-K,0-810, at 150° and 200°C at quartz saturation give
information on the possible temperature of ore deposition. Potassium
montmorillonite, a stable phase between the kaolinite and muscovite stability
fields at 200°C, is absent at 150°C; the apparent absence of this mineral in
large amounts of Carlin ores suggests that the altered-mineral assemblage in
these areas formed between 150° and 200°C.

During the main hydrothermal stage, fine-grained quartz, together with
sericite and minor kaolinite, formed in the matrix of the carbonate rocks
(fig. 31). Small amounts of quartz replaced borders of corroded dolomite

Figure 31 near here

rhombs and formed small patches and seams along bedding planes and
microfractures (figs. 14A, 14B). Petrographic and chemical data indicate that
these features are at least partly replacement in nature and accompanied the
removal of calcite and minor amounts of dolomite. Chemical data also suggest
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that small amounts of titanium were added. A fine-grained phase of
composition Ti0, dispersed throughout mineralized arenaceous dolomite has been
recognized by electron microprobe analysis.

_ The hydrothermal solutions that caused the potassic-argillic alteration
probably were strongly undersaturated with regard to calcite and
supersaturated with regard to quartz. At the point of initial penetration of
the carbonate rocks along faults, the solutions were at temperatures above
200°C and possibly in the range 250°-300°C. In areas of gold deposition they
cooled to 170° to 200°C (discussed in later sections of this report), the
probable range over which most of the potassic-argillic alteration took
place. Using the vapor-pressure curve for water, the solubility of quartz in
the hydrothermal solutions at 300°C would be 650 to 700 ppm 8i05, and over the
range 170°-200°C it would decrease to about 170 to 270 ppm SiOz (Morey and
others, 1962, fig. 1).

The larger amounts of quartz deposited during the main than during the
early hydrothermal stage probably reflect the larger amounts of silica carried
in solution at the higher temperatures and the relatively broad range of the
temperature decrease. In addition to the effect on calcite solubility from
decreasing temperatures, another reaction, such as the separation of silica
from solution, may have continuously regenerated undersaturation with respect
to calcite. The energy released by crystallization of quartz would, in
effect, have been consumed locally by the dissolution of calcite.

The thin-bedded laminated carbonate rocks that have undergone potassic-
argillic alteration, including those that have been mineralized, closely
resemble the fresh unaltered rocks. No pronounced color changes accompanied
the alteration, chemical changes are hardly noticeable in acid or hardness
tests, and the alteration effects are difficult to recognize either on natural
surfaces or on fresh hand specimens.

Pyrite, gold, and associated metals

Petrographic evidence and correlated chemical data suggest that most of
the hydrothermal pyrite, together with gold, mercury, arsenic, and antimony,
were introduced during the main hydrothermal stage (fig. 29). Comparison
between the chemical data on fresh unmineralized rocks and normal gold ore
(fig. 16; tables 1, 11) shows that the hydrothermal fluids introduced both
iron and sulfur. The increased barium content is compatible with the
observation that small amounts of disseminated fine-grained barite also
probably were formed during this stage.

. Hydrothermal pyrite occurs as cubic and framboidal grains (figs. 13, 19,
22, 23), and both varieties are closely associated with hydrothermal silica.
Locally, large amounts of hydrothermal pyrite have been added, and so the ore
is classified as pyritic. Gold, mercury, arsenic, antimony, and locally,
thallium were deposited on the surfaces of these pyrite grains as well as on
the smaller original diagenetic grains. No data are available on the
composition of the surface coatings, except that they contain iron and sulfur
in addition to the elements listed above. Both the mechanisms controlling
this deposition and the reactions involved are poorly understood.
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Most of the gold and mercury introduced during the main hydrothermal
stage formed either on the surfaces of pyrite grains or in association with
carbonaceous materials. Arsenic, antimony, and thallium were confined to the
surfaces of pyrite grains, and so probably few, if any, sulfides of arsenic,
antimony, mercury, or thallium were deposited during the main hydrothermal
stage.

A detailed discussion or review of complex metal ions and of the
dependency of their stabilities on solution pH is beyond the scope of this
report. If the gold, mercury, arsenic, and antimony were introduced during
the main hydrothermal stage, as all the available evidence suggests, then
their transport mechanisms must be compatible with the slightly acid solutions
implied by the altered-mineral assemblage. An alternative explanation,
however, agreeing with observations in some hot springs (R. O. Fournier, oral
commun., 1976), would be that: (l) the alteration assemblage formed somewhat
earlier under slightly acid conditions, (2) over time the pH shifted to higher
values, and thus (3) an alkaline solution, nearly saturated with respect to
sulfur species and readily capable of transporting stable sulfide complexes of
these metal, was formed.

Siliceous alteration

Although fine-grained silica was precipitated throughout the potassic-
argillic alteration zones, locally the carbonate rocks were flooded by large
amounts of hydrothermal silica. The resulting zones of intense
silicification, which include both jasperoid bodies and seams and lenses of
dense hydrothermal silica, are classified as a distinect alteration type. Both
the zones of siliceous alteration (jasperoid) and the areas containing heavy
concentrations of thin irregular seams and lenses of hydrothermal silica are
shown as distinct units on the hydrothermal alteration map (pl. 1).

The zones of siliceous alteration occur within or close to gold ore
bodies in all the ore zones. However, the timing between formation of the
silica bodies and mineralization cannot be precisely determined from spatial
relations within the deposit. ‘

Petrographic evidence and the presence of sericite and lesser amounts of
kaolinite suggest that unoxidized gold-bearing parts of siliceous zones formed
as a 'result of an influx of silica superimposed on mineralized dolomitic
carbonate rocks showing earlier potassic-argillic alteration. Bodies of
siliceous gold ore grade into normal ore over distances of 1 to 3 m in both
the Main and East ore zones. The presence of small amounts of fine-grained
metallic gold locked in silica in these ores suggests that at least some of
the solutions that transported the silica may also have contained gold.

Small thin black seams and patches of hydrothermal silica, closely.
resembling black chert, occur locally throughout the shallow parts of all the
ore zones. Most of the patches occur in zones that have undergone moderate to
intense hydrothermal acid leaching as well as later supergene oxidation (fig.
32). The seams thicken and are more abundant along fractures and faults, and

Figure 32 near here

extend outward both parallei to and locally crosscutting bedding in the
altered carbonate rocks; a typical seam 0.15 m thick thins or pinches out 3 to
6 m from the source fracture.
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The position in the paragenesis of the large jasperoid bodies along the
West and Main ore zones has not been precisely established. These bodies,
which are spatially associated with high-angle faults (pls. 3-5), extend
downward from the present surface for 120 m or more and appear to diminish in
width with increasing depth. Masses of jasperoid along the southwest wall of
the Main pit (fig. 33), which locally near the margins contain hydrothermal

Figure 33 near here

pyrite and as much as 10 ppm Au, form saucer-shaped bodies peripheral to
replacement ore bodies. These masses, though spatially related to faults

intersecting the ore bodies, lie stratigraphically below and plunge to the
northwest beneath the ore bodies.

Two large jasperoid bodies as thick as 30 m occur in original surface
exposures along the footwall of the West ore zone (pls. 3-5). Both bodies
formed as a result of the progressive replacement of altered carbonate rocks
by silica along prominent east-west-striking faults (fig. 34). Close to the

Figure 34 near here

faults, heavy dense dark-gray to black silicified rock grades progressively
outward into gray silicified carbonate rock showing visible remnant bedding.
The degree of silicification appears to decrease progressively and grade into
argillic alteration; all the rocks within the silicified zone, however, are
completely silicified, and the flooding by silica ends abruptly over a
distance of about 50 mm. Although these jasperoid bodies are related to
faults paralleling the ore-controlling faults, they show the same spatial
relations to the ore body as the jasperoid bodies in the Main ore zone.

The large jasperoid bodies at the Carlin deposit formed during the late
hydrothermal state and during acid leaching. The silica bodies occur in
carbonate rocks at shallow depths close to faults along which hydrothermal
solutions, supersaturated with regard to quartz and undersaturated with regard
to calcite, rapidly cooled and aggressively reacted with the wallrocks.
Evidence that a large amount of silicification continued during acid leaching
is: (1) the tendency for these silicified bodies to occur within the shallow
zone of acid leaching; (2) the apparent decrease in silicification with depth,
coinciding with diminished intensity of acid leaching; and (3) fluid
inclusions indicating solution boiling. Many of the jasperoid bodies
terminate at depth close to the bottom of the zone of acid leaching (fig. 30).

Chemical and spectrographic analyses of samples of heavily silicified
rocks of the Roberts Mountains Formation are shown in table 20. A composite

Table 20 near here

sample of several hand specimens from seams and lenses of the dense black
hydrothermal silica spatially associated with gold ore and acid-~leached rocks
(fig. 32) contained 4,900 ppm Ba, 100 ppm As, 55 ppm Sb, 6 ppm Hg, less than
0.03 ppm Au, and relatively little copper, lead, and zinc (sample 1, table
20). Samples of jasperoid range widely in contents of gold (<0.03-4.5 ppm)
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and mercury (0.04-28 ppm), and contain very little thalljum (<3 ppm); arsenic
and antimony are abundant, and the content of antimony is greater than that of
“arsenic in the samples analyzed (samples 2-8, table 20).

Carbonaceous alteration

Data from analyses of several hundred samples of mineralized carbonate
rocks show that these rocks are significantly richer in organic carbon than
the fresh unmineralized rocks. The average organic carbon content in normal
gold ore of about 0.5 to 0.6 weight percent, in contrast to only 0.2 to 0.4
weight percent in the host rocks, indicates that small amounts of carbonaceous
materials, probably hydrocarbons, were introduced throughout the zones of
mineralization. This introduction evidently took place during the main
hydrothermal stage because the normal ore lacks the late overprint of
hydrothermal sulfides and carbonaceous materials. The introduction of large
amounts of hydrocarbons during the late hydrothermal stage after gold
mineralization agrees with the poor correlation between the contents of total
gold and organic carbon in bulk samples of unoxidized ores rich in
carbonaceous materials. The close spatial association between concentrations
of organic material and arsenic sulfide minerals in the arsenical ores, known
to have formed late in the hydrothermal sequence, is further evidence for a
late-stage influx of organic material. The total time range for the
carbonaceous alteration is shown in figure 30. s

High concentrations of carbonaceous materials occur locally within gold-
bearing carbonate rocks along the East ore zone, in the "garbage can" area,
and in deeper parts of the Main ore zone below the south side of Popovich Hill
(pl. 5). The physical and chemical characteristics of this carbonaceous ore
were described above in the section entitled "Primary unoxidized ores." A
typical zome rich in carbonaceous materials and including both mineralized and
unmineralized rocks, in the '"garbage can'" area near the southwest end of the
East ore zone, is shown in figure 35.

Figure 35 near here

Organic carbon compounds were also flushed through shattered zones and
along prominent faults by the hydrothermal fluids and subsequently
concentrated in and along these faults, both above and lateral to zones of
gold deposition (pl. 5). Rocks of this alteration type are well exposed in
the northwestern part of the Main pit, where hydrocarbon compounds(?) were
concentrated along the Hardie fault and flooded through fractured shale units
of the upper plate (fig. 36). Similar features along the Leeville fault at

Figure 36 near here

the east end of the East pit are visible in figure 9.

Spatial relations and petrographic data suggest that part and perhaps all
of the carbonaceous materials concentrated near prominent faults away from the
ore bodies were also introduced during the late hydrothermal stage and were
superimposed on the potassic—argillic hydrothermal alteration. Although large
amounts of carbonaceous materials were introduced during the late hydrothermal

103



stage and concentrated locally in the ore and along faults, a larger total
amount may have been introduced during the main stage because of the much
larger volumes of rock altered.

The introduction of hydrocarbon compounds and probably of several other
varieties of carbonaceous materials with the hydrothermal fluids, and their
apparent stability under conditions of ore deposition, also make it possible
to set some upper limit to the temperatures of ore deposition. Considering
the composition and stabilities of the organic carbon compounds in the rocks,
these temperatures were evidently below 250° and probably even below 200°C (B.
J. Scheiner, oral. commun., 1977).

Late hydrothermal stage

Field relations and petrographic data indicate that the barite veins,
some of the sparse quartz veinlets, the jasperoid bodies, most of the sulfide
minerals (except pyrite), and the strong carbonaceous alteration formed
relatively late in the hydrothermal period. These features represent a
continuum of hydrothermal processes and not an episode distinct from the main
hydrothermal stage.

Hydrothermal alteration probably reached the late stage in some parts of
the deposit while the main stage was still in progress elsewhere. The
solutions probably boiled throughout an indeterminate vertical zomne;
condensation and acid leaching occurred above this zone, while potassic-
argillic hydrothermal alteration proceeded below. Any of the barite veins
formed during the late hydrothermal stage may have resulted from Ege
interaction between S0, ~ formed in the acid-leached zone with Ba in the
hydrothermal fluids. The barite veins are discussed in the section entitled
"Hydrothermal acid-leaching alteration'" and in subsequent sections.

Sulfide mineralization
Arsenic, mercury, antimony, and thallium

With the exception of pyrite, most of the sulfide minerals formed
relatively late in the hydrothermal episode and probably postdate the bulk of
the gold mineralization. Small amounts of arsenic, mercury, antimony, and
thallium were transported and deposited simultaneously with gold. The
formation of both sulfide and sulfosalt minerals containing these metals late
in the paragenesis (as shown by their localization in open spaces and in
veinlets cutting mineralized rocks) and their presence in late barite veins
suggest that the hydrothermal fluids became enriched in these elements over
time and possibly underwent an accompanying shift of pH into the neutral-to-
alkaline range.

The rare thallium mineral carlinite (TlZS) has been recognized only in
carbonaceous silicified rocks of the East ore zone; these rocks commonly
contain as much as 6.0 weight percent organic carbon in the form of mixtures
of hydrocarbons and humic acids (Radtke and Dickson, 1975a). The intimate
intergrowths of carlinite grains and hydrothermal quartz with the carbonaceous
materials suggest that all these constituents are genetically related and
probably were introduced simultaneously.
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Base metals

- The base~metal suite of elements, including copper, molybdenum, lead, and
zinc, is not spatially associated with the gold suite, and sulfosalt minerals
containing base metals are very. rare. Although the contents of lead, zinc,
and, locally, copper are large relative to those of antimony, mercury, and
thallium, the significantly smaller enrichment factors for copper, lead, and
zinc in the mineralized rocks suggest that the amounts of base metals
transported in the ore fluids were also probably smaller. Base metals
transported in early- and main-stage fluids may have been flushed out through
the system or deposited at depth below the zone of gold mineralization.

The position of the base-metal sulfides in the paragenesis has not been
conclusively established from the available data. The presence of local
concentrations of galena and sphalerite in barite veins suggests that base-
metal minerals elsewhere may have been formed during the late hydrothermal
stage. This conclusion is reinforced by the small correlations between the
base-metal elements and those of the gold-arsenic-mercury-antimony suite, and
by the generally random scattering of base~metal sulfides throughout both
mineralized and unmineralized areas in the deposit.

Quartz veinlets

Quartz veinlets are very sparse in the Carlin deposit and are not a
common feature in Carlin-type deposits in general (Radtke and Dickson,
1974a). At Carlin these veinlets occur: (1) in small seams and patches
containing pyrite and gold in unoxidized ores; (2) with and without such
minerals as pyrite, gold, frankdicksonite, and fluorite in the upper parts of
unoxidized ore bodies, in overlying oxidized ores and rocks, and along
contacts between carbonate rocks and igneous dikes (pl. 3; Radtke, 1973); (3)
in small fractures in jasperoid bodies; and (4) intergrown with barite with
and without base-metal sulfide minerals in acid-leached and oxidized zomes.

The quartz veinlets formed throughout the main and late hydrothermal
stages and during acid leaching; small seams of remobilized quartz may also
have formed during late supergene oxidation. Seams, patches, and veinlets of
quartz containing pyrite and gold in unoxidized ores but lacking fluid-
inclusion evidence of boiling formed during the main hydrothermal stage.
Quartz veinlets containing frankdicksonite and pyrite probably formed somewhat
later, during the late hydrothermal stage or early acid leaching. Many of the
quartz veinlets, including those containing barite and sulfide minerals, as
well as those filling fractures in jasperoid bodies, formed during acid
leaching. Stable-isotope and fluid-inclusion data on the various phases of
quartz formation are presented in the section entitled "Fluid-inclusion and
stable-isotope studies."

Oxidized ores

The Carlin deposit contained about 7 million t of oxidized gold ores,
here defined as those in which the condition and amount of carbonaceous
materials have been changed by natural oxidation processes that rendered them
incapable of either reacting with gold complexes or inhibiting the extraction
of gold by cyanidation. The content of organic carbon is lower in the
oxidized than in most of the unoxidized ores; the total content, however,
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varies greatly between individual samples and commonly ranges from about 0.03
to 0.35 weight percent.

The oxidized ores include those subjected to varying intensities of
hydrothermal acid-leaching and later superimposed alterations by descending
oxygen-bearing supergene solutions, as well as those ores commonly localized
below the acid-~leached zone that were affected only by the late descending
supergene solutions. These lower ores commonly are only weakly oxidized and
contain significant amounts of remnant organic carbon capable of adsorbing
gold complexes.

Large volumes of ores and enclosing host rocks in the West, Main, and
East ore zones were subjected to leaching and oxidation induced by acids
(probably predominantly HZSO4) generated in the shallow near-surface
environment as a consequence of boiling of the hydrothermal fluids or mixing
of the fluids with ground water. The distributions of acid-leached zones and
of the various intensities of leaching (weak, moderate, and intense) are shown
on the acid-leaching alteration map (pl. 6).

All the oxidized ores are composed mainly of widely varying amounts of
fine-grained quartz, clay (mainly illite and lesser amounts of kaolinite,
sericite, and montmorillonite), and dolomite. The content of calcite is lower
in the oxidized thanm in the unoxidized ores and varies inversely with the
intensity of acid leaching. Small amounts of barite, anhydrite, alunite, and
various secondary iron oxides are minor accessory minerals. Hausen and Kerr
(1968) gave excellent descriptions of the mineralogy, textures, and physical
features of the oxidized ores. Typical specimens of oxidized ores, including
both leached and unleached varieties, are shown in figure 37.

Figure 37 near here

Oxidized ores that were not acid leached or only weakly acid leached have
many chemical and mineralogic features that closely resemble those of the
normal gold.ore. These oxidized ores commonly are medium tan, gray, or
greenish gray and contain slightly less calcite and more silica than their
unoxidized equivalents. Small amounts of montmorillonite were formed locally,
most of the sulfides are partially oxidized, and the content of organic carbon
is as low as about 0.15 to 0.25 weight percent. Mineralogic and textural
features in unleached oxidized ores are shown in figure 38.

Figure 38 near here

The extremely wide ranges in the contents of principal minerals in ores
subjected to hydrothermal acid leaching before supergene oxidation reflect the
large variations in the intensity of acid leaching. - These ores range from
white through tan to medium gray in color. The mineralogy ranges from weakly
acid leached ore containing quartz, significant amounts of remnant dolomite
and lesser calcite, illite, sericite, and minor kaolinite, to intensely acid
leached ore composed of quartz, kaolinite, illite, lesser sericite, only minor
amounts of dolomite, and little, if any, calcite. Sulfide minerals in
intensely acid leached ore have been oxidized, and the content of organic
carbon is as low as 0.03 to 0.15 weight percent. Photomicrographs and
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scanning electron micrographs showing typical textural and mineralogic
features of samples of moderately and strongly acid leached oxidized ores are
shown in figures 39 and 40. :

Figures 39 and 40 near here

Mineralogy and distribution of elements in oxidized ores

Data on the contents of major and minor elements in oxidized ores were
previously reported by Radtke and others (1972a), and data on selected
elements in oxidized ores are presented in the preceding section. Chemical
and spectrographic analyses of typical samples of oxidized ores, including
both acid-leached and unleached varieties, are listed in table 21. No

Table 21 near here

statistical studies on element distributions and correlations in the oxidized
ores have been performed to date.

Iron

Most of the iron in the oxidized ores is in the form of iron oxides,
including hematite, goethite, and amorphous or poorly crystalline phases,
formed by the oxidation of pyrite. Iron oxides occur throughout the matrix of
the ores and commonly appear to be concentrated in thin seams parallel to
remnant bedding. The partial onsite alteration of pyrite to iron oxide phases
is a common feature in oxidized ores that have not been moderately or
intensely acid leached. In grains where this alteration is complete, goethite
or hematite pseudomorphs after either cubic or framboidal pyrite are common.
Microprobe analyses show that occasional pyrite grains in the normal gold ore
have thin (1-2 Um) layers of iron oxide as a surface coating. This surface
oxidation is recognizable in scanning electron micrographs; the oxidized layer
generally is somewhat thicker than the coating of gold-arsenic-mercury-
antimony minerals.

Iron oxide minerals containing arsenic, such as scorodite, are discussed
below in the subsection entitled '"Arsenic." Clay minerals, probably illite or
montmorillonite, in the oxidized ores commonly contain as much as 3 to &4
percent Fe.

Gold

The average content of gold in oxidized ores in the West, Main, and East
ore zones resembles that in the deeper unoxidized ores; these values are 9.1,
9.0, and 8.0 ppm for the West, Main, and East ore zones, respectively. The
content of gold in 485 samples from oxidized ore bodies over the entire
deposit ranges from 0.04 to 150 ppm and averages 9 ppm.
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Gold in oxidized ores has been identified in several occurrences and
associations (Radtke and others, 1972b; A. S. Radtke, unpub. data, 1973): (1)
as fine particles of metallic gold in seams and patches of silica, (2)
concentrated on and near the borders of pyrite grains altered to iron oxides,
(3) dispersed through iron-oxide-rich patches in the matrix of the rock, (4)
associated with clay minerals in the matrix, and (5) as randomly dispersed
particles. These randomly dispersed particles commonly are extremely fine
grained (<0.5-3um). In areas containing remnant amorphous carbon, these
particles of gold may contain as much as 10 to 15 weight percent Hg, probably
formed by the oxidation of gold-mercury-organic compounds.

Free grains of metallic gold in oxidized ores generally contain only very
small amounts of other elements. Microprobe analyses show that small amounts
of arsenic, antimony, mercury, and iron occasionally occur in the gold but
that the total content of these elements in any association does not exceed
about 1 percent by weight and generally is much less.

Patches of iron oxides, presumably formed by the oxidation of pyrite,
contain anomalous amounts of gold, as well as arsenic, antimony, and
mercury. Microprobe analyses show that the content of gold and associated
elements varies widely across or throughout these patches. The form of the
gold is unclear; at extremely high magnification (>1,000 X), discrete
particles of metallic gold are recognizable, although the gold may also be
adsorbed onto the iron oxides.

Mercury

In contrast to gold, the average coantent of mercury is significantly
lower in oxidized than in unoxidized ores in each of the principal ore
zones. The average mercury content in oxidized ores is 20 ppm in the West ore
zone and 18 ppm in both the Main and East ore zomes. In 750 samples from
throughout the entire deposit, the content of mercury ranges from 0.2 to 200
ppm and averages 18 ppm.

Mercury has been identified in several forms in the oxidized ores. The
element occurs: (1) in or adsorbed onto iron oxides formed by the oxidation
of pyrite; (2) as sparse remnant grains of cinnabar coated by secondary
" schuetteite (HgSO4’2H20); (3) as a secondary mineral containing mercury,
arsenic, and oxygen; and (4) in another phase containing mercury, traces of
iron, and oxygen.

Quantitative chemical analyses and X-ray diffraction data on forms (3)
and . (4) are not available. Preliminary data from microprobe analyses indicate
that the composition of the secondary mineral is approximately HgAsO,, .

Cinnabar is the only sulfide mineral identified that has survived
oxidation in the moderately and intemnsely acid leached cres.
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Arsenic

Comparison of the data for arsenic in oxidized and unoxidized ores
indicates that significant amounts of the elements were removed from the ores
during oxidation. Values for the average arsenic content in the oxidized ores
include 180 ppm in the West, 380 ppm in the Main, and 450 ppm in the East ore
zone, in contrast to 222, 490, and 590 ppm in unoxidized ores in the
respective ore zones. Over the whole deposit the oxidized ores contain from
40 to more than 3,000 ppm As and average 405 ppm As.

In both the oxidized and unoxidized ores, arsenic is the most abundant of
the elements closely associated with gold. The element occurs in a wide
variety of forms reflecting both the relatively large amounts of arsenic and
the numerous arsenic minerals and compounds in the unoxidized ores. Most of
the arsenic in oxidized ores occurs in varying abundances in iromn oxides,
including the amorphous iron oxide minerals formed by the oxidation of
hydrothermal pyrite. Hausen and Kerr (1968, p. 933) tentatively identified
arsenolite (ASZOB)’ carminite (PbFez(AsO4)2(OH)2), and scorodite
(FeAsO4°2H,0). The presence of all these minerals has been confirmed by
electron microprobe and X-ray diffraction methods. Other secondary minerals
or phases identified include: a hydrated(?) amorphous or poorly crystalline
iron oxide phase containing as much as 7 weight percent As; hematite and
goethite containing adsorbed arsenic; a hydrated(?) phase containing, calcium,
arsenic, and oxygen; a hydrated(?) phase of composition HgAsO,;
arseniosiderite (Ca3Fe4(Asoz)4(0H)6°3H20); and mimetite (Pbs(AsO4)3Cl).

Realgar in Carlin ores alters to arsenolite and an intermediate compound
containing arsenic, sulfur, and oxygen; orpiment is not an alteration product
of realgar in Carlin ores.

Antimony

Oxidized ores in the West, Main, and East ore zones contain less antimony
than their unoxidized counterparts. Average antimony contents in oxidized
ores are 45 ppm in the West, 95 ppm in the Main, and 105 ppm in the East ore
zone, in contrast to 222, 490, and 590 ppm in unoxidized ores in the
respective ore zones. The content of antimony in oxidized ore samples from
throughout the deposit ranges from less than 5 to 800 ppm and averages 95 ppm.

Little information is available on the forms and occurrences of antimony
in the oxidized ores. Small amounts (<0.08 weight percent) occur with arsenic
in or adsorbed onto amorphous iron oxides, and scorodite commonly contains
several tenths of a weight percent of antimony. Although the content of
antimony is substantially less than that of arsenic, antimony-bearing analogs
of some secondary arsenic minerals may exist in the ores.

Stibnite in Carlin ores, including a coarse-grained variety in jasperoid

breccia, is partially oxidized to stibiconite (Sb306(OH)), valentinite
(Sb203), and cervantite (Sb204).
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Thallium

Data on the thallium content in oxidized ores are very limited. Although
several hundred samples were analyzed, in 220 of the analyses the limit of
detection was 50 ppm Tl; detectable amounts of the element (>50 ppm Tl) were
found in only about 10 percent of these samples. The content of thallium
ranges from less than 50 to 150 ppm and averages 50 ppm. Analyses of 85
samples at a detection limit of 3 ppm Tl show a thallium content ranging from
less than 3 to 100 ppm and averaging 20 ppm. These results, as well as the
high solubility of most thallium compounds, suggest that the average content
of the element in the oxidized is considerably lower than in the unoxidized
ores (40-50 ppm).

Although thallium is closely associated with arsenic in the unoxidized
ores, they are not so associated in the oxidized ores. Secondary arsenic or
arsenic~bearing minerals seldom contain thallium in amounts (>0.05-0.06 weight
percent) detectable by microprobe analysis. Thallium has been identified in
dispersed fine-grained secondary iron oxide minerals, but only below 0.1
weight percent.

Several secondary thallium minerals are present in oxidized ores.
Avicennite (T1,03) occurs intimately associated with hematite (fig. 41) and

Figure 41 near here

probably represents the final oxidation product of carlinite (Radtke and
others, 1978). Data on the oxidation of thallous sulfide (Lee, 1971) that
would apply to the formation of secondary thallium minerals were summarized by
Radtke and Dickson (1975a), who reported (p. 563):

"k % % the reactions that are most likely in the oxidation of
carlinite under natural conditions are: first, 2T128 +
202-+ T12820 + T1,0; and second, T1,0 + 0, —)T1203. Given
sufficient time, under dry conditions the overall reaction would
be: 2T1,S + 30, -+ T1,5,05 + T1,05. With water present, thallous
thiosulfate degrades according to the reaction: T125203 + Hy,0 =
Tl 50, + HyS. Thallous sulfate, thiosulfate, and oxide are more
soluble than T1203; therefore in nature, where oxidation takes
place in contact with aqueous solutions, they would tend to be
leached, leaving T1203."

Electron microprobe analyses and X-ray diffraction studies of weakly or
partially oxidized ores containing large amounts of thallium show that
carlinite alters to materials of different compositions, including T128203,
leo, and TlZSO , 1n addition to avicennite (A. S. Radtke and F. W. Dickson,
unpub. data, 19?5). These three thallous compounds represent intermediate
phases formed by the oxidation of carlinite and have not been recognized
previously as natural speciles.
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Lead

The average lead content in oxidized ores is 25, 30, and 15 ppm in the
West, Main, and East ore zones, respectively, in contrast to 26, 51, and 20
ppm in unoxidized ores in the respective ore zones. Over the whole deposit
the content of lead in oxidized ores ranges from less than 7 to 200 ppm and
averages 25 ppm.

Secondary lead minerals include carminite and litharge or massicot (Pb0O);
anglesite, cerussite, and mimetite have been recognized as secondary minerals
formed by the alteration of galena in barite veins.

Zinc

The content of zint is significant lower in the oxidized than in the
unoxidized ores. In samples analyzed from throughout the deposit, the zinc
content of oxidized ores ranges from 6 to 620 ppm and averages 90 ppm, in
contrast to average values of 165 to 185 ppm in unoxidized ores (see
subsection on zinc in section entitled '"Mineralogy and distribution * * *'"),
Average contents in oxidized ores include 40 ppm in the West, 95 ppm in the
Main, and 80 ppm in the East ore zone.

The form of the zinc in unoxidized ores has not been studied.
Smithsonite, formed by the oxidation of sphalerite associated with barite
veins, is the only secondary zinc mineral identified to date.

Silver

The average content of silver in oxidized ores is 0.7 ppm; in several
hundred samples analyzed from throughout the deposit, the content ranges from
less than 0.7 to 2 ppm Ag. No secondary silver minerals have been identified,
and silver has not been found in association with the fine particles of
metallic gold analyzed on the electron microprobe.

Copper

The content of copper in oxidized ores ranges from 3 to 200 ppm and
averages 22 ppm over the entire deposit; the average copper content is 10, 25,
and 20 ppm in oxidized ores in the West, Main, and East ore zones,
respectively. By comparison, the content of copper in unoxidized ores
averages 33 to 35 ppm over the entire deposit and 25, 36, and 33 ppm in the
West, Main, and East ore zones, respectively.

No secondary copper minerals have been recognized in the oxlidized ores
except for small sparse grains of cuprite, thin local films of malachite and
azurite on silicified carbonate rocks, and. phases associated with iron oxides
along the sparse quartz veins in the "garbage can" area of the East ore zone.
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Molybdenum and tungsten
. The oxidized ores contain only very small amounts of molybdenum and
tungsten. The average content of molybdenum is 3 ppm in oxidized ores in all
three principal ore zones; tungsten values are 8 ppm in the West and East and
12 ppm in the Main ore zone.

No molybdenum minerals have been found in oxidized ores. A few grains of
scheelite have been identified in the oxidized ores, and most of the tungsten
probably occurs in that form.

Barium

The content of barium is significantly higher in the oxidized than in the
deeper unoxidized ores in the West, Main, and East ore zones. Average values
for barium in oxidized and unoxidized ores, respectively, include 1,600 and
650 ppm in the West, 1,500 and 500 ppm in the Main, and 1,100 and 300 ppm in
the East ore zone. The progressive increase in barium content throughout the
deposit from east to west is the same in both oxidized and unoxidized ores.

The enrichmeBE of barium in oxidized ores and rocks reflects the
geperation of SO, in the shallower parts of the deposit and the fixation of
Ba + as barite throughout the zone of hydrothermal acid leaching. Within the
oxidized zone, barite occurs both in veinlets and as dispersed fine-grained

particles. No other barium minerals have been recognized in the oxidized
ores.

Boron

The average content of boron in oxidized ores throughout the deposit is
75 ppm, and the content in individual samples analyzed ranges from 7 to 300
ppm. The average boron content in oxidized ores in the deposit is 50, 75, and
82 ppm in the West, Main, and East ore zones, respectively. On the basis of
averages of 54, 85, and 84 ppm in unoxidized ores in the West, Main, and East
ore zones, respectively (see subsection on boron in section entitled
"Mineralogy and distribution * * *'")  boron content apparently changes little
with oxidation.

Although boron was introduced from the hydrothermal fluids and could have
been driven off during boiling, no evidence suggests that it was concentrated
in upper parts of the deposit. Most of the boron apparently is associated
with the clay minerals, and the boron introduced during mineralization is
present in sericite and kaolinite formed during that period. No discrete
boron minerals, including borates, have been found.

Selenium and tellurium

The average contents of both selenium and tellurium are lower in the
oxidized than in the unoxidized ores in each of the principal ore zones.
Values for selenium in oxidized and unoxidized ores, respectively, are 1.0 and
1.5 ppm in the West, 0.4 and 0.9 ppm in the Main, and 0.6 and 1.8 ppm in the
East ore zone. Corresponding values for tellurium are less than 0.2 and 0.2
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ppm in the West, less than 0.2 and 0.4 ppm in the Main, and less than 0.2 and
0.2 ppm in the East ore zone. No minerals containing either tellurium or
selenjum have been found in the oxidized ores.

Hydrothermal acid-leaching alteration

The ore bodies and many of the rocks in the upper part of the Carlin
deposit have been attacked by acid solutions generated by the oxidation of HZS
driven off by boiling of the hydrothermal fluids and mixing of the vapors with
meteoric waters. Because the hydrothermal fluids undoubtedly contained large
amounts of reduced-sulfur species, and barite and anhydrite were formed in the
acid-leached zone, H,S0, may have been the dominant acid responsible for the
alteration. However, even the complete oxidation of all the diagenetic and
hydrothermal pyrite would not produce enough HZSO4 to account for all the
carbonate removed, and so most of the acid probably was formed by the
oxidation of H,S.

The zone of acid leaching is about 75 m thick in most places, is
irregular, and closely follows the present topography. This alteration is not
confined to the Roberts Mountains Formation but has affected rocks of both the
Popovich Formation and the upper plate above and lateral to the Roberts
Mountains Formation within about 75 m of the surface in and around the Carlin
deposit (pl. 6). .

The degrees of acid-leaching alteration may be classified as weak,
moderate, or intense on the basis of the relative amounts of carbonate removed
(pl. 6). Areas of intense acid leaching show a strong spatial relation to
prominent high~angle normal faults and to the northwest-trending dike-filled
faults representing major channels for the hydrothermal fluids (pl. 6). In
many areas the acid solutions were concentrated along these faults and soaked
outward laterally into the shattered wallrocks; the acid leaching is most
intense near the faults and weakens with increasing distance (fig. 42).

Figure 42 near here

The intensity of alteration and the size and shape of the zones of
intense acid leaching also depended on the volume of solutions that reacted
with the rock. One flat-lying zone of intense acid leaching as thick as 50 m
cuts across the thick north-plunging sheetlike ore body in the Main ore
zone. The host rocks and ores within that zone, removed during pit development
(fig. 43),

Figure 43 near here

were bleached white, devoid of calcite, and contained fine-grained quartz,
kaolinite, sericite, small amounts of alunite, and minor amounts of dolomite.

A significant amount of hydrothermal acid-leaching alteration took place
in the Popovich Formation throughout Popovich Hill (fig. 44). 1In most places

Figure 44 near here

the degree of acid leaching ranges from weak to moderate, and the locations of

the alteration zones and the areas of strongest acid leaching nearly coincide
with the positions of faults, breccia, and shear zones (pl. 6).

113



Alteration of igneous rocks

Most of the rocks in igneous dikes in the Carlin deposit have been
altered. Both the type and intensity of alteration vary throughout the
deposit and reflect differences in the composition and amount of the solutions
that interacted with the rocks. Four processes in various combinations have
affected the dikes: (1) weak deuteric alteration, associated with
emplacement; (2) hydrothermal mineralization; (3) acid leaching; and (4) late
supergene oxidation.

The early deuteric alteration was apparently very weak. The freshest
igneous rocks in the deposit, which have not been affected by hydrothermal
acid leaching or late supergene oxidation, show the following features: (1)
limited and local peripheral alteration of biotite to chlorite and of
hornblende to epidote; (2) presence of minor amounts of hematite, goethite,
limonite(?), and jarosite along fractures; (3) absence of argillic alteration;
and (4) little, if any, sericite or carbonate minerals.

Changes in the igneous dikes probably caused by the hydrothermal fluids
include: (1) alteration of feldspar minerals to clay minerals, principally
kaolinite and montmorillonite; (2) formation of sericite, at least in part, by
alteration of biotite; (3) introduction locally of hydrothermal pyrite, some
of which contains coatings of gold and associated elements; (4) formation of
small veinlets of microcrystalline quartz; and (5) replacement of both
phenocrysts of plagioclase and potassium feldspar by microcrystalline
quartz. In addition, some of the calcite that replaces hornblende and biotite
phenocrysts may have been dissolved out of the carbonate rocks and introduced
into the dikes during hydrothermal alterationm.

Many of the alteration effects caused by the acid-leaching solutions were
probably rather similar to those due to the hydrothermal solutions except for
greater intensity. Larger amounts of clay minerals were formed, and so the
intensely acid leached igneous rocks are composed mainly of quartz, kaolinite,
lesser sericite, montmorillonite, and, locally, dickite, as well as small
amounts of jarosite, epidote, a colorless to pale-apple-green variety of
chlorite, and iron oxide and hydroxide minerals.

Alteration effects caused by late supergene or meteoric waters are more
difficult to establish precisely because they undoubtedly were much weaker
than those due to hydrothermal mineralization and acid leaching, and were
superimposed on igneous rocks varying widely in alteration mineralogy.
Probably the principal effects were (l) formation of iron oxide and hydroxide
minerals from oxidation of sulfides, mainly pyrite, and alteration of remnant
biotite; and (2) introduction of calcite as small stringers and patches into
the matrix, and replacing hornblende and corroding and replacing borders of
biotite grains in rocks previously only weakly altered.
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Chemical and mineralogic aspects

General features of the mineralogy of both the unleached and acid-leached
ores were discussed in the previous section entitled "Oxidized ores." It
should be emphasized that both the initial acid-leaching alteration in shallow
zones, which took place simultaneously with the late hydrothermal stage at
greater depths, and the late supergene oxidation affected large volumes of
rock around the mineralized zomes. The chemical and mineralogic changes that
took place in both mineralized and unmineralized rocks by these two processes
were nearly identical.

The observed mineralogic changes in the mineralized carbonate rocks, due
to attack by oxidizing solutions during hydrothermal acid-leaching and
supergene oxidation, are reflected in the chemical data summarized
diagrammatically in figure 45. The dissolution of large amounts of dolomite

Figure 45 near here

and of virtually all the calcite is shown in the large losses of Ca0, MgO, and
€Oy« The decreases in Fe0 and S reflect the oxidation of pyrite. Comparison
of the contents of all these components (except possibly FeO) in the various
kinds of carbonate rocks indicates that these chemical changes are
attributable mainly to acid leaching. The relatively constant contents of
K,0, A1203, and H20(+) confirm the fact that little additional potassic—~
argillic alteration took place during acid-leaching oxidation.

Only BaO and 5i0, show significant increases in abundance. The increase
in Ba0 reflects the formation of barite, and the increase in SiO2 suggests
that silica was introduced simultaneously. Petrographic evidence shows that
many samples of the ores contain small seams and patches of late silica that
appear to flood the rock locally and encase grains of oxidized pyrite and
remnant dolomite rhombs.

The hydrothermal acid-leaching solutions were also oxidizing in nature
and destroyed carbonaceous materials as well as pyrite and other sulfides.
Data.on the content of organic carbon in oxidized ores were discussed earlier
in this report and are not included in figure 45.

Silicification

Although the earliest part of the acid-leaching alteration probably took
place simultaneously with the deeper late hydrothermal stage, the rocks in the
shallow acid~leached zone contain significantly more silica (fig. 45) than the
unleached oxidized rocks. This result, as well as the petrographic data
discussed above, suggests that more silica was introduced into the shallow
parts of the deposit than into the intermediate levels below the zone of
oxidation. It is unclear whether the silica was transported by the
hydrothermal .fluids or was produced by reactions between the acid solutioms
and clay minerals (such as sericite) within the shallow zone. Even though
these reactions probably took place in the upper shallow zone, no evidence
exists of any peripheral area depleted in silica, as would be required for the
shallow mobilization and redeposition of Si0,.
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The occurrence of large jasperoid bodies in the acid-leached zone and
their common pinchout or termination near the bottom of that zone also show
that silica was concentrated locally in the shallower parts of the deposit
along and close to voids represented by faults and breccia zones. The shape
of these bodies and their near-surface position suggest that the barren ones,
at least, probably formed from late-stage solutions supersaturated with quartz
after the main hydrothermal stage.

Barite veins

Barite occurs locally in small pods and seams, and as narrow veins along
fractures and faults, throughout the oxidized zone and the zone of acid
leaching (pl. 6). The barite veins are widest and most persistent at
intermediate depths in the acid-leached zone, narrow abruptly in oxidized
rocks below the bottom of the zone, and appear to pinch out or terminate in
the underlying unoxidized rocks. Concentrations of barite occur along the
fault system and cut the altered igneous dike in the footwall of the West ore
body. Prominent barite veins also occur along the northwest-trending
dike~filled fault cutting through the Main pit, and along east-west-striking
faults and fractures about 100 m southwest of Popovich Hill (pl. 6).

Minerals most commonly associated with barite are calcite and various

silica phases, including both quartz and chalcedonic silica. Most of the

barite veins are deficient in sulfides except at greater depths in areas just
" above and at the interface with the unoxidized zone. The most common sulfide
minerals and their associations include sphalerite, sphalerite and galena,
galena, and realgar; the base-metal sulfides and the realgar occur in
different areas in the veins and are not spatially associated. Data on the
isotopic compositions of barite and associated sulfides are given in the
section entitled "Fluid-inclusion and stable-isotope studies."

Most of the barite veins consist of rather pure BaSO4 and are deficient
in most metals, including gold. Gold in detectable amounts was not found in
75 samples of barite analyzed from throughout the deposit. The mechanisms and
reactions responsible for barite deposition in the acid-leached and oxidized
zone differed from those that deposited dispersed barite during the main and
late hydrothermal stages, and the acid~leaching solutions were deficient in
gold. Also, if the barium content of the hydrothermal solutions increased
over time, the hydrothermal fluids that deposited the barite in veins must
have contained significantly more barium than the main-stage fluids. The
genesis of the barite veins is discussed in the section entitled "Oxygen
isotope data."

Calcite veins

Calcite veins occur as space fillings along faults, fractures, and
breccia zones in three genmeral vertical positions within the deposit: (1) in
weakly acid leached and unleached rocks at the top of and above the acid-
leached zone, (2) in oxidized rocks below the acid-leached zone, and (3) in
sparse amounts in deeper unoxidized ores. Calcite veins are extremely sparse
within the zone of acid leaching.
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Most of the calcite veins in form 1 are in rocks of the Popovich
Formation and in the upper part of the Roberts Mountains Formation along the
north side of the West pit, in the southwest end of the Main pit, and
throughout the area of Popovich Hill (pl. 3). Bleaching of rocks on both
sides of the calcite-filled fractures (fig. 46) suggests progressive,

Figure 46 near here

extensive acid leaching. The color change, however, is due to the oxidation
of carbonaceous materials; the amount of calcite removed is minor, and the
overall effects of acid leaching are very weak. Some of the calcite veins in
form 1 probably formed during the late hydrothermal stage by the flushing out
of calcite from deeper carbonate beds.

Calcite veins in oxidized rocks below the acid-leached zone occur both as
white relatively clean CaCO4, and as small stringers admixed with barite, most
of which are in the Roberts Mountains Formation within a 15-m interval below
the bottom of the acid~leached zone. In most places the contact between the
oxidized rocks and the underlying unoxidized rocks is gradational through a
zone ranging from 3 to 9 m in width in which the volume of unoxidized rocks
increases with depth as the oxidation effects diminish. Features
characteristic of this zone include (1) pods of remnant unoxidized rocks
enriched in hydrocarbons, and (2) sulfide minerals, especially realgar,
sphalerite, and galena, associated with mixed barite~-calcite veins (fig. 47).

Figure 47 near here

Small amounts of white calcite occur with sulfide minerals, especially
realgar and arsenic-rich sulfosalt minerals, in the upper parts of unoxidized
ore bodies in the Main and East ore zones. These calcite veins undoubtedly
formed simultaneously with the sulfide minerals and represent calcite removed
from carbonate rocks in deeper zones by the hydrothermal ore fluids.

As indicated by the relations described above, many of the shallow
calcite veins probably resulted from a late and possibly the last hydrothermal
event. Some calcite veins, however, especially those in shallow zones in the
Popovich Formation, may be posthydrothermal and have formed during supergene
oxidation and weathering.

Data on isotopic compositions of the calcite are included in the sections
entitled "Fluid-inclusion and stable-isotope studies."

Supergene alteration

The host rocks and ores in the upper shallower parts of all the ore zomes
in the Carlin deposit have been altered by late posthydrothermal supergene
oxidation. This alteration is superimposed on rocks previously altered by
hydrothermal mineralization and acid leaching, commonly extends 15 to 30 m
below the bottom of the acid-leached zome (pl. 7), and reaches a depth of more
than 90 m in most parts of the deposit.
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Information on the mineralogy and physical properties of unleached
oxidized ores was given in the section entitled "Oxidized ores." In summary,
the overall chemical and mineralogic changes in the ores and host rocks are
similar to but much less intense than those in weakly acid leached zones (pl.
6). Except for their color, which ranges from medium gray to various shades
of light gray, green, and tan, physically the oxidized ores closely resemble
the unoxidized ores (see fig. 37). The unleached oxidized ores are composed
of widely varying proportions of dolomite and lesser calcite, as well as
quartz, illite, and minor kaolinite and sericite. Secondary irom oxide
minerals formed by the oxidation of iron sulfides are scattered throughout the
rocks and in a few areas, such as along the south wall of the West pit, are
present in large enough amounts to form mappable zones of weathered pyritic
alteration (not shown in pl. 7).

The changes in chemical composition that took place as a result of late
supergene oxidation alone after hydrothermal alteration of the host rocks and
ores are schematically represented in figure 45. The losses of Ca0 and CO
reflect the removal of small amounts of calcite, and the values for Mg0 show
that only minor amounts of dolomite were removed. The contents of K,0, Al,03,
and H,0(+) show that no late argillic alteration took place. The decreases in
FeO and S and the increase in Fe,0 correspond to the oxidation of pyrite and
other sulfides. The increase in Si0, reflects an introduction of late silica
whose exact source is unknown. The content of BaO shows that little, if any,
barite formed during late supergene oxidation.

Details on the content and vertical distribution of gold with depth are
not given in this report, by agreement with the Newmont Mining Corp. However,
information from rotary-drill holes throughout the deposit suggests that no
selective enrichment of gold took place in the oxidized zones. The high
acidity and oxidation potentials required for supergene transport of gold

(Cloke and Kelly, 1964) probably were not reached within the zone of oxidation
at Carlin.

Fluid-inclusion and stable-~isotope studies
Fluid-inclusion studies

Fluid inclusions in silicified carbonate rocks (jasperoid) and in a few
quartz veinlets were studied by Nash (1972), who reported that these materials
contain abundant fluid inclusions smaller than 10 um in diameter. Vapor
fractions are generally low (about 5 percent by volume) but range from 3 to 10O
volume percent within many samples. No daughter minerals were observed,
although inclusions in several samples contained liquid CO,. Although the
properties of the inclusions and the limitations imposed by instrument optics
precluded definitive homogenization- and freezing-temperature determinations,
Nash estimated that the inclusions would homogenize at 175912500, on the basis
of vapor fractions. He concluded (p. Cl7), "With provision for a pressure
correction, 200°C would seem to be a reasonable estimate of the temperature of
formation at Carlin * * *.,"
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More recently, several minerals from the Carlin deposit, including
quartz, barite, calcite, sphalerite, and realgar were studied by J. F. Slack
(unpub. data, 1975), whose data on homogenization temperatures agree well with
other data on the same minerals and are listed in table 22. Although

Table 22 near here

inclusion sizes and limitations on instrument optics precluded J. F. Slack
from obtaining freezing~temperature data, he reported that both liquid- and
vapor-rich inclusions commonly are present in the same mineral plate and
concluded, " * * * this indicates widespread fluid boiling and the trapping of
vapor-rich inclusions along the boiling curve and explains the anomalously
high temperatures of homogenization recorded for many inclusions."

Materials and fluid-inclusion properties

Fluid inclusions were studied in doubly polished plates prepared from
various materials, including quartz, barite, calcite, sphalerite, and
realgar. Wherevar possible, these plates were prepared to permit examination
of inclusions in more than one mineral on the same plate. Samples studied
include: (1) quartz in patches in unoxidized ores; in veinlets with and
without such other phases as pyrite, frankdicksonite, and gold in unoxidized
ores, as well as in deep parts of overlying oxidized rocks; intergrown with
jasperoid in surface and near-surface acid-leached zones; and associated with
barite veins in acid-leached zones; (2) barite in veins with quartz but
lacking sulfide minerals, and in veins containing lesser amounts of quartz and
scattered concentrations of sphalerite, galena, and realgar; (3) calcite in
veinlets in deep unoxidized ores and in shallow oxidized rocks above the acid-
leached zone; (4) sphalerite in barite veins; and (5) realgar in calcite veins
in deep unoxidized ores, and with barite and quartz in veins in shallow pods
of remnant unoxidized carbonaceous rocks near the bottom of the acid-leached
zone. These materials cover the paragenesis from the main hydrothermal stage
through posthydrothermal supergene oxidation (stages 2-4, table 22; see fig.
30).

Homogenization and freezing temperatures were determined by conventional
techniques, using a modified Chaix Meca heating/liquid N, freezing stage. The
stage was calibrated using spectrographically analyzed CO, fluid inclusions
and solutions of known salinity. In the temperature range 0°-400°C the stage
was calibrated using NBS standards with known melting points.

Minerals studied in most of the blates contained numerous primary,
secondary, and pseudosecondary inclusions. Samples of barite, calcite, and
some sphalerite contained large numbers of secondary or pseudosecondary
inclusions, mostly smaller than 20 um, near or along fractures and cleavage
planes. Except for a few large (25 Um) secondary inclusions in barite, no
homogenization— or freezing-temperature determinations were made on secondary
‘inclusions. All the data listed in table 22 were determined by study of
primary inclusions or inclusions having properties that could be either
primary or pseudosecondary.



The three types of inclusions observed during this study were also
reported by J. F. Slack (written commun., 1975):

Type I.--Fluid inclusions of this type contain a liquid and a vapor
phase; the bubble usually makes up 5 to 30 percent of the total volume of the
inclusions. Type I inclusions were the most abundant and were present in all
mineral plates examined. Measured salinities over all minerals studied range
from 0.0 to about 17 equivalent-weight percent NaCl, depending on the type of
mineral and the history of the transport solution.

Type II.--This type of inclusion also contains a liquid and a vapor
phase, although the volume of vapor equals or exceeds that of the liquid
phase; in most inclusions the vapor phase makes up 50 to 70 percent of the
inclusion volume. Type II inclusions are present in barite, in quartz
associated with barite, in some samples of sphalerite and realgar(?), and in a
few-quartz veinlets. Some type II inclusions in barite also have vapor
bubbles constituting more than 90 percent of the inclusion volume. In most
samples studied, type II inclusions homogenize over a wide temperature range,
and the lowest homogenization temperatures for type II inclusions in most
samples compare well with average values for type I inclusions in the same
samples (table 22). Measured salinities of most type II inclusions in all
types of materials were less than 1.0 equivalent-weight percent NaCl.

Type I11.--Fluid inclusions of this type contain three phases--liquid
water, liquid CO,, and vapor (H20+C02)--and are rare in Carlin samples. Nash
(1972) reported the presence of type III inclusions in quartz samples; the
studies in this report as well as those by J. F. Slack confirmed the presence
of this rare type of inclusion in two samples of quartz.

No daughter minerals or other phases, such as hydrocarbons or iron
oxides, have been found in inclusions of any type in Carlin samples.

Main and late hydrothermal stage fluid inclusions

Quartz deposited with pyrite, gold, and associated elements during the
main stage of hydrothermal mineralization (stage 2, table 22) contains only
type I fluid inclusions. Measured homogenization temperatures of these
inclusions, which range from 152° to 214°C and average about 182°C (samples
Q-1, Q-2, table 22), agree with those of type I inclusions in deep calcite
veinlets of 170° to 218°C (sample 6990-J, table 22). Type I inclusioms in
realgar crystals in the calcite veinlets have homogenization temperatures of
about 180° to more than 210°C; however, owing to the behavior of realgar at
temperatures above 200°C and its optical properties, it is difficult to
measure these homogenization temperatures precisely. Fluids in type I
inclusions in quartz have salinities that range from 2.7 to 4.6 equivalent-
weight percent NaCl, and those in calcite from about 2 to 4 equivalent-weight
percent NaCl (table 22). The absence of type II vapor-rich inclusions in
association with type I inclusions in any samples of quartz or calcite
deposited during hydrothermal mineralization suggests that the hydrothermal
fluids did not boil at the sample localities during ore deposition.
Temperatures of the hydrothermal fluids probably increased over time (fig. 30)
and were above 200°C at the onset of boiling.
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Acid-leaching oxidation fluid inclusions

Fluid-inclusion data obtained on minerals deposited during the acid-
leaching stage of the paragenesis (stage 3, table 22) show that the
hydrothermal fluids were hotter and that the salinity increased in response to
boiling. Type I fluid inclusions in quartz veinlets formed at the onset of
boiling (late stage 2 or early stage 3) show homogenization temperatures of
204° to 295°C and average 223°C (sample Q-A, table 22). The presence of
abundant type II inclusions with generally higher homogenization temperatures
indicates that these fluids were boiling. The nearness of the salinities
(3.0-4.3 equivalent-weight percent NaCl) of type I fluid inclusions to those
of main hydrothermal stage fluids suggests that these veinlets, which also
contain frankdicksonite, pyrite, and, locally, gold, probably formed early
during boiling.

Jasperoid bodies, formed by the near-complete replacement of calcite and
dolomite in carbonate.rocks along high-angle faults, contain small type I
inclusions. The few inclusions in plates having satisfactory properties for
study showed estimated homogenization temperatures of 185° to 235°C; the type
II inclusions were too small for study. Narrow white to blue-white quartz
veinlets occur locally within the jasperoid bodies and grade into dark-gray to
black jasperoid; these veinlets probably formed as a final stage of the
silicification. Both type I and type II inclusions occur in these veinlets;
homogenization temperatures for type I inclusions in one sample (5630-J, table
22), which range from 198° to 249°C and average 224°C, indicate fluid-
inclusion temperatures above those in minerals formed during of the the main
hydrothermal stage. Nash (1972) reported the presence of liquid COZ in type
III fluid inclusions in that and other samples, but did not give temperature
or salinity data. Salinities in type I inclusions range from 5.8 to 9.3
equivalent-weight percent NaCl and average 7.5+0.4 equivalent-weight percent
NaCl.

Barite and intergrown quartz deposited during boiling and acid leaching
contain fluid inclusions that show homogenization temperatures far above those
in minerals formed during hydrothermal mineralization (samples 51-J, 3512-M,
5109-J, 6967-L, table 22). All samples contained type I and less abundant
type II inclusions ranging widely in homogenization temperature. The ranges
in homogenization temperature of type II inclusions overlap those of type L
inclusions, and the lowest homogenization temperatures of type II inclusions
generally agree well with the averages for type I inclusions. Homogenization
temperatures of type I fluid inclusions in sphalerite, which range from 266°
to 308°C and average 290°C, agree well with the average of 283°C for
inclusions in coexisting quartz (sample 3512-M, table 22). Salinities of type
I inclusions in quartz, barite, and sphalerite range from 8.9 to 15.6, 9.7 to
174, and 9.8 to 16.2 equivalent-weight percent NaCl, respectively, and are
much larger than salinities of hydrothermal stage fluids.

Using temperature and salinity data on fluid inclusions in materials
deposited during solution boiling (plotted on the boiling-point curves of
Haas, 1971), and taking into account the vertical range in depth of solution
boiling at Carlin and the present thickness of rocks over the acid-leached
zone, probably only about 300 to 500 m of overburden have been removed by
erosion .since ore deposition.
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Posthydrothermal supergene oxidation
and weathering fluid inclusions

Unleached oxidized ores locally contain small patches of secondary quartz
with fluid inclusions that have homgenization temperature of below 50°C and
salinities of 0.0 to l.1 equivalent weight percent NaCl (sample 3500A-M, table
22). These data indicate that some silica was added by cool solutions during
supergene oxidation (stage 4, table 22). Fluid inclusions in stage 4 calcite
veins show homogenization temperatures of less than 70° to 110°C and
salinities of 0.0 to 2.3 equivalent-weight percent NaCl (sample 73-J, table
22). These veins formed by deposition of calcite from low-temperature
solutions near or after the close of hydrothermal activity. All the
inclusions observed in minerals formed during supergene oxidation are of type
I, and all the fluids associated with the close of hydrothermal activity and
with posthydrothermal processes are of low temperature and low salinity. The
generalized temperature and salinity history of the flulds is summarized
diagrammatically in figure 30.

Stable-isotope studies—--introduction

Stable-isotope data, provided by R. O. Rye (written commun., 1978),
represent analyses of materials collected from throughout the deposit between
1967 and 1978. 1In this report, many of the interpretations of stable-isotope
data correspond to those in a report by A. S. Radtke, R. O. Rye, and F. W.
Dickson (unpub. data, 1978). General spatial relations between important
geologic features pertaining to materials studied to obtain stable-isotope
data, and those features discussed in the section entitled "Gemesis of the
deposit," are shown in figure 48. The locations and elevations of individual

Figure 48 near here

samples in the isotopic analyses are listed in tables 23 through 30 and
plotted on the geologic map of the deposit (pl.3).

A detailed discussion of the methods used in the isotopic analyses was
given by Rye and Sawkins (1974). Other techniques, and the fractionation
curves used in calculations, are referenced in the tables and below. All data
are given in permil deviations from appropriate international standards,

R
following the standard d-notations,.where d= _—sample -1} x1,000,
Bstandard

Analyses for carbon, oxygen, and sulfur were carried out on a modified 6-in.
Nuclide 6~-60-MS mass spectrometer; analyses for hydrogen were done on a mass
spectrometer built from & 3-in. Nuclide 3-60-RMS analyzer tube.

Hydrogen isotope data

Materials analyzed from hydrogen isotope data (table 23) include hydrous

Table 23 near here

minerals in whole-~rock samples of altered igneous dikes, and waters from fluid
inclusions in quartz, barite, and calcite veins. The whole-rock samples were
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treated with dilute HCl at 50°C to remove carbonate minerals before analysis,
according to the technique of Godfrey (1962), and the waters in fluid
inclusions in the vein minerals were analyzed by standard techniques (R. O.
Rye, written commun., 1976). Whole-rock samples of mineralized carbonate rock
were not analyzed because the resulting OD values would reflect the combined
isotopic properties of both the original and the hydrothermal clay; no attempt
was made to separate the clay from the rock for that reason and because of the
probability of exchange reactions during separation.

Conclusions on main-stage and postmain-stage hydrothermal fluids may be
drawn from the hydrogen isotope data on fluids from inclusions in the samples
of vein minerals, including: (1) fluids from inclusions in vein quartz
associated with gold and pyrite (sample Q-1, table 23), representative of
main-stage solutions; (2) fluids from barite samples, representative of late-
stage hydrothermal fluids (acid-leaching oxidation; stage 3, table 22); and
(3) fluids from calcite in barren veins, representative of surface waters or
of mixtures of surface water and late-stage hydrothermal fluids.

Many of the fluid inclusions in vein minerals are small and commonly are
crowded along healed fractures, much like secondary or pseudosecondary
inclusions. However, most of the fluid recovered for the isotopic
determinations was from minute inclusions, densely crowded in milky zones,
which have been demonstrated elsewhere to be primary (Rye, 1966).

Whole-rock samples of altered igneous dike rocks analyzed for dD values
provide data on the fluids that altered the dikes. The hydrous dike minerals
are almost entirely sericite and kaolinite, presumably formed at.about the
same time as the hydrothermal clay of the potassic-argillic alteration in the
unoxidized ores during the main stage of hydrothermal mineralizationm.

The dD values of fluids in the vein minerals range from -153 to =139
permil (table 23). These values include those for quartz veilns probably
formed during the main hydrothermal stage, barite veins formed during acid
leaching, and calcite veins formed during the late hydrothermal stage or late
supergene oxidation, and indicate that throughout that period the dD values of
the hydrothermal fluids were strongly negative.

The strongly negative JOD values in Carlin rocks and vein minerals are
compatible with the low dD values in similar materials from the Cortez
disseminated-replacement gold deposit (Rye and others, 1974), which has been
dated at 35 m.y. B.P., that is, of Tertiary age (Wells and others, 1971).
0’Neil and Silberman (1974) reported low OD values for fluids in a wide
variety of Tertiary precious-metal deposits in the Western United States and
also concluded that meteoric waters were important components of the
hydrothermal systems. By comparison, the dD values are about 15 to 30 percent
lower in the fluids at Carlin.

The low 0D values at Carlin are consistent with negative values of
rainwater or melt waters of the progressively cooler and wetter climate in the
Basin and Range during Tertiary time (Axelrod, 1939, 1966; Shackleton and
Kennett, 1975), and are compatible with a meteoric-water-dominated
hydrothermal system related to igneous and tectonic processes of late Tertiary
age.
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Oxygen isotope data

Materials analyzed for oxygen isotopic composition include calcite,
dolomite, and chert from unaltered rocks, remnant calcite and dolomite from
mineralized rocks, jasperoid and quartz veinlets from hydrothermally altered
rocks, calcite and dolomite from acid-leached oxidized rocks, and barite and
calcite from late veins.

Unaltered host rocks

Detailed physical, chemical, and mineralogic data on rocks of the Roberts
Mountains Formation, together with information on the chemical and mineralogic
changes in the host rocks during hydrothermal activity, were presented in
earlier sections of this report. Information on the interactions between the
hydrothermal fluids and the host rocks was obtained by examining and comparing
the isotopic properties of calcite and dolomite in both mineralized and

unmineralized rocks.

Samples of unmineralized rock from the Roberts Mountains Formation were
collected at several localities withig 2 km west and southeast of the Carlin
deposit and within the deposit for d°o analyses of calcite and dolomite
(table 24). Samples were taken from both type I (laminated argillaceous-
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arenaceous dolomite, favorable for ore deposition) and type II (laminated
arenaceous peloidal wackestone, unfavorable for mineralization) faciles
rocks. Samples also were taken from within the deposit of remmant unaltered

rocks of the Roberts Mountains Formation and the overlying Popovich Formation
(tables 24, 25).

Table 25 near here

The 6180 values of calcite in unaltered arenaceous dolomite collected
away from the deposit range from 21.2 to 22.5 permil; corresponding values for
dolomite are 22.5 and 23.0 permil. These values are comparable to those
reported by Rye, Doe, and Wells (1974, table 4) for samples of unaltered rocks
of the Roberts Mounfgins Formation near the Cortez deposit and are
representative of d'°0 values of the carbonate minerals in that facies before
mineralization. '

The 6180 values of calcite in unaltered arenaceous peloidal wackestone
both within and away from the deposit range from 12.6 to 18.6 permil; the 6180
value of dolomite in onf sample that contained enough dolomite to be separated
was 24.0 permil. The d 8o values of these rocks, which are significantly
lower than those of the arenaceous dolomite, presumably reflect a difference
in diagenetic or depositional history between the two facies. No difference
attributable to hydrothermal alteration were found in the wackestone units.

Thin seams of black sedimentary chert, which occur throughout the Roberts
Mountains Formation, are well exposed in the open pits of the Carlin
deposit. The chert, though commonly difficult to distinguish from
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hydrothermal silica, has an oxygen isotopic composition distinct from Ygth
hydrothermal silica (jasperoid) and quartz veinlets (table 26). The d

Table 26 near here

values of the chert range from 24.0 to 25.2 permil and are typical of those of
early Paleozoic sedimentary chert (Knauth and Epstein, 1976)

Mineralized and hydrothermally altered rocks

In table 27 are listed the 6180 values of calcite and dolomite in

Table 27 near here

mineralized and hydrothermally altered beds of the Roberts Mountains Formation
sampled from a 270-m vertical drill hole in the East ore zone, collared in the
Popovich Formation, which bottomed about 240 m in the Roberts Mountains
Formation. Samples from the upper 45 m have undergone late supergene
oxidation. The abundance of calcite diminished strongly with depth, and
quartz increased; gold content did not correlate with the amount of silica
present. Most of the rocks from this drill hole contained more than 0.3
weight percent organic carbon.

The 6180 values of calcite in mineralized rock range from 13.9 to 18.0
permil. These values, which are distinctly lower than those of calcite in
unaltered type I facies rocks, show that isotopic exchange took place between
the remnant calcite and the hydrothermal fluids during recrystallization.
Previous work has shown that oxygen isotope exchange is wallrock carbonates
depends on the degree of recrystallizqation (Pinckney and Rye, 1972).
Petrographic examination indicates that the calcite in all samples is
recrystallized. '

The 6180 values of dolomite, which range from 19.4 to 24.5 permil,
indicate that limited recrystallization of the dolomite and isotopic exchange
with the hydrothermal fluids took place. This result agrees with petrographic
evidence that the borders of dolomite rhombs commonly are corroded and locally
show peripheral replacement or overgrowth by silica.

Of the various types of hydrothermal silica at Carlin, only jasperoid and
sparsely developed quartz veinlets proved suitable for isotopic analyses. The
dispersed fine-grained quartz in unoxidized ores, however, could not be
separated from quartz of sedimentary origin.

Acid-leached oxidized rocks

Data on the changes in 6180 and 613C values that took place during
hydrothermal acid leaching (table 25) were obtained by analyzing a series of
samples collected systematically away from a fault on the 6,300-foot level of
the Main pit, through intensely acid leached and progressively more weakly
acid-leached oxidized rocks, into fresh arenaceous peloidal wackestone (fig.
42). This sample suige i8 nonideal because the facles rocks change from type
I to type II. The 1% values of dolomite (24.3-25.2 permil), which are
comparable to those in unaltered carbomate rocks (table 24) and mineralized
carbonate rocks (table 27), accord with the minor amount of isotopic exchange
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expected for unrecrystallized dolomite. The 6180 values of 12.7 to 13.4
permil for calcite in the acid-leached arenaceous dolomite rocks, which fall
within the range of values for calcite in unoxidized ores (table 27), indicate
that little oxygen isotope exchange took place during acid leaching and
oxidation.

The progressive increase in the 6180 values of calcite from intensely
acid leached oxidized rocks into progressively less altered rocks agrees with
the petrographic data. This result shows that the amount of calcite removed
and the degree of recrystallization of remnant -calcite decrease away from the
fault, and that the amount of oxygen isotope exchange between solutions and
carbonate wallrocks depended on the degree of recrystallization of the
carbonate minerals in the wallrocks (Pinckney and Rye, 1972). It is unclear
whether recrystallization and isotopic exchange in these rocks occurred mainly
during acid leaching and oxidation fg earlier during the main stage of
hydrothermal mineralization. 0 values of calcite in the acid-leached
rocks, which fall within the range of those of calcite in unoxidized ores,
indicate that mineralization and acid~leaching oxidation in the upper part of
the deposit were produced by isotopically similar fluids, or that acid-
leaching oxidation was not accompanied by signifigant isotopic exchange with
remnant calcite in the host rock. The average 0 value of recrystallized
~calcite in the host rock, which is less than the average values for quartz
veinlets and jasperold, indicates that the calcite in the host rocks probably
obtained approximate equilibrium with the main-stage hydrothermal fluids at
the temperatures of mineralization.

The isotopic changes in the carbonate minerals in mineralized rocks
during hydrothermal acid-leaching and posthydrothermal late supergene
oxidation were determined on a suite of samples from the same localities at
different elevations in Main pit. Materials studied include normal gold ore,
overlying oxidized ore, and acid-leached oxidized ore (table 28). Omnly small

Table 28 near here

amounts of calcite had been removed from the unleached oxidized sample, a
feature typical of supergene oxidation, whereas significant am?gnts of calcite
had been removed from the acid-leached oxidized sample. 0 value of
calcite in the unleached weakly oxidized sample (15.4 permil) compares well
with that of calcite }g the underlying unoxidized ores (16.3 permil) is
consistent with the J°°0 values in unoxidized mineralized rocks. These data
show that the processef of posthydrothermal late supergene oxidation had
little effect on the d 0 values of the ores and host rocks, a result
consistent with petrographic and chemical data showing that recrystallization
or removal of calcite was very limited during late supergene oxidation.

Quartz veinlets

Quartz veinlets analyzed include those formed during the main and late
stages of hydtothermf mineralization and acid-leaching oxidation (stages 2,
3, table 22). J0°°0 values of all veinlets (table 26) range from 18.1 to
21.8 permf% the largest values are in quartz veinlets formed during stage

. The 0'°0 values of these quartz veinlets, including those of stage 3 that
probably were contemporaneous with much of the jasperoid, are genefglly larger
and more uniform than those of the jasperoid. The difference in 0°°0 value
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between the silicas from stages g and 3 probably reflect the influence of
variable water-rock ratios on 0'°0 values of the fluids in veinlets during
replacement processes. ‘

Fluid-inclusion data indicate temperatures of 175° to 200°C for sta§§ 2
fluids and of 250° to 300°C for stage 3 fluids (table 22). Calculated d'%o
values of stage 2 fluids that deposited quartz between 175° and 200°C range
from 3.0 to 5.9 permil, and those of stage 3 fluids that deposited quartz
bfgween 250° and 275°C range from 8.7 to 11.5 permil (table 22). The larger
0°°0 values for stage 3 fluids are comnsistent with the widespread boiling of
hydrothermal fluids indicated by the fluid-inclusion data.

Jasperoid bodies

~ Except for ome sample, the measured 6180 values in samples of
hydrothermal jasperoid from throughout the deposit range from 13.0 to 18.1
permil (table 26). The paragenetic gelations between the various jasperoid
bodies are unknown. Althoug?sthe d1%0 values show no systematic vertical
variations with depth, the 0°°0 values within individual bodies show some
lateral spatial variations. In many of the larger jasperoid masses the degree
of silicification decreases outward from major feeder faults, and physical
features of the original rock, including bedding, become more distinct away
from the fault. In three samples from across a jasggroid body in the West pit
(samples 6964-Lb, 6964-Lc, 6964-Ld, table 26) the 6°°0 values regularly
decrease with increasing distance from the fault. This regular decrease
probably reflects increased isotopic exchangfsbetween the hydrothermal fluids
and the original carbonate minerals of low 0 content in the host rock.

The 6180 values of the jasperoid bodies are difficult to interpret
because data on their temperatures of formation are sparse. Data from
jasperoid samples with usable fluid inclusions suggest that deposition
temperatures range from about 185° to 235°C; these temperatures are reasonable
in view of the apparent position of most jasperoid bodies in the
paragenesis. Regardless of the depositional temperatures, the d 80 galues of
the jasperoid bodies are lower than those of vein quartz, and the d1% values
of hydrothermal fluids in equilibrium with the jasperoid (calculated for
temperatures between 175° and 225°C) are lower than those of vein quartz at
equivalent temperatures (table 26). These results are consistent with smaller
water-rock ratios during jasperoid formation than during quartz-vein
deposition.

All the 6180 values are compatible with meteoric-water—-dominated
hydrothermal fluids that were modified to varying degreig by isotopic exchange
with the carbonate host rock. The differences in the 0'°0 values of the
jasperoid (listed in table 26) are difficult to interpret in terms of local
factors but may reflect variations in the isotopic composition of water due to
mixing of deep and shallow meteoric waters, boiling of fluids, variations in
the extent of isotopic exchange with wallrocks, or differences in temperatures
from place to place. One exceptionally low value (9.3 permil) was measured on
brecciated jangroid from a prominent fault zone; presumably, near-surface
water of low 0 content was able to penetrate along the fault.
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Barite veins

The 6180 values of vein barite from different depths in the deposit show
a narrow range from 9.6 to 14.2 permil (table 26). Data from these samples
suggest Egat no systematic lateral variations in t?g veins exist. In contrast
to the 0°°0 value of the jasperoid, the smallest 0°°0 values are in barite
samples from shallower depths in the deposit.

The 6180 values for water in equilibrium with barite were calculated
using the data of Kusakabe and Robinsgn (1977) for depositional temperatures
of 250° and 275°C. The calculated 6% values (5.4-11.0 permil) fall within
the range of d 80 values for fluids from coexisting quartz, and the larger
values are consistent with widespread boiling of fluids during barite
deposition.

Calcite veins

Samples of calcite veins and veinlets used for isotopic study were
collected from abundant occurrences in oxidized host rocks and ores in upper
parts of the deposit in the Roberts Mountains Formation and in the overlying
Popovich Formation, and from small scattered veinlets and pods of calcite in
upper parts of the underlying unoxidized ore zones. None of the very sparse
occurrences of calcite in acid-leached rocks were studied.

The 6180 values in nearly all samples of vein calcite in shallow oxidized
rocks range from 2.5 to 14.9 permil (table 29). One sample (AR-Cé4a), with a

Table 29 near here

large value of 22.9 permil, probably reflects deposition from fluids at low
temperatures (about 50°C). One samqée (6990-J) of veinlet calcite from deep
unoxidized mineralized rock had a d°°0 value of 12.3 permil.

Interpretation of the calcite data is complicated by the absenig of fluid
inclusions suitable for filling-temperature measurement. The low d°°0 values
of 2.5 and 5.9 permil for calcite from a near-surface vein in the Popovich
Formation and from a later vug, respectively, prongly reflect deposition from
shallow surface water. Most of the intermediate 0 -0 values in table 29 fall
within the range of values of remnant recrystallized calcite in mineralized
rocks. Possibly some of this vein calcite was derived from host rocks at
depth during mineralization and was precipitated from low-temperature
hydrothermal fluids higher up because of loss of CO, during boiling. Most of
the calcite, however, was probably derived from the acid-leached zone.

The calculated 6180 values of the fluids that deposited calcite in the
unoxidized mineralized zone, using filling temperatures of 175° to 200°c,
range from 0.8 to 2.8 permil. These values are consistent with the calculated
values for exchanged heated meteoric f£luids that deposited some of the
jasperoid.

128



The hydrogen and oxygen isotoplc data permit several conclusions to be
drawn on the genesis of the deposit:

(1) The dD values in quartz and altered igneous dikes, and the 6180
values in main- and late-hydrothermal-stage quartz and jasperoid, indicaig
that the hydrothermal fluids were highly exchanged meteoric waters with °°0
contents varying over time and space. These variations reflect differences in
the degree of isotopic exchange with host rocks, mixing with local ground
waters, varying water-rock ratios, and perhaps initial boiling of late-stage
fluids.

(2) The 6180 data on barite and associated quartz indicate that the 6180
values of the hydrothermal fluids increased during later acid leaching and
oxidation in the upper part of the deposit. This increase probably resulted
largely from boiling of the fluids.

(3) The 6180 values of calcite veins fall into thref groups that reflect
different origins of the calcite: (a) veins with high d 8 vangs formed at
low temperatures from hydrothermal fluids, (b) veins with low d'°0 values
formed from loY-temperature ground waters, and (c¢) calcite veins with
intermediate d+0 values probably formed from calcite dissolved out of
carbonate rocks in the acid-leached zome by the hydrothermal fluids and
precipitated higher up in response to loss of CO, during boiling. Some of
this calcite may have originated at greater depths below the acid-leached
zone.

{(4) The degree of isotopic exchange in the carbonate minerals is related
to the extent of recrystallization of these minerals in the altered rocks.
Carbonate minerals in type II facies rocks unfaYgrable for mineralization are
generally unrecrystallized and retain primary d'°0 values. 1In contrast,
calcite in the favorable type I facies rocks generally shows some
recrystallization; the extent of this recrystallization and attendant
isotope exchange is related to the distance from faults that served as
solution conduits and to the volume of fluid passing through the rocks.
Dolomite in type I facies rocks is only very weakly recrystallized and shows
little attendant isotopic exchange.

18

(5) Most of the recrystallization and isotopic exchange in carbonate
minerals in the host rocks apparently took place during the main stage of
hydrothermal mineralization and before acid leaching and oxidation.
Posthydrothermal late supergene oxidation had no detectable effect on the 6180
values of either calcite or dolomite in the host rocks.

Carbon isotope data
Host rocks and ores

Data on the 613C values of calcite and dolomite in samples of hosf rocks
and unoxidized ores are listed in tables 24, 27, and 28, and data on d 3C
values of these carbonate minerals in acid-leached oxidized rocks are listef
in tables 25 and 28. All of these values, which fall within the range of d 3¢
values of unaltered marine carbonate rocks, show that the hydrothermal fluids
did not coantain significant amounts of CO, from a source other than the
carbonate rock terranes.
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Because the solutions exchanged 180 with recrystallizing calcite and are
known from fluid-infﬁusion studies to have contained CO,, they likeyise
probably exchanged “°C with calcite. The similarity. between the &°°C values
of recrystallized calcite in altered rocks (over the temperature range
175°-200°C) and those of calcite in unaltered host rocks suggests that the 13C
content of the hydrothermal solutions was about the same as that of the host
rocks, as shown by the fractionation curves of Bottinga (1968), and thus that
much of the carbon in solution was derived from the host rocks.

Calcite veins

The 6130 values of most calcite in veins and veinlets h ge a narrow range
from -1.0 to +0.4 permil (table 29), values typical of the d'°c values in
altered and unaltered host rocks (tables 24, 25, 27, 28). The carbon in the
calcite veins was introduced during the hydrothermal episode, probably by
dissolution of calcite deeper down in the carbonate rock sequence, migration
to near-surface fractures, and precipitation over a temperature range of about
50° to 110°C. Some of the carbon in posthydrothermal (stage 4, table 22)
calcite veins was probably derived from Ygllrocks close to the veins and
deposited by cool surface waters. C value of -6.2 permil for calcite
in one sample from deep in the unoxidized zone indicates that some organic or
possibly deep-seated carbon was present in hydrothermal fluids during the main
or late stage of hydrothermal mineralization.

Sulfur isotope data

Information on sources of sulfur, temperatures of vein formation, and
chemical parameters during the stages of hydrothermal mineralization were
evaluated from sulfur isotopic data on several minerals in Carlin ores and
rocks (table 30), including: diagenetic pyrite from unaltered carbonate

Table 30 near here

rocks; hydrothermal pyrite from unoxidized ores and igneous dikes; the
hydrothermal sulfide minerals realgar, stibnite, galena, and sphalerite; and
vein barite. '

Host rocks

Most of the sulfur in rocks of the Roberts Mountains Formation and in the
older underlying sedimentary carbonate units occurs in diagenetic pyrite, and
only small amounts in dispersed fine-grained barite and carbonaceous
materials. Information on the occurrences and chemical composition of
materials in unaltered rocks of the Roberts Mountains Formation was given in
the earlier section entitled "Geology." The occurrence of bedded barite,
common in carbonate rocks of early Paleozoic age in other areas of north-
central Nevada, has not been recognized near the Carlin deposit. However, as
much as 0.05 weight percent fine-grained diSpersed barite is present in the
carbonate rocks.

The 6348 values of diagenetic pyrite in two samples from fresh
unmineralized rocks of the Roberts Mountains Formation near the Carlin deposit
were 11.7 and 14.3 permil (samples DSrm-1, DSrm-2, table 30); Rye, Doe, and
Wells (1974) reported 11l.4 permil. The sulfur isotope composition of the
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carbonaceous materia}z has not been determined. Thode and Monster (1965)
indicated that the d values of H,S derived from sulfur in such organic
compounds as petroleum commonly are about 15 permil lower than those of
seawater sulfate.

Because the (5343 value of seawater sulfate during deposition of the
Roberts Moungains Formation was probably 25 to 30 permil (Holser and Kaplan,
1966), the d°%s value of any H,S derived from organic material would have been
close to and indistinguishable from that of diagenetic pyrite. Attempts to
leach 8042' from unaltered Paleozoic carbonate rocks near the deposit, which
contain minor amounts of disserminated barite, were unsuccessful. However,
bedded and disseminated barite in ear}z Paleozoic carbonate rocks of Nevada
(Rye and others, 1978) have average d°%s values of 30 permil.

Hydrothermal sulfides and barite

Sulfur isotope data were obtained on hydrothermal pyrite in mineralized
carbonate rocks gpyritic gold ore), in altered igneous dikes, and in quartz
veinlets. Thed”*S values are: 4.2 and 16.1 permil for hydrothermal pyrite in
the ore (samples 6955-Le and 6956-Lb, respectively, table 30), 9.7 permil for
pyrite in mineralized altered igneous dikes (sample 3523-M), and 15.4 permil
for pyrite in auriferous quartz veinlets (sample Q-A). Although small amounts
of diagenetic pyrite were present in hydrothermal pyrite concentrates from the
pyritic gold ore, this origigzl pyrite makes up less than 10 percent of the
concentrate. The range in d°%Ss values for the hydrothermal pyrite is
consistent with a common sulfur source for both the disseminated pyrite in the
ore and the pyrite in quartz veins and dikes.

Information on the distribution of barite veins and the occurrences of
sulfide and sulfosalt minerals associated w%zh the barite veins were presented
in previous sections of this report. The d°“S values of barite in veins range

Som 27.8 to 31.7 permil (table 30); no significant differences exist in thg
d S values of barite between or within the West agg Main ore zones. The d
values of barite at Carlin correspond closely to J°°S values of 25 to 32
permil for barite in the disseminated-replacement gold deposits at Getchell,
White Caps, Cortez, Northumberland, Blue Star, Bootstrap, and Jerrett Canyon,
Nev., and at Mercur, Utah (A. S. Radtke, R. O. Rye, and F. W. Dickson, unpub.
data, 1977).

Sphalerite-galena pairs suitable for the sulfur isotope fractionation
necessary to determine temperatures of deposition have not been found in the
deposit. However, teggeratures of deposition for the barite veins may be
calculated from the 0°%S data on barite-galena and barite-sphalerite mineral
pairs. These temperatures (table 30) range from 270° to 305°C, according to
the data of Rye and Ohmoto (1974) and Ohmoto and Rye (1979), and from 251° to
288°C, using the newer experimental data of Sakai and Dickson (1978). These
values are in excellent agreement with filling temperatures measured on fluid
inclusions in vein barite and associated quartz and sphalerite. Studies by
Igumov (1976) and Sakai and Dickson (1978) indicated that both the total
sulfur concentration and the pH affect the rate of isotopic exchange between
sulfide and sulfate in solution. The equilibration at 300°C would take place
over a few days to several months in solutions equimolar in sulfide and

131



sulfate and with total sulfur concentrations of 500 to 1,000 ppm at a pH of 4
to 5 (neutral pH is 5.6 at 300°C and 100 MPa); such solutions would require
about 1,000 yr to reach equilibrium at 250°C.

Origin of the sulfur

Most of the sulfur in the Carlin deposit occurs as sulfides in
hydrothermal pyrite in carbonate rocks in the ore bodies; smaller amounts
occur as sulfates, mogzly in barite veins. Both the sulfide and probably the
sulfate sulfur have 0°“S values corresponding closely to those of diagenetic
pyrite and to those expected for disseminated barite in sedimentary carbonate
rocks around and below the deposit.

Any discussion of the origin of the sulfur in the depgfit requires that
the sulfur isotope values be interpreted in terms of the d°*s values in the
hydrothermal fluids during deposition of the sulfide minerals and, in turnm,
for equilibrium conditions requires a knowledge of the physicochemical
environment of ore deposition, including such variables as the temperature,
pH, and oxygen fugacity (f; ) of the ore fluids (Ohmoto, 1972). Fluid
inclusions indicate tempera@ures of 175° to 200°C during the main stage of
hydrothermal mineralization and of 275°C or higher during barite vein
formation. The presence of sericite and kaolinite in the unoxidized ores and
the dissolution of calcite suggest mildly acid conditions. The presence of
hydrocarbon compounds in the country rocks and in the hydrothermal fluids
indicates that the f,; of the fluids was low. At equilibrium, under reducing
conditions, the H25/8342' ratio in the hydrothermal solut%zns was high, and
most of the sulfur was in solution as sulfide and had a d°“S value of probably
about 10 permil, a value that agrees well with that of diagenetic pyrite.
Whether or not any of this sulfur could have come from sulfur in organic
material og,from disseminated sedimentary barite cannot be determined. The
range of d 4S values in the hydrothermal pyrite suggests either mixing of
sulfur sources or an isotopically heterogeneous source similar to most
sedimentary sources.

The average d34s value (about 20 permil) of barite in the veimns at Carlin
agrees closely with the range in 63 S values (27-30 permil) of barite in eight
other Carlin-type deposits (F. W. Dickson, A. S. Radtke, and R. 0. Rye, unpub.
data, 1977) and indicate a sedimentary origin for the sulgzte sulfur (Dickson
and others, 1975). The marked similarities between the d°%S values of sulfate
sulfur in these deposits suggest a remarkably common sulfur isotope
geochemistry. '

As discussed ear}%er, the 6348 value of 30 permil for vein barite falls
within the range of 0°%s values for bedded and disseminated barite widespread
in the early Paleozoic section of north-central Nevada gRye and others, 1978;
R. 0. Rye, unpub. data, 1979) and falls close to the 63 S value for early
Paleozoic seawater sulfate (Holser and Kaplan, 1966). The sulfate sulfur in
barite in the deposit probably was derived from diggersed sedimentary barite
in carbonate rocks below the deposit, and so its S content would not have
been altered by isotopic exchange with sulfide sulfur in the hydrothermal
system. Thus, the system may not have been at equilibrium, and the close
agreement between isotopic temperatures calculated from sulfide-sulfate pairs
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in the veins (see table 13) and those measured on fluid inclusions in vein
minerals could be fortuitous. Disequilibrium is not uncommon in hydrothermal
systems below 350°C (Rye and Ohmoto, 1974).

Boiling of the hydrothermal solutions in fractures with silicified walls
resulted in a preferential loss of H,S and an enrichment in 804 ~ relative to
HyS in the fluids. This process could separate the sulfur species without
changing the isotopic composition of either. The pH of the fluids in
fractures during boiling would rise because of losses of both H,S and Co,.
Oxidationof HZS’ in turn, would produce low-pH high1£0 waters in the shallow
acid-leached zomne. 2

Small amounts of anhydrite occur in rocks near the surface, where 5042-
produced by oxidation of H,S reacted with carbonate minerals. However,
because most of the anhydrite was dissolved by low-temperature ground waters,
no samples contained sufficient amounts of anhydrite for isotopic analysis.
Because the oxidation of H,5 under near-surface conditions should occur
w1thout isotopic fractionation, the anhydrite formed in that way would have a
d3%s value of about 10 permil (Schoen and Rye, 1970).

Several conclusions may be drawn from the carbon and sulfur isotopic
data:

(1) Most of the carbon in the hydrothermal fluids was derived mainly from
dissolution of host-rock carbonates. During acid-leaching oxidation, a
considerable amounts of organic carbon was added to the shallow fluids in the
upper part of the deposit.

(2) The sulfur in the deposit was derived mostly from diagenetic pyrite
in the underlying Paleozoic sedimentary rocks. The sulfur in late barite
veins probably was derived from dispersed sedimentary barite.

(3) Although temperatures of as high as 305°C, as implied by the isotopic
compositions of sulfate~sulfide mineral pairs, agree with the fluid-inclusion
data, this agreement may be fortuitous because the system was not at
equilibrium.

(4) Boiling of solutions in fEactures with silicified walls separated H,S
from solution and concentrated SO, relative to H,S without changing the
isotopic composition of either. Boiling of the vein fluids was accompanied by
shifts in pH toward alkalinity.

Lead isotope data

Lead isotope ratios in galena from barite veins in the Main ore zone,
lyzed by B. R. Dge_and M. H. Delevaux (writtep commun., 1968), were:

%ggpb/584pb=19.9z, 367 7pb/29%pp=16.04, and géP1>/E°21>b=4o.1o. According to B.
R. Doe, the vein barite contained the highest percentage of radiogenic lead
thus far found in Nevada. These isotopic ratios fall within the range of
values for lead in rocks of the Roberts Mountains Formation and exceed those
in Cenozoic igneous rocks of Nevada. B. R. Doe concluded that all or at least
part of the lead was derived from the Roberts Mountains Formation.
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Genesis of the deposit

The geologic, mineralogic, and geochemical data presented in earlier
sections of this report provide a framework for establishing a model of the
genesis of the Carlin gold deposit. The Carlin deposit formed during the late
Tertiary as a consequence of interrelated geologic processes, including basin-
and-range faulting, igneous activity (volcanism), and hydrothermal
processes. The probable sequences of events is summarized diagrammatically in
figure 49.

Figure 49 near here

The characteristic features of rocks enclosing thermal-spring systems,
and the similarities between many of these systems and epithermal ore
deposits, have been discussed in numerous reports, including those by White
and Brannock (1950), White (1955, 1957a, b; 1965), Schoen and White (1965),
Dickson and Tunell (1968), Weissberg (1969), and Browne and Ellis (1970).
Hausen and Kerr (1968) stated that the Carlin deposit formed under low-
temperature conditions, possibly in the depths of a thermal-spring system.

All the available data support’this conclusion and indicate that the deposit
formed at shallow depths from low-temperature hydrothermal fluids under
physical and chemical conditions similar to those in many hot-springs systems.

Igneous activity during late Tertiary time provided the heat source, and
the hydrothermal fluids probably were almost entirely waters of meteoric
origin, although a small and undetected amount of magmatically derived fluids
cannot be ruled out. Although most and possibly all of the elements
transported in the ore fluids could have been leached from sedimentary
carbonate rocks at deeper levels below the deposit (Dickson and others, 1978),
ore components could also have been leached from igneous rocks at depth.
Possible source rocks would include the lower part of the Roberts Mountains
Formation, the Hanson Creek Formation, the units in the Pogonip Group, the
Hamburg Dolomite, and shale or graywacke sandstone in the deep basement.

Hydrothermal fluids passed upward through source rocks, leached out ore
and gangue components, and exited along high-angle normal faults and breccia
zones. Important channels for the movement of fluids include faults formed
before the emplacement of Late Jurassic and Early Cretaceous igneous dikes, as
well as faults associated with basin-and-range tectonism. Although the
hydrothermal activity was widespread in a general east-west direction across
the range, most of the hydrothermal fluids were guided into favorable horizons
near the crest of the Tuscarora anticline.

Origin and mobilization of ore components

The source of the hydrothermal fluids probably was trapped formational or
connate water, ranging in salinity from 1 to more than 3 equivalent-weight
percent NaCl, that was heated to 350°C or higher by igneous processes. The
hot fluids were in contact with carbonaceous sedimentary carbonate rocks
containing calcite, dolomite, quartz, illite, pyrite, carbonaceous materials,
detrital minerals, and minor amounts of barite. Because of the absence of
oxygen and the presence of organic material, the environment must have been
strongly reducing. The solutions would tend toward saturation with respect to
calcite, dolomite, quartz, illite, and pyrite (barite, if sufficient amounts
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were present). Much of the sulfate would be reduced to sulfide by the action
of organic material; the solutions would be neutral to weakly alkaline because
of reaction with carbonate minerals. These slightly alkaline solutions,
charged with sulfur compounds, would react with gold, mercury, arsenic, and
antimony in the source rocks and form sulfide and bisulfide complexes.
Presumably, thallium would also dissolve in these solutiomns, although the
precise mechanism is not understood. This is the set of components needed to
form a Carlin~type gold deposit.

The hydrothermal fluids contained sulfide and sulfate sulfur,
hydrocarbons, and lead leached from sedimentary carbonate rocks, and
transported silica, aluminum, potassium, iron, barium, and carbon dioxide.
The solutions also contained gold, arsenic, antimony, mercury, thallium,
copper, lead, and zinc. The paucity of chloride in the solutions would tend
to preclude the transport of significant amounts of copper, lead, zinc, or
silver.

In a preliminary effort to evaluate the conditions of extractiom,
Dickson, Radtke, and Seeley (1977) reacted powdered fresh silty carbonaceous
calcareous dolomite from the base of the Roberts Mountains Formation with a
solution containing 1 equivalent-weight percent NaCl at 275°C and 50 MPa in
Dickson-type hydrothermal equipment for 3 days. The resulting solutions
contained: 4,400 ppm CO,, 750 ppm Si0,, 750 ppm K, 500 ppm Ca, 25 ppm Ba,

10 ppm Mg, 5 ppm Sr, 5 ppm B, 1.5 ppm Fe, and 0.5 ppm Al, as well as

2.5 ppm As, 1.0 ppm Sb, 0.05 ppm Hg, 0.05 ppm T1l, and 0.03 ppm Au. The
CO,-free solutions had a pH of 5 under ambient conditions and contained 2 to 3
ppm HyS. The experimental results show that even at 275°C and 50 MPa, a fluid
can be formed that would contain the components necessary to produce a Carlin-
~ type gold deposit. If its temperature had dropped to 175°c, the solution
would have been supersaturated with quartz, pyrite, and gold, and also
presumably with arsenic, antimony, mercury, and thallium compounds.

Numerous other experimental studies of the reaction between silty
carbonaceous calcareous dolomite and H,0, NaCl—HZO, and NaCl-NaZS—HZO
solutions have confirmed that these rocks, which contain amounts of minor
elements near the average crustal abundances (Turekian and Wedepohl, 1961),
are an excellent source for the ore metals in Carlin-type gold deposits (F. W.
Dickson and A. S. Radtke, unpub. data, 1978; Dickson and others, 1978, 1979).

In summary, the hot meteoric-water ore solution at 350°C and 100 MPa
would be saturated with respect to calcite, quartz, magnesium silicate,
pyrite, and possibly barite, and would contain large amounts of silica,
important iron and sulfide sulfur, and minor amounts of barium, gold, and the
other heavy metals. The su}Eide/sulfate ratio in solution would be large,
owing to the low f, ; the d°%s value of sulfidg sulfur would be close to that
of diagenetic pyrit@ (10-13 permil); and the d 45 value of sulfate sulfur (24
permil) would be determined by equilibrium with sulfide sulfur at 350°C.

Taking into account the total conteat of gold in the deposit (about
100 t), taking 0.03 ppm as the gold content in the source carbonate rocks, and
assuming 90-percent extraction, about 3000 t of sedimentary carbonate source
rock would have been required to supply the gold in the deposit. The ratios
of the contents of gold, mercury, arsenic, and antimony in mineralized
relative to nonmineralized rocks of the Roberts Mountains Formation range from
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150 to 300, and so apparently all these metals could have been supplied from
the same volume of rock.

If most of the components in the deposit were removed from deeper
sedimentary units by a hot weakly saline fluid, then probably only small
amounts of the base-metal elements were removed and transported in the
solutions. Enrichment factors for copper, lead, zinc, and molybdenum range
from 2 to 10. -

Igneous rocks at depth, including late Mesozoic hypabyssal plutonic and
Tertiary volcanic rocks, may also have been a source of ore components.
Circulating solutions may well have moved through the hot consolidating
Tertiary igneous rocks, altered them, and extracted the ore components. No
data are available, and no water-rock interaction studies have been performed
to date, on igneous rocks near the Carlin deposit.

Migration of the fluids

Waters in rocks close to the igneous heat source would have been heated
and risen because of lower density, moved through appropriate source rocks,
exchanged components, and become ore solutions. These solutions would have
moved upward relatively rapidly along steeply dipping faults and fractures and
into near-surface zones. The solutions would have cooled as the rose and
mixed with other waters, spread out near the surface and moved laterally near
the ground-water table, and deposited ore components. Colder surficial water
would have moved downward to replace the heated upward-moving fluids, and a
circulating hydrothermal system (cell), similar to those reported in New
Zealand (Elder, 1965) and inferred at Steamboat Springs, Nev. (White and
others, 1964), would have been formed. The circulating solutions may have
passed through hot consolidated igneous rocks and altered and exchanged
components with them. ’

A generalized cross section illustrating the structural and stratigraphic
setting and the proposed hydrothermal system at Carlin is presented in figure
50. In addition to breccia zones along faults, the highly fractured and

Figure 50 near here

brecciated permeable Eureka Quartzite would have been an excellent unit to
facilitate deep recharge by shallow meteoric waters.

Hydrothermal ore deposition

Early-stage hydrothermal fluids dissolved calcite and deposited quartz.
Main-stage fluids introduced silicon, aluminum, potassium, barium, iron,
sulfur, and organic material, as well as gold, arsenic, antimony, mercury, and
thallium; calcite continued to be removed or replaced; and pyrite and potassic
clay were formed. The remnant calcite was extensively recrystallized and
exchanged with the ore fluids; little exchange occurred between host-rock
dolomite and the ore fluids. Late main-stage fluids introduced sulfide and
sulfosalt minerals containing arsenic, antimony, mercury, and thallium, and
late-stage fluids introduced base-metal sulfide minerals of lead, zinc, and
copper. Most of the base-metal minerals were deposited late in the period of
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solution boiling and acid-leaching alteration. Temperatures and salinities of
the fluids during the main stage of hydrothermal mineralization ranged from
about 175° to 200°C and from 2 to 4 equivalent-weight percent NaCl,
respectively. :

Under strong influence of lower temperatures and, to a lesser degree,
because of lower pressures, the hydrothermal fluids in the areas of ore
deposition were highly supersaturated with regard to quartz, pyrite, and gold
and other heavy elements, and undersaturated with regard to calcite. The
presence of CO, and H,S caused the solutions to remain somewhat acidic, and
reducing conditions controlled by dissolved hydrocarbons precluded any
appreciable increase in f, (Radtke and others, 1979). With decreasing
temperatures, the solutioné were able simultaneously to dissolve out calcite
and deposit quartz, pyrite, gold, and the associated elements.

Using data on the amounts of silica, barium, pyrite, gold, and mercury
introduced by the ore solutions to form the deposit (table 31), and the known

Table 31 near here

or estimated solubilities of quartz, barite, pyrite, gold, and cinnabar in
low-sulfur l-m NaCl solution over the temperature range 200°-350°C, the amount
of fluid in the main hydrothermal stage can be estimated. The calculated
amount of solution required ranges from 2.9 billion t for quartz to 0.7
billion t for barite, and averages 1.2 billion t. The large amount of
aluminum introduced is not readily explainable from known solubility data on
the element; no data are available on aluminum solubility in acidic saline
solutions at elevated temperatures. The solutions might have passed through a
strongly acidic phase at elevated temperatures, or else H28-002 solutions may
be sufficiently acidic to dissolve and transport more aluminum at higher
temperatures than is presently known. However, the mechanisms for the
transport and deposition of aluminum in the Carlin deposit are poorly
understood. '

It is difficult to establish the length of time involved in the main
stage of hydrothermal mineralization at Carlin. Using thg total flow rate at
Steamboat Springs, Nev., estimated by White (1967) at 4 m”/min or
approximately 2 million t/yr, the fluid flow required during ore deposition
would take place in aboug 500 yr. Using a fluid flow rate one~tenth that at
Steamboat Springs (0.4 m”°/min), only 5,000 yr would be required, considerably
less time than the 1 m.y. suggested by Silberman, White, Dockter, and Keith
(1979) as the duration of major hydrothermal episodes.

Late-stage veins

The main episode of ore deposition was terminated, at least in the upper
part of the deposit, by a rise in temperature of the ore fluids to as high as
275° to 300°C that resulted in widespread boiling of the fluids and coincided
with the formation of barite veins. Boiling of the fluids increased the
salinity to as high as 17.4 equivalent-weight percent NaCl and the J °0 value
to as much as 1l.5 permil. Loss of HpS during boiling led to the production
.of H2804 in the upper part of the deposit and to the subsequent intense acid
leaching and oxidation of ores and surrounding rocks in a near-surface zone.
Within that zone, calcite and large amounts of dolomite were removed, sulfides
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and organic compounds were oxidized, kaolinite and anhydrite were formed, and
silica was added. Some of the calcite may have been reprecipitated to form
the abundant veinlets above the acid-leached zone. Since the boiling event,
the upper part of the ore deposit has continue to undergo weak oxidation and
removal of nearly all the anhydrite by surface waters.

Boiling would cause important changes in fluid-flow patterns as well as
in the physical and chemical conditions in the deposit (fig. 51). Solutions

Figure 51 near here

in the rocks would move toward the open channels, and €o,, H,S, and steam
would move up along the channels to vent at the surface or at the ground-water
table. The losses of gas and liquid from the system would lower the pressure,
and the resulting increase in the rate of solution flow from depth would
permit hotter fluids to reach higher levels and, in turn, cause boiling at
deeper levels. Boiling and the rapid flow rate would probably continue until
a sufficient amount of solution had moved out of the deep high-temperature
region to relieve the excess pressures. The volume of fluid that passed
through the system during that period could have been much larger than during
the main hydrothermal system.

The HyS driven off by the boiling would have been oxidized to H,80, in
the aerated zone or by mixing with oxygenated ground waters, and the HZSO4, in
turn, would have attacked the country rocks and the shallow parts of
previously mineralized zones. The amount of acid required for leaching,
generated by oxidation of H,S, is about 3 equivalents of Ht per kilogram of
ore (the relative%y small amount of+acid generated by oxidation of FeS, is not
included) or 3x10° equivalents og H' per million tons. Converted to
equivalents of H,S, about 7.5x10° equivalents would have been needed, or 255
million t H,S total; this amount of H,S would be contained in 2.55 billion t
of solution if the H,S content were as high as 100 ppm. Natural solutions
probably range from % to 200 ppm HZS’ and 3 billion t of solution is a minimal
estimate if the solution contained as much as 100 ppm HyS. The actual amount
of solution would be even larger from another consideration because the
estimated weight of leached rock includes only acid-leached ore and not the
more extensive zone of acid-leached unmineralized rocks at least threefold
larger. Therefore, a conservative estimate of the total mass of fluid that
traversed the rocks is 10 billion t. Thus the amount of late vein-forming
fluids would have been tenfold greater than the amount of main-stage ore-
depositing fluids (1 billion t).

The veins in the Carlin deposit contain about 150,000 t of barite. The
amount of fluid required to transport this amount of BaSO,, using a difference
in solubility between 350°C (58 ppm) and 250°C (52 ppm) of 6 ppm in a l-m NaCl
solution, would be about 25 billion t, in close agreement with the
conservative value of 10 billion t determined from the amount of H,50, needed
for acid leaching.
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The pH of the hydrothermal solutions would shift toward less acidic
conditions in response to the losses of H,S and COp. In shallower parts of
the conduits under low pressures, the amount of 002 in solution would have
decreased and calcite would have been deposited. At greater depth, a moderate
amouynt of CO, was held in solution by higher pressures, and the solutions were
sufficiently acidic to preclude deposition of calcite and other carbonate
minerals.

The erratic distribution of sulfide and sulfosalt minerals in deeper
parts of barite veins and as fillings in fractures at depth, the close spatial
association of phases with incompatible compositions, and the apparent
separation of base-metal from heavy-metal sulfides indicate that the metallic-
sulfide contents of the fluids varied over time and space. The deposition of
sulfide and sulfosalt minerals was probably controlled by a combination of
factors, including changes in ionic strength and pH due to boiling, and
supersaturation due to temperature decreases.

Summary of processes

The Carlin gold deposit formed as a result of hydrothermal fluids of
meteoric origin, heated by late Tertiary igneous activity, moving through and
reacting with thin-bedded carbonate rocks near the surface in a zone of cold
ground waters. The process may be divided into four stages: (1) early
hydrothermal activity, (2) main hydrothermal mineralization, (3) late
hydrothermal acid-leaching oxidation, and (4) posthydrothermal late supergene
oxidation. Stages 1 through 3 are illustrated diagrammatically in figure 51
above.

Stage l.--Increases in the rate of convective heat transfer from the
volcanic source region caused the temperatures of fluids in deep zones and
along the channels to rise. The early low-temperature hydrothermal fluids
encountered and penetrated the lower part of a mass of cold near-surface
waters, and spread out laterally through near-surface thin-bedded carbonate
rocks. The initial solutions, which were weakly undersaturated with regard to
calcite and mildly supersaturated with regard to quartz, dissolved out small
amounts of calcite and deposited lesser amounts of quartz (fig. 514). '

Stage 2.--Main-stage hydrothermal processes began as hotter fluids
containing larger amounts of ore components moved into and through the host
rocks (fig. 51B). The flow rate of the hydrothermal solutions probably
increased in response to decreases in fluid viscosity at the higher
temperatures.

Stage 3.--The omset of boiling signaled the end stage of hydrothermal
activity, and the processes that operated during boiling differed from those
during stage 2. The flow regime of the fluids changed as solutions tended to
move toward open channels, and the chemical composition of the fluids
continued to evolve (fig. 51C). The boiling solutions deposited only small
amounts of silica and pyrite, and little, if any, gold.
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Veins of barite, calcite, and barren quartz formed locally in open
fractures; elsewhere, boiling solutions opened channels that enhanced the
rapid flow of solutions tenfold above that during stage 2.. H,S0,, formed by
the oxidation of st, leached about 5 million t of ore and 15 million t of
country rocke.

Fluctuations in the ground-water table affected the rocks under attack by
acid solutions. These solutions leached out carbonate minerals and small
amounts of kaolinite, alunite, anhydrite, gypsum, and quartz formed when the
water table was low, and CaS0O, and other relatively soluble phases when the
ground-water level rose. The overall effect was to create a permeable, porous
rock composed of remnant detrital silt and fine-grained hydrothermal quartz,
clay, remnant dolomite, and very minor calcite, from which the hydrocarbon
compounds and pyrite were oxidized and removed.

Ground waters interacted with the hydrothermal fluids during this
stage. As the hydrothermal system faded (fig. 51D), ground waters and
low-temperature surficial processes dominated the system. Stage 3 may have
lasted about 50,000 yr, about as long as stage 2.

Stage 4.-—Ground waters and descending surface waters containing
atmospheric oxygen interacted with shallow rocks after the hydrothermal
activity ceased. The overall effect of these late processes was minor and
included the partial oxidation of some sulfides and carbonaceous materials in
unleached rocks and the removal of minor amounts of calcite. Extension of the
zone of late supergene alteration below the acid-leached zone indicates that
the water table continued to fall after the hydrothermal episode ceased.
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Figure captions
Figure 1. Index map of Nevada, showing location of Carlin gold deposit.

Figure 2. Generalized diagrammatic section showing principal lithologic units
in Rodeo Creek NE. quadrangle.

Figure 3. Thin section of laminated argillaceous=—arenaceous dolomite (lime
mudstone) of the Roberts Mountains Formation. Rhombs of authigenic dolomite
(white) formed by replacement of mud, and angular fine-sand-size quartz
grains (white), are dispersed throughout current-induced(?) laminations rich
in organic material and illite (dark areas) and are concentrated in
laminations containing minor amounts of i1llite and organic material (light
areas). Diagenetic pyrite is most abundant in the laminations rich in
organic material.

Figure 4. Thin section of weakly laminated arenaceous peloidal wackestone of -
the Roberts Mountains Formation. Peloids (P), bioclasts (B), and angular
fine-sand-size quartz grains (largest white grains) are dispersed throughout
matrix of calcite rhombs, silt, organic material, and illite. Clumps of
fine~-grained diagenetic pyrite are randomly scattered throughout matrix.

Figure 5. Roberts Mountains thrust in West pit of Carlin gold deposit. Rocks
above thrust are shale-chert beds of upper plate; rocks below thrust are
limestone of the Popovich Formation and underlying Roberts Mountains
Formation. Dots show approximate location of contact between formations in
lower plate.

Figure 6. Three types of contact relations between upper- and lower=-plate
rocks, and typical surface-subsurface expressions of Roberts Mountains
thrust in northern part of Lynn mining district. A, Normal thrust
contact. B, Thrust offset vertically by high-angle fault creating apparent
outcrop of thrust contact between plates; this type of faulting is common
and widespread in and near Carlin deposit. C, Thrust cut and offset by
high-angle fault along or nearly parallel to thrust surface; this type of
faulting probably created structural and stratigraphy complexities in secs.
10 and 15 west of deposit.

Figure 7. Hardie fault along southwest side of Popovich Hill. Shale beds in
upper plate on left of fault are downthrown against limestone beds of the
Popovich Formation along flank of hill and against the Roberts Mountains
Formation in lower levels of Main pit. At lower levels Hardie fault breaks
into several strands in which left side is downthrown relative to right.

Figure 8. Mill fault at northwest end of Main pit. Movement on fault has
placed upper-plate rocks (SOwa) against upper units of the Roberts Mountains
Formation (DSrm) in most of area shown as far as north end of Main pit.
Along north wall of pit and west side of Popovich Hill, combined
displacements on Hardie and other faults with attitudes similar to that of
Mill fault have positioned older beds of upper plate west of Mill fault
against younger upper-plate rocks east of Mill fault.



Figure 9. Leeville fault (Lf) and other high—angle faults in north face at
east end of East pit. All rocks shown are in upper plate except for those
at lower left corner, where mineralized beds of the Roberts Mountains
Formation (DSrm) lie in fault contact with upper plate. Note enrichment of
carbonaceous materials (dark zomes) along Leeville fault and bleaching of
shale beds (light zones) near fault.

Figure 10. Typical features in gold ores at base of supergene oxidation zone
in Main pit. All rocks shown are of the Roberts Mountains Formation. Dark
zones on lower benches are unoxidized gold ores overlain by unleached
oxidized ore. Dashed lines denote position of prominent igneous dike within
important ore=solution-feeder fault zone. White areas along dike on lower
benches are late barite. White areas in upper background (upper right
corner) are acid-leached zomnes.

Figure 11. Horst structure on east side of Popovich Hill, created by vertical
displacement on steeply dipping high-angle normal faults. Units shown
include upper-plate rocks (SOwa), Popovich Formation (Dp), and Roberts
Mountains Formation (DSrm). White areas within horst are acid-=leached
oxidized limestone and talus of prominent poorly exposed igneous dikes
(KJ1). Note truck-mounted rotary drill operating in East ore body.

Figure 12. A, Fresh unmineralized host rock of the Roberts Mountains
Formation. B, Specimen of normal gold ore.

Figure 13. Corroded dolomite rhombs. A, Dolomite (light gray), detrital
quartz grains (dark gray), and cubic crystals of hydrothermal pyrite (white)
in polished thin section of normal gold ore. Black areas contain
principally clay and fine-grained hydrothermal quartz. B, Scanning electron
micrograph showing corroded borders of dolomite replaced or overgrown by
fine~grained hydrothermal quartz in normal gold ore.

Figure l4. Hydrothermal mineral replacement. A, Small seams and patches of
hydrothermal quartz (q) in normal gold ore. Note spatial association
between cubic and framboidal hydrothermal pyrite (white grains) and
quartz. B, Scanning electron micrograph showing thin seams of hydrothermal
quartz alined with laminations and bedding in normal gold ore. C, Scanning
electron micrograph showing recrystallized calcite grain (center) enclosed
in dolomite and quartz. -White grains on surface of calcite are either
kaolinite or illite. '

Figure 15. Rare fine-grained metallic gold (Au) and pyrite (Py) locked in
hydrothermal quartz in normal gold ore.

Figure 16. Chemical changes in dolomitic carbonate rocks of the Roberts
Mountains Formation during ore deposition. Bars show ranges and median
values (black diamonds) in milligrams of component per cubic centimeter of
rock (equal to weight percent of component times bulk specific gravity times
10). Shaded bars show compositions of unmineralized host rocks, and open
bars compositions of different unoxidized ore types: N, normal; C,
carbonaceous; P, pyritic; A, arsenical; siliceous, not shown.



Figure 17. Specimen of siliceous gold ore. Dark beds are intensely
silicified, and progressively lighter beds reflect introduction of smaller
amounts of silica.

Figure 18. Progressive silicification accompanying mineralization. A,
Dolomite rhombs and matrix calcite completely replaced by hydrothermal
quartz (q) in polished thin section of siliceous gold ore. Note seam of
carbonaceous materials (C) and minor amounts of barite (B) along margins.
Very fine grained hydrothermal pyrite (P) is locked in carbonaceous
materials. Black areas contain clay and may represent voids from which
pyrite was plucked during sample preparation. B, Scanning electron
micrograph showing progressive silicification (S) advancing along front
(dotted line) in direction of arrows. Quartz has replaced all carbonate
minerals and filled most open spaces in matrix behind front with siliceous
ore. Note initial penetration of dolomite rhombs (low relief) by
hydrothermal quartz (high relief) near arrows.

Figure 19. Textural relations in siliceous gold ore. A, Varieties of
auriferous pyrite, showing textural relations to hydrothermal quartz. Cubic
and framboidal crystals of pyrite (black grains) are scattered throughout
silicified matrix, and larger pyrite grains tend to occur along margins of
dolomite rhombs replaced by quartz. Dark-gray areas in matrix represent
concentrations of organic material, clay, and fine-grained pyrite in
hydrothermal quartz. Texture of original rock is well preserved in
comparison with specimen in figure 18A. B, Scanning electron micrograph
showing typical surface features of siliceous gold ore. Euhedral quartz
crystals occur in openings along margins of dolomite rhombs replaced by
quartz. Note flooding of rock by hydrothermal quartz.

Figure 20. Thin-bedded laminated specimen of carbonaceous gold ore, showing
selective concentration of carbonaceous materials in seams parallel to
bedding.

Figure 21. Flooding of hydrocarbons (dark seams) along bedding in polished
thin section of carbonaceous gold ore.

Figure 22. Framboidal pyrite. A, Framboidal crystals of hydrothermal pyrite
(black grains) associated with carbonaceous materials in matrix of
carbonaceous gold ore. B, Scanning electron micrograph showing framboidal
pyrite in matrix of fine-grained carbonaceous materials, clay, and quartz in
carbonaceous ore. Smooth areas on surfaces of some framboids are thin
overgrowths of quartz, or coatings containing sulfur, iron, and various
heavy elements. Smooth dark-gray areas are corroded rhombs of dolomite. C,
Scanning electron micrograph showing individuval framboid of pyrite made up
of tiny euhedral grains in carbonaceous ore. Coating on surface in area Q
is quartz; other coating is an unknown material about 0.5 pm thick
containing sulfur, iromn, arsenic, antimony, mercury, and gold. Note
distinct euhedral quartz crystals and fine-grained carbonaceous materials
(C) along margins of framboid.

Figure 23. Hydrothermal pyrite and pyritic gold ore. A, Specimen of pyritic
gold ore. Light-gray areas are pyrite-rich seams that tend to parallel
bedding. Dark zones contain large amounts of carbonaceous materials (>3
weight percent organic carbon). B, Textural relations between abundant



coarse-grained hydrothermal pyrite (white) and other minerals in pyritic
ore. Dolomite and quartz grains (gray) are set in matrix of clay and
carbonaceous materials (black). C, Scanning electron micrograph showing
cubic crystals of hydrothermal pyrite (Py) in pyritic ore. Small veinlet of
hydrothermal quartz and carbonaceous materials (Q+C) contacts pyrite and
transects specimen. Highly corroded dolomite rhombs, quartz, and clay make
up remainder of specimen.

Figure 24. Specimens of arsenical gold ore. A, Showing coating of realgar
(gray white) on fracture surface and thin (<1 mm) seams of realgar (light
gray) following microfractures and paralleling bedding. Note thicker seam
of realgar in black carbonaceous zone at top. B, Containing barite veinlet
(white). Dark grains (X) concentrated along margins of barite are
christite, lorandite, and realgar. Note heavy concentrations of realgar (R)
close to barite seam.

Figure 25. Mass of blocky carbonaceous gold ore from southwest end of East
ore zone, containing large amounts of arsenic sulfide minerals. Small white
seams and patches are predominantly realgar and lesser amounts of orpiment
and calcite.

Figure 26. Seam of realgar (R) filling microfracture in thin section of
arsenical gold ore. Zone of hydrocarbon enrichment (C) lines margins of
microfracture. -

Figure 27. Electron microprobe analyses of sectioned grain of cubic pyrite in
arsenical gold ore. A, Back-scattered electron photomicrograph of pyrite
grain. Electron-beam scanning images shown are of: B, iron; C, arsenic; D,
antimony; E, mercury; and F, gold.

Figure 28. Electron microprobe analyses of carbonaceous materials in
sectioned specimen of carbonaceous gold ore. A, Specimen current photograph
of grain mount containing organic carbon compounds. Electron-beam scanning
images shown are of: B, carbon; C, sulfur; D, mercury; and E, gold.

Figure 29. Grains of cinnabar (C), realgar (R), lorandite (L), and christite
(Ch) in unoxidized gold ore in "garbage can" area of East ore zone. Note
lorandite, christite, and realgar grains replacing(?) large cubic pyrite
grains (white). Most small rounded white grains are clusters of framboidal
pyrite.

Figure 30. Paragenesis of the Carlin gold deposit.

Figure 31. Potassic—-argillic alteration features associated with
mineralization. Quartz, together with kaolinite and sericite, was formed in
matrix of rock (X”s), and quartz (Q) locally replaces margins of dolomite
rhombs.

Figure 32. Thick craggy masses of hydrothermal silica along north-south-striking
high-angle normal faults in south wall of Main pit. Faults, which run from
central part of Main ore zone to South Extension ore zone, were important
channels for ore solutions. Note silica seams working outward from faults
and following bedding through white zones of intense acid=-leaching
alteration.



Figure 33. View south-southwestward of ferruginous jasperoid bodies (jas,
outlined by dots) along south wall at southwest end of Main pit. Long-
dashed line denotes trace of Mill fault. Short-dashed lines indicate
approximate positions of ore bodies (ob) in Main ore zone.

Figure 34. South wall of West pit, showing masses of gold-deficient jasperoid
(dark patches) in carbonate rocks of the Roberts Mountains Formation along
east-west-striking faults close to footwall of West ore zone. Lighter areas
are zones of hydrothermal acid leaching, and darker areas of scattered
weakly weathered pyritic alteration.

Figure 35. View southwestward of enriched zone of carbonaceous materials in
mineralized dolomite of the Roberts Mountains Formation in "garbage can"
area near southwest end of East ore zone. Unoxidized ores in this area
include both carbonaceous and arsenical types.

Figure 36. Carbonaceous alteration in shale of upper plate (SOs) along
southwest side of Popovich Hill in Main pit. Dotted lines mark strands of
Hardie fault. Dashed line denotes approximate position of contact between
the Popovich Formation (Dp) and the Roberts Mountains Formation (DSrm).
Zone of organic carbon enrichment crosses fault and extends into the
Popovich, and thus postdates latest movement on fault. Light area,
structurally controlled acid=-leaching lateration; dark areas, siliceous
alteration. :

Figure 37. Specimens of oxidized gold ore. A, Progressive oxidation of
arsenical-carbonaceous gold ore. Dark-gray-black zone along lower part of
specimen contains heavy remnant concentrations of hydrocarbons. White seams
in carbonaceous zone are mainly barite and realgar. B, Unleached oxidized
high-grade zebra-type gold ore. Remnant bedding is well preserved. Dark
lenticular area is sandy zone containing concentrations of iron oxides. G,
Acid-leached oxidized gold ore composed mainly of clay and fine~grained
quartz. Dark area near bottom is remnant zone of dense hydrothermal silica.

Figure 38. Specimens of possibly weakly acid leached oxidized ore. A,
Characteristic petrographic features in thin section of sample of weakly
acid leached(?) oxidized ore. Remnant dolomite rhombs are well preserved,
and pyrite grains are altered to irregular clumps of iron oxides (black
areas). Gold in sample occurs in association with iron oxides and as fine
metallic particles not visible at scale of photomicrograph. B, Scanning
electron micrograph of sample of possibly weakly acid leached oxidized ore
composed mainly of abundant slightly corroded dolomite rhombs and rounded
sand (quartz) grains. Matrix consists mainly of clay, hydrothermal quartz,
and minor remnant calcite. Note increased porosity due to dissolution of
calcite. C, Enlargement of central area of figure 38B, showing overgrowths
of hydrothermal clay and fine-grained quartz on surfaces of dolomite
rhombs. Increased porosity is also clearly shown.

Figure 39. Specimens of moderately acid leached oxidized ore. A,
Characteristic petrographic features in thin section. Most dolomite rhombs
are heavily corroded. Iron oxides (black areas) formed by oxidation of
pyrite are scattered throughout matrix. Porosity has been increased by
removal of calcite. B, Scanning electron micrograph showing extensively
corroded dolomite rhombs (dark gray) and rounded sand (quartz) grains in



matrix of clay and fine-grained hydrothermal quartz. Light-gray
pseudorhombohedral grains with concretionlike surfaces in lower left corner
are gypsum crystals. All calcite was removed from matrix during acid
leaching. C, Enlargement of lower central area of figure 39B, showing
textural relations between corroded dolomite rhombs (dark gray) and
pseudorhombohedral concretionlike or cauliflower-shaped aggregates of gypsum
(light gray). Note small corroded remnant dolomite rhomb enclosed in gypsum
crystal in upper left corner. Most clay on surfaces of quartz and remnant
dolomite, and in matrix, is kaolinite and sericite.

Figure 40. Intensely acid leached oxidized ore. A, Characteristic
petrographic features in thin section. Rock is composed of angular detrital
quartz (white), clay, and fine-grained hydrothermal quartz. Original
texture is totally destroyed. Clumps of iron oxides after pyrite (black
grains) are smeared throughout matrix. B, Scanning electron micrograph of
intensely acid leached oxidized ore from which dolomite has been dissolved
out or replaced by quartz. Rock is composed of poorly rounded to well=-
rounded detrital quartz grains, abundant irregular patches of late
hydrothermal quartz, and the clay minerals sericite and lesser kaolinite.
Removal of all carbonate minerals and gypsum created highly porous rock. G,
Enlargement of upper central area of figure 40B, showing effects of
prolonged acid attack and oxidation. Pseudorhombohedral grains are
silicified dolomite. Dog-biscuit-shaped area in upper left corner is
hydrothermal quartz seam containing fine light-gray grains of metallic
gold. Light=-gray area across bottom contains illite, kaolinite(?), and
quartz.

Figure 4l. Scanning electrom micrograph showing small crystal of avicennite
(T1203) and fine-grained hematite on surface, from oxidized ore in East ore
zone.

Figure 42. Structurally controlled acid-leaching alteration in rocks of the
Roberts Mountains Formation along northwest wall near southwest end of Main
pit. Note that intensity of acid leaching decreases away from faults
(dashed lines), as shown by color change from white intensely acid leached,
through light-gray moderately acid leached, to dark-gray weakly acid leached
rocks over a distance of about 50 m.

Figure 43. View southward of flat-lying blanketlike zone of acid-leaching
alteration in Main pit. Intensely acid leached light areas (I) separated
(lines of small dots) by moderately acid leached dark areas (M) form
horizontal zone in carbomnate rocks of the Roberts Mountains Formation above
ore and cut across dipping shallow mineralized beds in Main ore zone. Base
of acid-leached zone is below bottom of pit. Lines of large dots denote
approximate boundaries of ore bodies. Prominent set of faults (D)
containing igneous dike (exposed in far corner of pit) provided main
channelways for hydrothermal solutions in this part of deposit.

Figure 44. Typical hydrothermal acid-leaching alteration (light areas) in
rocks of the Popovich Formation (Dp) and upper beds of the Roberts Mountains
Formation (DSrm) along southeast side of Popovich Hill above East ore
zone. Alteration is spatially controlled by faults, breccia, and shear
zones. Acid-leached rocks in this part of deposit contain anomalous small
amounts of gold, arsenic, mercury, and antimony.



Figure 45. Chemical changes in dolomitic carbonate rocks of the Roberts
Mountains Formation during hyrothermal mineralization, acid leaching, and
supergene oxidation. Bars show ranges and median values (black diamonds) in
milligrams of component per cubic centimeter or rock (equal to weight
percent of component times bulk specific gravity times 10). Shaded bars
show compositions of unmineralized host rocks, and open bars compositions of
normal gold ore (N), unleached oxidized ore (0), and acid-leached oxidized
ore (L).

Figure 46. Vein of calcite filling fracture in blocky limestone of the
Popovich Formation. Note that intense oxidation and acid leaching along
limestone close to fracture (light area) decrease progressively away from
fracture (dark areas), a feature typical of fractures in relatively
unaltered limestone above areas of gold mineralization.

Figure 47. Lower oxidized zone in Main pit southwest of Popovich Hill. Most
rocks shown, except for remnant carbonaceous pod (C), have been oxidized.
White areas (C-B) along margins of pod are mixed calcite-barite veins
containing abundant realgar. Most oxidation effects fade out about 25 m

. below rocks shown at bottom. Dotted lines denote trace of Hardie fault
(H). Rocks on left are in upper plate (SOs), and on right in the Popovich
Formation (Dp) overlying the Roberts Mountains Formation (DSrm).

Figure 48. Schematic north-south cross section through Main ore zone and
Popovich Hill, illustrating important geologic features. Zone of late
supergene oxidation (light dots and dashes) extends below zone of acid
leaching (small circles). Main ore zone includes lower unoxidized (dark
gray) and upper oxidized (light gray) ores. Cross hatching, calcite veins;
horizontal bars, barite veins; heavy dots, quartz veins; black, As-Hg-Sb-T1
sulfide mineralization; heavy dots and lines, jasperoid bodies; Dp, Popovich
Formation; SOcs, chert and shale; DSrm, Roberts Mountains Formation. Note
igneous dikes along fault near center.

Figure 49. Genetic evolution of the Carlin gold deposit. A, Geologic
conditions at close of Mesozoic time. Carbonate rocks of the Roberts
Mountains Formation (DSrm) and the Popovich Formation (Dp) are in lower
plate, and siliceous rocks (SOwa) are in upper plate above Roberts Mountains
thrust. Igneous dikes (crosses) of Late Jurassic and Early Cretaceous age
intrude along earlier faults. B, Uplift and high-angle normal faulting
accompany basin-and-range tectonism during early Tertiary time. C, Initial
hydrothermal activity during late Tertiary. Ore bodies (dark gray) are
formed from fluids rising (gray arrows) along faults and replacing carbonate
rocks. D, Upwelling fluids (gray arrows) reach shallow depths and boil
(heavy dots). Ore bodies (dark gray) continue to form, and early jasperoid
bodies (double dashes) form along faults. E, Strong acid solutions move
down (wiggly arrows) and leach and oxidize ores (light gray) and host rocks;
circles denote zone of acid leaching. Barite veins (rows of dashes) extend
downward from surface through acid-leached zone and deeper rocks. Jasperoid
bodies (double dashes) continue to form, and late sulfide minerals (triple
dashes) are deposited. F, Final geologic conditions, showing rocks and ores
affected by posthydrothermal late supergene oxidation (light dots).



Figure 50. Hydrothermal system inferred for formation of Carlin gold
deposit. Arrows show paths of solution movement. Dp, Popovich Formation;
.DSrm, Roberts Mountains Formation; KJi, quartz diorite, diorite, and
granodiorite; Oe, Eureka Quartzite; 6ha, Hamburg Dolomite; Op, Poponip
Group; SOcs, chert and shale; SOh, Hanson Creek Formation.

Figure 51. Hydrothermal evolution of Carlin gold deposit. Late Tertiary
intrusion (X“s) at shallow depth provides heat to meteoric solutions. Light
lines, thermal isogrades; S, source rocks for ore and gangue components; H,
host rocks favorable for ore deposition. See table 22 for designation of
stages. A, Early hydrothermal stage, with initial penetration of host rocks
by low-temperature fluids. Arrows show solution paths (stage l1). B, Main
hydrothermal stage accompanyling ore deposition. Dotted areas denote ore
bodies. Solutions rise along faults, spread laterally through host rocks
below cold surface waters, and create typical mushroom—shaped convection
cell (stage 2). C, Early acid-leaching oxidation. Wiggly arrows represent
vapors driven off by solution boiling. Note high-level penetration of hot
fluids that punch through cold near-surface waters. Fluids in ores and host
rocks move toward open faults (early stage 3). D, Acid leaching
accompanying lowering of ground-water table and retreat of higher
temperature isograds near close of hydrothermal activity (late stage 3).






Figure 2.~-Generalized diagrammatic cross section showing principal lithologic units in Rodeo Creek NE. quadrangle.

X Thickness
Age Formation (m) Lithology
Gravel, stream alluvium, and slope wash
Quaternary Unconsolidated deposits 3-300 Chert and shale in cobble~ to sand-size fragments, and silt,
occur in unconsolidated alluvial fans.
Tuffaceous and nontuffaceous sandstone, mudstone, and welded
Pliocene Carlin Formation 60-150 tuff, thin-bedded to poorly bedded. Conglomerate containing
abundant chert pebbles, poorly consolidated.
Pliocene or Miocene Lakebeds 3-6? Crystal tuff, tuffaceous siltstone and sandstone.
Miocene Extrusive and intrusive - 30-2207 Rhyodacite and rhyolite flows and dikes.
igneous rocks
Early Cretaceous Intrusive igneous rocks ——— Quartz diorite, diorite, and granodiorite stocks and dikes.
and Late Jurassic
Upper plate of Roberts Mountains thrust
920 Chert interbedded with shale predominate; chert/shale ratio, 1:1l
Early Siluriaa to 2:1. Carbonaceous shale is minor. Quartzite occurs with
recrystallized chert and silicified shale.
to Siliceous assemblage
760 Shale interbedded with chert and small amounts of thin-bedded
Early Ordovician sandy limestone, calcareous sandstone, and carbonaceous
shale. Shale/chert ratio, >2:l.
60~-180 Chert and shale interbedded with lesser amounts of sandstone,
limestone, and quartzite.
Total
thickness
1,860 m

Lower plate of Roberts Mountains thrust

Late to
Early Devonian

Limestone, blue-gray, coarse-grained, locally fossiltferous;
lesser limestone breccia and sandy limestone.

Dolowmitic limestone, dark-gray, thin-bedded, and lesser lime-
stone, blue-gray, fine~grained, thick-bedded.

Limestone, dark-gray, fine-grained, coantaining lesser
dolomitic limestone, medium-gray, fine-grained, laminated.

Early Devonian
to
Middle Siluriam

Dolomite and dolomitic limestone, medium to dark-gray, fine-
grained, laminated and thin-bedded, make up most of section.
Limestone, medium- to dark-gray, medium to fine-grained, is
interbedded with dolomitic rocks in upper 130 to 180 m.
Cherty dolomitic limestone makes up lower 2 to 30 m.

Early Silurian
to
Middle Ordovician

Dolomitic sandstone and sandy dolomite, light-gray, 0.5 to 5 m
at top of formation.

Dolomite, light- to medium-gray, coarse-grained, thin-bedded,
containing sandstone lenses, makes up upper 60 m.

Dolomite, medium— to dark-gray, medium—grained, thick-bedded, is
predominant rock type in lower 90 to 120 m.

Middle Ordovician

Sandstone, light-gray, friable, 1 to 2 m at top of formation.
Quartzite, white, massive, thick-bedded; sandy dolomite, gray,
in minor amounts in upper 30 m.

Middle Ordovician

Sandy dolomite, light- to medium—gray, fine- to medium-grained,
thin-bedded

Middie and
Early Ordovician

Limestone, blue-gray, fine-grained, medium— to thick-bedded,
containing minor chert. Lower part of section is thinner
bedded and contains moderate amounts of chert.

Early Ordovician

Pogonip Group

10-30
Popovich Formation 45-150
15~-60
Total
thickness
50-280 m
Roberts Mountains Formation 550600
Hanson Creek Formation 150-180
Eureka Quartzite 170-180
Unnamed dolomite 60-80
Antelope Valley Limestone 375
Goodwin Limestone 300

(base not exposed)

Silty and argillaceous limestone, blue—gray to light-tan-gray,
fine~grained, platy, thin-bedded, containing abundant cherc.
Beds in lower part of formation near south margin of area have
been recrystallized and metamorphosed locally.
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Table l.—~Chemical and spectrographic analyses of Paleczoic sedimentary rocks of the lower plate in the Lynn window, Eureka County, Revada
{Rapid rock analyses (Shapiro and Brannock, 1962) in weight percent. Analyste: L. Artis, S. Botts, P. L. D. Elwore, H. N. Elsheimer, B. P. Fabbi, J. Kelsey,

L. Mai, and H. Smith. Spectrographic analyses in parts per million; N.A., not analyzed. Results are fdentified by geometric brackets whose boundaries a:e 1.2,
0.83, 0.56, 0.38, 0.26, 0.12, and 80 on, but are reported arbitrarily as the wmidpoints of these brackets: 1.0, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and so on. The
precision of s given value 18 approximately plus or minus one brackst at the 78-percent, or two brackets at the 95-percent, confidence level. The following
elements were below limits of detection in all samples (in ppm as indicated): Ag (0.7), BL (7), Cd (7), Ce (70), .Ce (7), Hf (50), In (2), L1 (100), Mo (2}, Pb (7),
Pd (1), Pt (10), Re (19), Sn (7), Ta (70), Te (300), Th (150), U (150), W (10). Analyst: Chris Heropoulos)

Pogonip Group

Antelope Valley Goodwin Eureka Hanson Creek .
Limestone Limestone Quartzite Formation Roberts Mountains Pormation Popovich Formation
Sample ===w—r 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Rapid rock analyses
§10; ====m-= —— 3.6 48.4 6.6 1.7 56.0 32.3 19.3 29.6 12.0 7.6 4.8 1.1 28.1 6.6
Alj0y ==mmesm—e= .90 10.6 +00 <00 1.5 2.4 1.8 3.1 W72 3.5 .20 7.2 5.6 .04
Fey0y mommomee— .16 L.7 .00 Q5 A4 W73 .61 63 48 .58 +36 2.0 1.5 .58
FeQ =m—me~—ceew- .32 2.1 .16 .16 .24 .10 $24 «28 .12 24 .08 .68 34 .04
MgQ ~=—mmemom——ee .78 2.9 .88 20.6 1.1 4.0 T.4 10.9 .61 3.5 2.3 8.2 5.8 .28
Cal ====mocwm——e 51.5 15.9 .32 29.3 N 22.1 30.0 33,7 23.0 47.8 26.5 50.1 26.5 26.7 51.2
\h\OI m———————— .08 .10 .01 .03 04 «03 04 .02 .0t .03 01 .02 Q6 .01
MO0 ==——e—m—e————— .06 .03 <00 .01 .02 .00 .00 .00 .00 .00 <01 .00 .00 .00
Ragl ~w=mmmmem— .20 <39 .14 .24 Y .02 .00 .00 .00 .68 .02 .03 .03 .00
K0 =momesemem—e .37 5.5 .08 .08 .18 <70 .63 1.2 .13 96 .09 1.8 2.1 .15
Ti0, ==—mm—=mmes W2 A7 .00 .00 .00 .18 .07 .11 .09 21 .00 <30 $27 .03
Py0g ==mmwm——eem <30 .21 .00 «04 .02 .00 .86 «32 .06 00 .05 .06 .00 .09
HyD () memmmmmmmn .08 .09 .01 <04 .11 .18 .16 .19 .09 .12 .05 49 .29 .08
HZO(-)---——-—- .27 1.3 .26 .27 .51 .92 g2 1.0 .61 .65 51 2.0 1.3 .51
€Oy =memwmmema—- 4044 1l .07 45.8 17.5 28.1 33.3 29.0 38.4 25.3 42.0 30.0 28.0 40.2
S (wu‘l)2 —— .22 W44 .19 .14 .14 $27 .20 24 .05 .08 .06 o1l .56 .03
C (organic) === .19 .76 .13 .21 +35 .23 .31 .33 .20 W15 17 .25 .28 ]
Total ~==- 99.6 . l02.5 98.9 99.7 100.7 100.2 99.3 99.9 101.4 100.1 100.8 100.7 .100.9 100.0
Spectrographic acalyees
48? cmmmee e 1 4 <i <1 <1 7 <5 10 <5 <5 <1 .5 < <t
Aud oo .03 <.03 <.02 <.02 N.A. .05 £.03 +06 £.03 N.A. <.03 N.A. N.A. K.A.
B mm——mem——ee—— <7 150 <7 <7 <7 15 <7 <7 <7 <7 10 100 100 7
Ba =meemeemme—— 300 2,000 70 150 1,000 200 150 200 30 200 50 200 10C 50
R <1 1.5 <l <l <1 <l <l <l <l <1 <1 <l <l <l
Co wwmmmes—m——— <2 7 <2 <2 2 <2 <2 <2 <2 <2 <2 2 2 <2
Cr =m—e——mme———— 5 ) 70 L 1.5 5 7 50 20 50 10 30 7 150 150 3
Cuy ==mmwe————— .7 10 1.5 1.5 5 15 2 10 1.5 10- 2 7 30 1.5
<2 15 <2 <2 <2 3. <2 2 <2 3 <2 7 5 <2
Hg =————————— <.01 .08 <.01 <.01 .06 .12 .08 «16 .06 05 N.A. N.A. N.A. .04
La ~=—————ee——e <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 70 30 <30
Mp m———m—e—eaa— 300 150 2 50 30 100 30 30 200 100 50 150 150 70
Nb ——=emem—e—oe <7 <7 <7 <7 <7 <7 <7 <? <7 <? <7 7 10 <7
Wi —————m—emeeae 3 15 . <l <1 15 20 15 20 2 10 <l 20 20 2
b2 e .5 2 < <3 .5 3 1 4 .5 <5 <.3 1 <3 <3
Se ~———mem—— @2 10 Co«2 <2 <2 3 <2 5 <2 s <2 10 10 <2
S B 1700 . 700 <5 150 300 300 200 150 700 500 200 300 300 300
Ti =wemmmcme——— 32,500 - 2,000 50 30 300 1,000 700 1,000 200 1,500 150 3,000 3,000 50
Tl —————————— <3 3 <3 <3 <3 3 3 <3 <3 <3 <3 <3 <3 <3
V mmemeemere——— <3 30 . <3 <3 30 500 100 300 7 170 7 ' 50 70 7
Y ——reccereacas <7 15 <7 <7 10 20 20 10 20 20 10 50 30 <7
<1 1 <1 <1 <1 2 1 1 1 2 <1 3 2 <1
20 70 <6 25 50 75 98 195 <6 195 25 35 50 10
Ir ~—=———————— — <5 100 20 <5 70 150 30 50 15 150 15 150 70 <5

Sample l. Cowmposite sample of 60 m of massive limestone centered approximately 180 m below Pogonip Group~Eureka Quartzite contact. Location: SE-1/4 sec. 26,
T. 35 K., R, 50 E.
2. Composite sample of 30 @ of shaly siliceous limestone and shale centered approximately 520 w below Pogonip Group-Eureka Quartzite contact. Locarion:
SW-1/4 sec. 25, T. 35 N., R. 50 E.
3. Cowposite sample of 60 m of dense white quartzite. Location: SE-L/4 sec. 26, T. 35 K., R. SO E.
4. Composite sample of 60 m of dolomite; sample interval beginning about 30 m above BEureka Quartzite~Hanson Creek contact. Location: SE-1/4 sec, 23,
T. 35 8., R. 50 E.
5. .Composite sample of 5 m of interlayered black chert and limestone at base of the Roberts Mountains Formatica. Location: NW=1/4 sec. 24, T. 35 K.,
R. 50 E.
6. Composite sample from rotary-drill hole of 30 m of thin-bedded platy silty laminated dolomitic limestone sbout 300 m above base of the Roberts Mountains
Formation. Location: SE-1/4 sec. !5, T. 35 K., R. 50 E.
7. Composite sample from rotary=drill hole of 45 m of interbedded thinm~bedded platy silty laminated arenaceous dolomite and limestone (peloidal wackestone)
representing stratigraphic interval about 45 to 90 m below upper contact of the Roberts Mountains Formation. Location: NE-1/4 sec. 24, T. 35 N.,
R. 50 E.
8. Composite of six samples of strongly laminated argillaceous-arenaceous dolomite or lime mudstone from three beds 45 to 60 m below upper contsct of the
Roberts Mountains Pormarion. Location: NE-1/4 sec. 24 sand NE-1/4 sec. 15, T. 35 N., &. 50 E.
9. Composite of three samples of thin-bedded weakly laminated arenaceous peloidal wackestone from three beds 45 to 55 m below upper contact of the Roberts
Mountains Formation. Location: NE-1/4 sec. 24 and NE-1/4 sec. 15, T. 35 N., R. 50 E.
10. Composite of 10 samples of weachered thin-bedded platy silty laminsted dolomitic limestone from surface outcrops. Location: SE~i/4 gec. 24, T. 35 N.,
R. 50 E.
11, Composite sample of five beds of thick-bedded fine~grained dark-gray limestone in lower 6 m of the Popovich Formation. 6400 bench, east end of West pit,
Carlin gold deposit.
12. Cooposite sample of 9 m of thin-bedded silty laminated mediur—gray dolomitic limestone from middle zone of Popovich Formarion., Location: 6700 to 7000
bench, south side of Popovich Hill, Carlin gold deposit.
13. Composite sample of 21 © of interbedded laminated dolomitic limestone and thin- to medium-thick-bedded fine-grained limestone from middle zone of the
Popovich Formation. Location: 6580 to 6650 bench, southeast side of Popovich Hill, Carlin gold deposit.
l4, Composite of three samples of chick-bedded massive dense dark-gray bicclastic limestone from upper 3 ®w of the Popovich Formation. Location: SE-1/64 sec.
8, T. 35 N., R. 50 E. '
1X-ruy fluorescence snalysis. .
Colorimetric and neutron-activation analyses; samples l=6 and 11-14 3180 ‘analyzed by emission spectroscopy, uaing Kodak short-wavelength-radiation (SWR) emulsion
plates.
Neutron—activation and atomic-absorption analyses.
Lelco mercury-vapor analysis.



Table 2.--Graptolfte species in the Roburts Mountains Formatlon in the northern part of the lLynn window, Eurcka County Nevinda

{Fossil tduntificattons and ages by W. B. N. Berry)

USGS tossil coliection -=-—---m= D253-5D : D275 D253-5D D253-5D D270-5D D2564-SD D255-5D
Species
Fleld nusber -=------- TM~F-52-69A M437 TM~F-52-698 TM-F-52-69C 4420 TM-F-53-69 TM-F~54-69
Cyrtograptus spe - - X X X -— -
lapworthii Tullberg - X - - - -— - -
flendrograptus sp. - -— s - P - X
Linograptus sp- - - - . - - X -
Mopugraptus sp. ot M. dubius group - - - X - - -
flemingli (Salter) - X - - X? - -
geinitziapus var. apngustidens (Ellis and Wood) -----------—- Tox - - - - - -
sp. of M. hercynicus group ) - - - B -— - X —_—
hercynicus Perner - -— - - - - - X
cf. M. praedubius (Boucek) -— - X - - - -
prachercynlcus Jaeger - - - - - - X7
sp. (of M. priodon group) X - - - _ - -
priodon (Brown) - - - - X -— -
spiralis (Gelntrz) X - - - - .- _—
testis (Barrande) - - - X - - .
sp. (ot M. vomerious group) -— - - - X - -—
vom:rinus var. gracills (Ell{s and Wood) - - X - - - -
cf. M. vomerinus (Nicholson) - X —_ - -— . —
Late Llandoverian ' Wenlockian, '
Age M. spiralis zone Wentocklan Wenlockian Late Wenlocktan prubably middle Early Devonian Early Devonian,
M. testis zone late Wenlocklan probably Siegenlan
Uncertain,
Approximate pusitivn In section Near base ol secclon, Near base of sectlon, i5 to 3V o 30 to 90 m probably within Withiu upper Within upper
0 to 15 m above base 0 to 30 m above base above base above base lowest 90 m 180 @ of top 60 o of top




Table 3.-=Conodont species in the Roberts Mountains Foy

[Fussll fdentifications and ages by J. W. Huddlel

on in the northern part of the Lynn window, Lurcka County, Nevada

USGS fossil colluction ———==~=

8440-SD

8471-8h 8860-5D

8426-SD 8472-5D 8468-SD

Specles
Field number ———=--

TM-F~14-69A

M406 M645

M4B4A M546 M527

Acodina sp.

Acodus sp.
Angulodus sp.

Belodella devonica (Stauffer) ————-=ceecoc——wen

triangularis (Stauffer) ———==r-cmccmaa—a—o——

Bryantodina remscheidensis (Ziegler) ~———ememe--

Distacodus sp.

Hindeodella sp.

Icriodus sp.
pesavis (Bischoff and Sannemann) —-—=------

Ligonodina sp»
lLonchodina sp.

Neoprioniodus sp.
excavatus (Branson and Mehl) -—m=mm—c—e————

"Uneotodus" beckmanni (Bischoff and Sannemann) -

Ozarkodina sp.

media Walliser

cf. O. media Walliser

Panderodus sp.

Plectospathodus extensus Rhodes =——=~-—v——ceee—o

Prioniodina sp.

Scolopodus sp.

Spathognathodus sp.
inclinatus (Rhodes)

johnsoni Klapper
stelnhornesis s. 1. Ziegler =———~——evenaea—

transitans Bischoff and Sannemann —-——=mw=~-—-

Syoprioniodina bicurvata (Branson and Mehl) ----

cf. 8. excavatus {Branson and Mehl) -------

Trichonodella excavata (Branson and Mehl) ——~~—-

symmetrica (Branson and Mehl) —vo——mmmmmeee

Age

Probably Early Devontan,

ind{cated by presence
of B. remscheidensis

and

Silurian or
Early Devonian

Early Devonian

beckmanni

Late Silurtan
or Early Devonian

Late Silurfan
to Farly Devonian

Early Devonian

Approximate positlion In sectlon ——-——=w——mmmeaa—o

Within upper 60 m
of formacion

Within upper
90 m of
formation

Within upper
60 m of
formation

"Uncertain” map
position (Evans,
1974) indicates
lower parc; fossil
assemblage character-
istic of upper part

120 to 210 m
below top of
formation

Within upper
30 m of
formation




Table 4.--Ustracod, brachiopod, and coral species {n the Roberts Mountalns Formation dn the

(Fossil identiflications and ages by J. M. Berdan, J. T. Dutro, Jr., and C. W. Merriam]

northerp part of the lynn window, Furcha County, Nevada

USGS tossil collection

8468-SD 8472-SD

8453-SD

Ypecles

Field number ——=====---

M527 M536

69-FP-268F

M424B

Qutracods

Acechmina sp.

Beyrichla sp.

Garnlella sp.

Hanaites sp.

liesslandella? sp. cf. H.? tomtchumyschensis Polenova ---

Jonesictes? sp. cf. J.? circa (Coryell and Cuskley) =—=---

Libumella sp.

Marpinia? sp.

Miraculum? sp.

Scaphina? sp.

Strepula sp.

Thlipsura sp. aff. T. furcoides Bassler ——-—-ceec—aa—a——

Tricornina sp.

Tubulibairdia sp.

Uirichia sp.

Brachiopods

Atrypa sp.

Atrypids, indet.

Cortezorthls sp.

Isorthig? sp.

Megakozloskiella sp.

Reticulariopsis? sp.

Rostrospiroids, indet.

Corals

Cyathaphylloides n. sp., cf. €. burkgae Flower ==-===-=-

Age -

Early Devonlan, possibly :
Late Silurian Early Devonian

Probably
Gedinnian

Probably
Early Devonian

Early Silurtan(?)

Approximate position in scction

"Uncertain"

map position (Evans, 1974a) Within upper
indlcates lower part; 30 m of
fossil assemblage charac- formation

teristic of upper part

Probably within
upper 90 to 180 w
of formacion

Within upper
30 m of
formation

Within upper
150 to 240 m of
formation




Table Se=—Conudont specles in

the Popovich Formation fo

northern parct of the Lyna window, Earcka County, Nevada

UsGs fossil collection

8B62~-51) B450-5D

d461-50 8469-5D 8425-5D

8863-5b

Specles

Field number

M665 M4 12

Mb4Y M537 M424

M735

Acodus? sp.

Apatognathus? sp.
Belodells devonica (Stauffer)

triangularis (Stautfer) ===
Bryantodina sp.

fundamencatus (Bischoff and Sannemann)—-——weeoeea=—

steiuhornensis (Ziegler)

wurni (Bischoff and Sannemann)

Bryantodus radiatus (tiindl)

Hindeodella sp.

Icriodus pesavis (Bischoff and Sannemann)

Ligonodina sp.
Lonchodina sp.

torta Huddle

Neoprioniodus sp.
Ozarkodina sp.

aff. 0. media Walliser

Panderodus sp.

Plectospathodus sp-
Polygnathus asymmetrica Bischoff and Ziegler
dubius Hinde

kockeliana Bischoff and Ziegler

kockelianus

linguiformis Hinde
aff. P. linguiformis
robusticostatus Blschoff and Ziegler

cf. P. transversus Wittkindt

trigonicus Bischoff and Ziegler

varcus Stauffer

Prionfodina sp.

Spathognathodus sp.

fnclinatus Rhodes

remscheidensis Ziegler

Synprioniodina sp.

Trichonodella sp.

Age

Middle Silurlan

to tarly Devontan
(Early Siegentan)

Middle Devonian
(Early Devonlan?)

Middle Devonian
(Late Eifelian)

Middle Devonian
(Eifellan)

Probably
Early Devonian

Late Devonian
P. asymmetricus Zone

Approximate positfon iu section

Base of
format {on

Within

lower 45 m
of format fon

About 120 m
above hase
of formation

About 80 m
above
of formatfon

Within lower
45 to 60 m
of formatlon

base

Top of formation, about

260 to 270 m above base
of thick section south
of Blue Star deposit




Table 6.==Chemical and spectrographic analyses of Paleozoic sedimentary rocks
of the upper plate in the Lynn mining district, Eureka Countv, Nevada
[Rapid rock analyses (Shapiro and Brannock, 1962) in weight percent.

Analysts:
L. Artis, P. Elmore, L. Espos, B. P. Fabbi{, J. Kelsey, and H. Smith. Spectro-
graphic analyses in parts per million; N.A., not analyzed. Results are
identified by geometric brackets whose boundaries are 1.2, 0.83, 0.56, 0.38,
0.20, U.18, 0.12, and so0 on, but are reported arbitrarily as the midpoints of
these brackets: 1.0, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and 80 on. The precision
of a given value is approximately plus or minus one bracket at the 78-percent,
or two brackets at the 95-percent, confidence level. The following elements
were below limits of detection in all samples (in ppm as indicated): Ag
(U.7), BL (7), ¢&d (7), Ce (70}, Ge (7), HEf (50), In (2), L1 (100), Pd (1), Pt
(10), Re (15), Sb (20), Sn (7), Ta (50), Te (300), Th (150), Ti (3), U (150),

% (10). Analyse:

Chris Heropoulos]

Sample ==== 1 2 3 4 5 6
Rapid rock eaalyses
$10, ==-—— 717 51.3 9.4 10.4 72.3 77.6
Al,0q =---- 16,7 13.0 L6 .19 10.2 8.2
Fey0q =-mm= 2.3 1.7 64 .29 6.2 3.6
[ — .16 3.3 .24 .10 .48 .28
Mo =~mmme= .82 4.3 2.5 .53 1.1 .93
Ca0 mwemmnn 1.2 7.5 45,1 47.9 .30 .7
P L—— .09 .17 .08 .01 .20 .13
[T — .00 .07 .00 .02 .01 .01
Nas0 ———-—v .65 .24 .01 .04 .39 .38
Kp0 —=mem— 3.5 3.0 .43 .15 2.6 2.9
T10, —=—=- .66 .56 .00 .04 .25 .27
PyUy —----- .13 .04 .02 .02 .37 42
Ho0 (+)=mmmm 1.1 .96 .14 .06 1.2 1.2
,0(-)-=-—- 2.9 2.6 .85 .73 3.1 2.7
€0, === .09 11.0 38.7 38.6 .07 .08
s (total)l- .05 .09 .37 .00 .02 .01
€ (organic) .22 .30 .55 .60 .64 .32
Total == 100.3 100.1 100.6 99.7 99.9 99.8
Spectrographic analyses
Asl ameeeo <5 <15 8 <15 <8 <8
F O — <.02 <.02 <.02 <.02 N.A. N.A.
B ~eememe== 500 150 10 <7 100 200
8a =—=wee== 1,000 2,000 1,000 100 2,000 1,000
PR 3 2 <l <1 2 2
Co ==mm=mm 10 10 <2 <2 5 5
Cr ~wwme— 100 70 50 7 70 70
Cy ==m=——= 100 30 1.5 5 100 100
Ga —meemrm 20 15 3 <2 20 15
Hgd —mmmee <.01 .03 <.01 <.01 .02 <.01
La ——wemm— 50 50 <30 <30 <30 <30
Mp —meme 70 700 100 300 30 50
<2 <2 <2 < 5 <2
30 15 <7 <7 <7 10
30 50 7 1.5 70 30
10 <7 <7 <? <7 <7
LT R — 15 20 5 <2 15 7
St we—em—~ 200 200 1,500 2,000 70 100
T{ ==m-=== 7,000 5,000 1,000 100 3,000 5,000
| p— — 70 100 20 <3 150 150
Y e 20 30 15 10 50 20
Yb ==mem—e 3 2 <1 <l 3 2
2ot cmmeme <10 30° <6 <10 330 90
Zr ==—m—= 200 100 50 20 150 200

Sample 1.

2.

lX-l:.ay fl
Fire-ass
Leico me

Composite sample of 30 m of dark-gray siliceous shale and lesser
amounts of interbedded black chert from the lower zone in the
upper plate. Location: NW-1/4 sec. 19, T. 35 N., R. 50 E.

Composite of five samples of thin-bedded dark-gray dolomitic shale
from the lower zone in the upper plate. Locatjon: NE-1/4
sec. 14, T. 35 N., R. 50 E.

Composite of five samples of fine-grained medium-bedded dark-gray
limestone from the lower zone in the upper plate. Location:
SE-1/4NW~1/4 gec. 14, T. 35 N., R. 50 E.

Composite sample of 3 m of fine-grained thin- to medium-bedded
mediut-gray limestone from the middle zone in the upper
plate. Location: NW-1/4NE-1/4 sec. 19, T. 35 N., R. 50 E.

Composite sample of 45 @ of interbedded tan to brown shale, lesser
amounts of gray chert, and ainor amounts of dark-gray to black
carbonaceous shale from the middle zome in the upper plate.
Location: SE-1/4 sec. !l, T. 35 N., R. 50 E.

Composite sample of 30 m of interbedded medium-gray and brown
chert, lesser amounts of tan to brown shale, and minor amouats
of dark-gray to black carbonaceocus shale from the upper zone
in the upper plate. Location: NE-1/4 sec. 11, T. 35 N.,

R. 50 E.

uorescence analysis.

ay and atomic-absorption analyses.

rcury-vapor analysis.



Tuble 7.-=Graptotite species fn strata of the uwpper plate tn the northern part of the Lynn minfay distrfet, Eurcka County, Nevada
[Fossil fdentifications and ages by K. J. Ross, Jr., and W. B. N. Berryl

USGS fosetl collection --=

D2005-CO

bD2133-CO

ble6-Co

D2002-¢0

p2001-co

D165-C0

D2004-CO

D2003-CO

D240-SD

Species
Field number ---

M278

M544

54=F-71

M222

M180

54-¥-70

M58

M159

H193

Amplexograptuy sp. w==r-—-
cf. A. coafurtus (Lapworth) ~=—----

differtus Harris and Thomag ---=—--

Caryocarls sp.

Climacograptus gp. =—~===-===s=sem——oc——-
cf. C. bicornis ~===- —-————m—ee -

cf. C. oinfmus Carcuthers —=--- m———

scharenbergt
cf. Cotypicalig ~—-=memc—s——ccocnee
Cryptograptus schifert! Lapworth —-=-v---

tricornls (Carruthers) ———===ew-——e

Diceliograptus cf. D. gurleys Lapworth -
sp. (probably close to D. gsextans

var. exiigs) —--—-=--
Dichograpttid uniserial, 3 spp. ~===-—-—v
Diplograptus? sp.
(possibly var. Glyptograptus cf.
G. teretfugculug) ==————m=eae——e-
Diplograptus decoratus var. amplexo-
urugtold¥a {Rosa and Berry) -
Glossograptus? ap.
Glossograprus hincksit (Hopkinson) -~----

ci. G hinckstl var. fimbriatus

(Hopkinson), possibly n. sp. ~=m---

Glyprograptus sp.
Monograptids (possibly of M. dubjus

type)
Orthograptus? sp.
ot 0. guadrimucronatus type —-—=—---~

truncatus var. Intermediug —~------

Slgwapraptus sp. (probably n. sp.) -==-~=

= o = X

Age

Llanvirulan or
Liandetlian

Highest Llansviratan
or Llandetltan

Uncertain;
Llandvirnlan
to Caradocian

Lower
Caradocian

Lower to widdle Caradocian

lower upper
Caradocian

Latest Llandoverisan to
Ludlowvian; possibly
late Liandoverian to

Pridoltan

Approxiuate position In section =-=

Lower zone

Lower zone

Lower zooe

Hiddle

zone

Middle zoae

Middle zone

Middle

zone

Middle zone

Middle or upper zone




Table 8.~-—Chemical and spectrographic analyses of tuffaceous lakebeds in the northern
part of the Lynn mining district, Eureka County, Nevada

[Rapid rock analyses (Shapiro and Brannock, 1962) in weight percent. Analysts:

P. Elmore, L. F. Espos, and B. P. Fabbi. Spectrographic analyses in parts per

million. Results are identified by geometric brackets whose boundaries are 1.2,

0.83, 0.56, 0.38, 0.26, 0.18, 0.12, and so on, but are reported arbitrarily as the

midpoints of these brackets: 1.0, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and so on. The

precision of a given value is approximately plus or minus one bracket at the 78—

percent, or two brackets at the 95-percent, confidence level. Analyst: Chris

Heropoulos]

Rapid rock
analyses Spectrographic analyses

510, ----~ 61.6 Ag ————- 0.7 Li ~———- <100 Tl ———— <3
Aly05 —-~ 14.2 Asl ——- <5 Mn ~———- 500 | J— <150
Fe,03 ——— 2.8 VP — <.03 . Mo =m—m- <2 Y mm——— <50
T P — .08 ) J— 10 Nb ==~ <15 W mmm—ee <10
Mg0 ———-—= 2.1 Ba --——- 1,000 Nd ——-—- <20 g —— 15
Ca0 ==-——- 2.4 Be ————- 2 17 IE— 3 - 1.5
MO0 ———=-= .04 Bi m———m <7 Pb -———- 50 zal ———= 64
Ba0Z ———~ .15 o p— <7 - Q— <1 Zr =--— 150
Nay0 =-—= 1.5 Ce ————- <70 Pt ——~m <10
K,0 ==-——= 2.4 Co —=——- 3 Re =—~— <15
T10, ===m= .26 [ J— 10 sbl ———= <40
P,0g ~==== .02 Cu ———— 10 S¢c ~—=—= 10
HyO(+) === 4.5 Ga —~—=——- 15 Sn —==—- <7
Hy0(-) -— 7.3 Ge ——=-- <7 Sr ==---— 300
I .08 Hf ————- <50 Ta ————v 50
s (total)? .02 HgS ——m- <.01 Te ===mn <300
C (organic) <.01 In ————m <2 Th === <150

Total -- 99.4 La —==—= 50 Ti === <3

Sample: Hand specimen of relatively fresh light-gray crystalline ash~fall tuff.
1 Location: NW-1/4 sec. 22, T. 35 N., R. 50 E. '
X-ray fluorescence analysis.
Fire-assay and atomic-absorption analyses.
Leico mercury-vapor analysis.



(Rapid rock
per million.
brackers: |

Table 9.~~Chemical and spectrographic analyses of intrusive and extrusive igneous rocks in the northern part of the Lynn mining district, Eureka County, Nevada
analyses (Shapiro and Branmock, 1962) in weight percent; N.A., not snalyzed. Annlylu:_t 'A_t:T: me. L. TE;ol, and B. P. Fabbi. Spectrographic analyses in parcs
Results are tdentified by geometric brackets vhose boundaries sre 1.2, 0.83, 0.56, 0.38, 0.26, 0.18, 0,12, and so on, but are reported arbitrarily as the midponts of these
0, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and so on. The precision of a given value is spproximately plus or minus one brecket at the 78-percent, or two brackets st the 95—percent,

conftdence level. The followinyg elements were below limits of detection in &ll mamples (in ppm as tndicated): Ag (0.7), BL (7), €4 (7), Ge (7), HE (50), In (2), Pd (1), Pt (10), Re (I5),
Ta (50), Te (300), Th (150), Tl (3), U (150). Analyst: Chris Heropoulos]
North Big Six Gold Strike
intrusive intrustve Iatruaive dikes Extrusive dikes
Sample =-=— 1 2 3 4 5 6 7 8 9 10 i1 12 13 14 15
Rapid rock snalyses
5i0, 57.8 59.4 60.1 70.4 58.5 69.9 73.5 49.6 40.0 42.6 56.6 63.5 59.6 3.0 73.9
Alz03 16,7 17.3 17.9 15.3 14,6 16.5 15.6 12.4 18.9 17.0 22.4 21.9 25.4 12.3 13.0
Fen0y === 1.2 3.2 6.9 1.7 6.1 .81 .89 5.2 l4.7 14,2 6.1 1.6 .50 .4 2.5
5.5 2.1 .12 .80 .7 .00 <04 .60 <24 <76 .48 Ry -08 ) Wk2
5.0 2.9 .97 .86 4.1 .57 «“9 3.5 .81 .30 .22 .36 £2¢ W13 »03
6.4 .5 1.0 1.4 3.6 .87 .28 9.3 .26 .16 <42 .12 W64 13 42
N.A. .09 .08 «21 .09 1.42 24 .39 .28 .02 .0t W35 .03 .05 N.A.
.09 .02 .00 .00 .07 .00 00 06 .01 .02 .0} .01 <01 .02 .62
3.0 2.5 .03 4.0 1.1 .08 <07 .09 .14 214 .11 ey <13 3.3 1.4
2.a 2.7 5.8 ° 3.9 3.8 1.0 .92 3.2 3.3 .68 .57 1.7 .81 5.2 5.4
1.0 1.1 1.1 .26 .91 1.1 1.1 .77 4.6 4.3 1.7 - 1.5 1.8 W24 .22
.24 #31 bl .10 .18 1.4 <08 .15 .57 .90 -23 .05 47 £03 .07
L12 L5 1.6 .25 1.1 1.6 1.1 1.8 .74 1.9 -88 46 .30 W45 .27
Y 2.6 3.7 1.6 3.6 6.0 4.8 3.9 * * .76 7.0 8.6 .38 .54
.05 T8 <.05 04 1.0 04 .07 8.0 .03 .02 .03 <03 02 <03 <.05
3 (;oul)l - .04 W02 N.A. -02 .08 3 .17 .08 13.24 13.31 5.72 .38 .01 W04 .05
C (organic)- 32 N.A. .0t N.A. N.A. .00 .03 N.A. .62 T4 1.16 ] .08 W02 .02
Total =--  100.9 100.9 100.0 100.8 99.5 101.6 99.4 99.0 . . 99.2 100.2 98.7 150.7 100.¢
*High sulfur content interferes with wster analysis and precludes calculation of total.
Spectrographic analyses
L 3 15 700 <5 <5 230 140 69 255 240 315 250 120 <5 <5
Au2 memmmeae 2 .1 5 NeAo <.03 <.03 .05 <.03 3 3 15 20 1 N.A. N.A
L 15 10 300 15 20 20 20 0 0 10 20 100 30 <1 7
Ba =—=wem———e 700 1,000 1,000 1,500 700 7,000 1,500 5,000 2,000 150 70 5,000 150 50¢ 700
Be w—wwm———— 1 <i 1.5 1.5 1 <l <l <1 <l <1 <1 <1 2 5 5
Ce —romromem 100 100 150 <70 100 300 200 200 100 <70 <70 <70 164 200 309
Co ~mmmmmnas 20 10 10 ] 15 <2 <2 20 50 50 30 2 30 <2 <2
Cr =mmmem——— 200 70 50 20 50 1,000 1,000 100 50 50 150 100 200 1.5 1
Cu evememaen 15 15 50 3 30 20 20 100 30 70 70 20 20 5 2
63 ==——mmmem 20 15 30 15 15 20 15 10 30 20 30 30 20 20 20
Hg” =e=ew——- N.A. ] 3. N.A. 3 10 3 1 20 14 50 65 15 £l .02
La ==———mmme 70 50 150 30 70 200 150 150 50 70 100 50 70 150 200
Li ——mmre—— <160 <100 <100 <100 <100 <100 1,000 <100 <100 <i00 <100 <100 <i00 <100 <100
A 1,000 500 100 150 300 7 10 1,000 15 15 7 5 70 300 200
MY —mmmmeeme 5 <2 <2 <2 <2 3 <2 <2 <2 <2 <2 <2 <2 7 10
N =mw———m—— 10 10 20 7 10 10 15 <7 30 20 15 15 10 50 50
Ng ==memmmem 20 <20 100 <20 <20 150 70 100 <20 <20 <20 <20 <20 103 159
Ni =ee=—— -— 5C ic 5 15 30 30 20 300 30 30 150 20 15 <! 2
Ph emmmemeae 10 <7 15 15 15 15 20 ? 50 <7 10 15 <7 30 30
[ L ——. “0 <40 106 <40 <40 <40 <40 <40 <40 56 <40 <40 <40 <40 <40
$¢ wmmmemane 30 20 20 7 30 20 15 30 30 e 20 15 20 3 <2
Sp weesewana <7 <7 <7 <7 <7 <7 <1 <7 <7 <7 <7 <? <7 7 19
1,000 200 500 700 300 100 300 70 20 50 70 15 50 30
7,000 7,000 1,500 7,000 10,000 10,000 5,000 20,000 15,000 10,000 10,000 10,000 1,500 1,500
100 500 30 100 150 300 150 300 200 150 150 150 5 15
<10 15 <10 <10 <10 100 <l0 <10 10 <10 <10 <10 <10 <id
30 30 10 30 50 30 20 30 20 70 30 30 100 e
2z 3 1 2 <1 3 1.5 3 2 5 3 2 1o i
95 60 69 75 20 3] 131 31 26 56 22 15 130 N.A
200 200 150 200 150 200 150 150 100 200 200 150 5090 Tog
Sampie |, Single hana specimen of slightly altered medium-grained intrusive quartz diorfte. Location: NE-1/4 sec. 2, T. 35 N., R. 50 E.
2. Composite sample from Newmont Mining Corp. rotaty~drill hole GS-14 of a 5-m interval of relstively fresh fine-grained intrusive granodiorite. Location: SE-1/48W=1/s sec. 36,
T. 36 N., R. 50 E.
. 3. Composite sample from several hand specimens of weathered mineralized hydrothermslly altered sheared and fractured medium-grained intrusive granodicrite contaiming abundant red-
stained hemazite-rich shear zones. Location: NE-1/4 gec. 30, T. 36 N., R. 50 E.
4. Composite sample from several nand specimens of gray veskly sltered fine-grained calc-alkalive granite or granodiorite dike. Location: SE-1/4NW-1/4 sec. 16, T. 35 K., R. 35 E.
5. Couposite sample of several hand specimens of gray siightly altered fine-grained igoeous dike, 75 m below surface. Location: Mine coordinates 22,400 N., 18,100 E.; 610 bench,
Main pit, Carlin gold mine. !
6. Composite from chip samples across J-w-wide light-gray hydrothermally altered acid-lesched and oxidized igneous dike, &6 = belov surface. Location: Mine coordinates 21,650 §.,
16,600 E£.; 6560 bench, Main pit, Carlin gold mine.
7. Composite sample from several hand specimens of light-gray to ten hydrothermally altered scid-leached and oxidized igneous dike, 9] mw below surface. Location: Mine coordinates
22,100 N., 18,390 E.; 6360 bench, Main pit, Carlin gold mine. .
8. Composite sample from several hand specimens of golden-tan hydrothermally altered igneous dike containing abundant fine-grained biotite and calcite seams in matrix, 90 = below
surface. Location: Mine coordinates 22,375 N., 18,200 E.; 6360 bench, Main pit, Carlin gold mine. .
9. Single hand aspecimen of medium—gray hydrothermslly altered ignecus dike containing sbundant hydrothermal pyrite and sericite on fracture surfaces, 67 m delow surface.
Location: Mine coordinates 24,150 N., 20,600 E.; 6300 bench, East pit, Carlin gold mine.
10. Composite sample from several hand specimens of wottled-dark-gray and green-brown hydrothermally altered and mineralized ignecus dike coataining abundant £ine-grained sooty
nydrothermal pyrite on fracture surfaces, 42 m below surface. Location: Mine coordinates 23,150 N., 20,575 E.; 6340 bench, East pit, Carlin gcld mine.
1i. Composite sample €rom several hand specimens of Gottled-mediuwrgrey and green—gray hydrochermally altered and minerslized weskly oxtdized fgneous dike containing fine-grained
aur{ferous pyrite on fracture surfsces, 54 m below surfsce. Location: Mine coordinates 23,050 N., 20,400 E.; 6320 bench, East pit, Carlin gold mine.
12. single hanc specimen of light-gray hydrothermally altered and oineralized moderately acid leached and oxidized east margin of igneous dike. Vugs and fractures contain Tixtures
of yellow to piakish~brown iron oxides 51 m belov surface. Location: Mine coordinates 23,100 N., 20,250 E.; 632C bench, East pit, Carlin gold mine.
13. Composite sample from several haad specimens of white soft hydrothermally altered and miferalized intensely acid leached and oxidized west margin of igneous dike, 5 = below
surface. Location: Mine coordinates 23,100 N., 20,250 E.; 6320 bench, East pit, Carlin gold mine.
ié. Composite sample from several hand specimens of darkegray to brown vesicular rhyodacite fiow. Location: NW-[/4SWw=-1/4 sec. 16, T. 35 §., R. 50 E.
L 15. Single nand specimen of aark-grey to brown vesicular rhyodacite flow. Location: NE-1/4Nw-1/4 sec. 21, T. 35 N., R. 50 E.
X-ray {luorescence analysis. -

Fire-assa;
Leico wmer

vy anc atopic~absorption analyses.
cury-vapor analysis.
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Table 10.--Carlin-type disseminated-replacement gold deposits in the Western United States

Name Location References
Carlin Secs. 13, 14, T. 35 N., R. 50 E., Hardie (1966), Hausen and Kerr (1968),
Eureka County, Nevada Radtke (1973, 1974), Harris and Radtke
(1976), Noble and Radtke (1978),
Radtke, Rye, and Dickson (1979)
Blue Star Sec. 4, T. 35 N., R. 50 E., Radtke (1974), Noble, Valiquette, and
Eureka County, Nevada Ekburg (1977)
Bootstrap " Secs. 3, 10, 11, T. 36 N., Lawrence (1963), Evans and Mullens (1975)
R. 49 E., Elko County, Nevada
Cortez Secs. 24, 25, T. 27 N., R. 47 E., Erickson and others (1966), Wells,
Lander County, Nevada Stoiser, and Elliott (1969), Rye, Doe,
and Wells (1974), Radtke and Dickson
(1976)
Getchell Sec. 33, T. 39 N., R. 42 E., Joralemon (1951), Erickson, Marranzino,
Humboldt County, Nevada Oda, and Janes (1964), Hotz and Willden
(1964), Silberman, Berger, and Koski
(1974)
Gold Acres Sec. 31, T. 28 N., R. 47 E.; Wrucke, Armbrustmacher, and Hessin

Jerrett Canyon

Kendall
(Nerth Mocassin)

Manhattan
(White Caps)
Mercur
Northumberland
Ogee-Pinson
Preble
Standard
Tallman

(Duval)

Windfall

sec. 36, T. 28 N., R. 46 E.,
Lander County, Nevada

Secs. 2, 4, 6, 10-12, 22,
T. 40 N., R. 53 E.;
sec., 34, T. 41 N., R. 53 E.,
Elko County, Nevada

Secs. 29-32, T. 18 N., R. 18 E.,
Fergus County, Montana

Sec. 28, T. 8 N., R. 44 E.,
Nye County, Nevada

Secs. 5-8, T. 6 N., R. 3 W.,
_ Tooele County, Utah

Sec. 18, T. 13 N., R. 46 E.,
Nye County, Nevada

Sec. 32, T. 38 N., R. 42 E.,
Humboldt Countv, Nevada

Secs. 17, 18, T. 36 N., R. 4l E.,
Humboldt County, Nevada

Sec. 35, T. 31 N., R. 33 E.,
Pershing County, Nevada

Sec. 34, T. 15 S., R. 29 E.,
Cassia County, Idaho

Sec. 11, T. 18 N., R. 53 E.,
Eureka County, Nevada

(1968), Wrucke and Armbrustmacher,
(1969, 1975)

Hawkins (1973)

Blixtr (1933)
Ferguson (1924), Chapman (1976)
Butler, Loughlin, Heikes, and o:hefs
(1920), Gilluly (1932), Tafuri (1976)
Kral (1950)
Willden (1964), Galli, Livermore,
and Reeve (1976)

Galli, Livermore, and Reeve (1976)

Johnson (1977)

Nolan (1962), Wilson (1976)




Table 1l.~—Chemical and spectrographic analyses of unoxidized ore tvpes in the Carlin gold deposit

{Rapid rock analyses (Shapiro and Brannock, 1962) in weight percent. Analysts: L. Artis, 5. Botts, B. F. Fabbi, and L. Mei. Spectrographic analyses in parts per
@illion. Results are identified by geometric brackets whose boundaries are 1.2, 0.83, 0.56, 0,38, 0.26, 0.18, 0.12, and so on, but are reported arbitrarily as the
midpoints of these brackets: 1.0, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and so on. The precision of a given value 1is approximately plus or minus one bracket at the 78-

percent, or two brackets
(7), Ce.(70), Ge (7), Hf

at the 95-percent, confidence level. The following elements were below limits of detection in all samples (in ppm as indicated): Bi (7), Cd
(50), In (2), Lt (100), Nb (7), Pd (1), Pt (10), Re (15), Sn (7), Ta (50), Te (300), Th (150}, U (150). Analyst: Chris Heropoulos)

Ore Eype ————————

Normal Siliceous Carbonaceous Pyritic Arsenical

Sample ——-=m-e————

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Rapid rock analyses

5i0; =mmme———————— 42.2 47.0 32.6 30.7 82.9 90.7 95.7 41.9 47.0 48.0 51.9 68.8 42,1 43.5
41503 ===mem—mmmee 6.0 7.5 5.2 3.7 8.4 2.5 1.6 6.7 7.5 7.5 4.2 4.2 6.0 6.9
Fey0y ===m=mwe————= 2.1 1.4 .69 «76 .74 2.6 .66 1.3 1.8 1.4 3.3 4.7 1.9 2.6
FeQ =w——m——————eea RSN} W72 1.1 1.4 .20 .16 »10 1.7 .72 .72 1.1 .28 .68 .80
Mgl ——=——meemccema~ 9.2 8.6 8.0 9.3 .49 .16 .06 9.4 8.1 8.6 7.3 3.2 9.1 8.0
Cal ==—m=—rvem————— 14.6 10.6 22,1 21.4 42 «26 .00 13.0 11.2 10.6 10.3 6.0 13.1 11.2
Y L — .02 .02 .02 02 .03 .05 .05 .01 .02 .02 .01 .03 .08 <06
Mp0 ===m=s—e——eme—— <00 .02 <04 .04 .0l +00 .21 .00 .00 .02 +04 00 W04 .04
Nay0 ==-=weom=mo——- -09 .20 .12 49 27 ° .00 .00 .00 .00 .20 .00 .19 .03 W12
Ko wemeommomemrems 1.4 2.0 1.5 1.6 1.7 +38 .26 1.6 1.8 2.0 1.0 .83 1.6 1.9
T10; =ww==se===m=m= .32 .31 .26 W23 .16 .10 .03 .30 .33 .31 .26 .21 .30 .35
PyUg ====mmmme—m—me 14 .15 .07 07 .56 24 .07 .4 .14 .15 .12 +43 <25 .26
H0(=) ewemmmm—nm—— .33 32 .17 W19 .63 . +26 .10 48 W33 .32 .41 +60 .39 «24
HyO(#) —ommmmmmm—== 1.6 1.1 1.2 1.2 2.0 1.1 .82 1.4 2.2 1.6 M.t 1.0 i.8 2.1
€Oy =mmmmmemmmm 21.5 18.0 26.0 26.7 .03 04 .02 19.9 17.2 18.0 15.9 7.3 19.1 16.8
s (tm:al)1 ——————— +90 .92 .72 .67 W23 «31 W11 74 76 .92 2.83 3.16 2.21 3.25
C {(organic) ==—=—-- «25 84 W43 «24 .80 W55 17 2.15 1.68 1.52 »51 65 50 1.2
Asl e e .08 .08 .02 .02 .02 .18 .04 03 .09 .08 .02 .06 1,11 2.47
Total ==——==== 100.9 . 99.8 100.2 100.7 99.6 99.6 100.0 100.8 101.2 102.0 100.3 101.6 100.3 101.8

Spectrographic analyses

Ag em——mmwmm——— -—— <0.7 <0.7 <0.7 <0.7 1.5 0.7 1 <0.7 0.7 <0.7 <0.7 <0.7 <0,7 0.7
VS 840 760 154 148 19 1,750 385 295 940 760 180 610 11,100 24,700
O . 5 12 6 10 5 8 23 4 18 6 6 34 69 130
S 50 150 70 70 100 10 7 70 70 150 20 30 30 30
P — 200 190 180 170 300 520 500 145 189 180 138 255 800 560
<l <l <1 <1 2 . <1 <1l <1 <1 <l <l <1 <1 <1
3 7 5 3 <2 2 <2 5 5 7 7 3 3 2
70 70 50 50 “o70 10 10 70 100 20 30 30 70 100
15 50 15 - 15 50 50 70 20 50 50 30 50 50 70
10 15 10 7 10 <2 <2 15 15 15 7 5 10 15
23 35 " 48 28 12 20 55 15 70 35 25 150 200 280
. <30 50 <30 50 <30 30 . <0 <30 <30 50 50 70 50 70
T ——— 200 100 150 100 10 7 7 150 150 100 150 70 150 160
VP < 15 <2 <2 < 5 5 15 3 15 70 10 10 7
| 7 S — 15 50 20 10 20 10 3 50 30 50 70 15 20 20
Pb mmemmemcem e <7 15 <7 <7 <7 <7 <7 10 <7 15 10 <7 <7 <7
L] R 140 60 <20 <20 <0 250 40 25 45 25 30 76 115 160
[ 10 10 10 10 7 7 < 10 15 10 7 3 10 7
Sr emmeme—mmmn e 200 150 500 500 150 50 10 150 150 150 100 100 150 200
Ti =emmmmwem——e———— 2,000 2,000 2,000 1,500 2,000 500 200 2,000 2,000 2,000 1,000 1,000 1,500 1,500
Tl —mmmme—m———— e 200 70 <3 <3 <3 <3 <3 70 <3 70 <3 100 150 150
| 30 200 50 50 70 30 70 200 100 200 100 30 70 100
[, 20 <20 25 <20 <20 <20 30 30 35 <20 <20 <20 20 <20
D P 30 20 30 20 50 10 <7 20 20 20 15 10 20 20
DT 2 2 2 2 3 1 <1 2 2 2 2 1.5 1.5 2
7N R — 8 62 51 ©o2s 53 119 6 <5 25 62 7 22 < 9
20 —emmmmm e 100 100 150 100 150 30 20 70 150 100 100 50 150 150

Sample 1. Hand specimen
2. Hand specimen

of medium~gray silty thin-bedded low-grade normal gold ore in the Roberts Mountsins Formation. Location: 6300 bench, Main ore zoune.
of dark-gray silty thin-bedded average-grade normal gold ore in the Roberts Mountains Formatiom. Location: 6280 bench, Maln ore zone.

3. Coumposite of eight samples of medium— to dark-gray silty thin-bedded low-grade normal gold ore in the Roberts Mountains Formation. Location: 6260 bench,
Main ore zone.

4, Composite of five samples of medium-gray silty thin-bedded average—grade normal gold ore in basal beds of the Popovich Formation. Llocation: 6440 bench, East

ore zone.

5. Composite of five samples of light-greyish-brown silty thin-bedded low-grade normal gold ore in calcereous shale units of the upper plate. Location: 6280

bench, Esst
6. Hand specimen
7. Hand specimen
8. Hand specimen
9. Hand specimen

ore zone.

of dark-brown dense massive average-grade siliceous gold ore in the Roberts Mountains Formation. Location: 6300 bench, East ore zone.

of dark-gray to black dense vuggy high-grade silicecus gold ofe in the Roberts Mountains Formation. Locaticn: 6320 bench, East ore zone.
of black silty thin-bedded low-grade carbonaceous gold ore in the Roberts Mountains Formation. Location: 6300 bench, Main ore zone.

of dark-gray to black silty dense high-grade carbonaceous gold ore in the Roberts Mountains Formation. Location: 6360 bench, East ore zone.

10. Composite of five samples of dark-gray silt thin-bedded low~grade carbonaceous gold ore in the Roberts Mountains Formation. Location: 6240 bench, Main ore

one.

1l. Hand sample of medium—gray fine-grained low-grade pyritic gold ore in the Roberts Mountains Formarion. Llocarion: 6300 beach, Main ore zome.

12. Hand sample of medium-gray fine-grained high-grade pyritic gold ore in the Roberts Mountains Formation; zones of abundant pyrite crosscut normal gold ore.
Location: 6360 bench, East ore zome.

13, Hand sample of high-grade arsenical gold ore; velnlets of realgar crosscut medium—gray silty thin-bedded mineralized beds of the Roberts Mountains

Formation.

Location: 6380 bench, East ore zone.

14, Hand sample of high-grade arsenical gold ore; veinlets and pods of realgar and minor orpiment occur in black thin-bedded mineralized carbonaceous beds of the

Roberts Mountains Formation. Location: 6360 bench, East ore zone.
1x-my fluoresceace analysis.
2F1te—nssa)’ and atomic-absorption analyses.
Leico mercury-vapor analysis.
Colorimetric analysis.



oprobe analyses fn weight percent.
and so on, but are reported arbitrarily as the midpoints of these brackets:

Tabte 12.--Microprobe and spectrugcaphic analye sulfide minerals in unoxidized otes of the Carlin gold depuvsit
Spectrographic analyses in parts per million; N.A., not analyze. 4, >10 ppm; Resulta are {dentiflied by geometric brackets whose boundaries are 1.2, 0.83, 0.56, 0.38, 0.26, 0.18, 0.12
1.0, 0.7, 0.5, 0.3, 0.2, 0.5, 0.1, and 8o on. The precinton of A given value ta approximotely plus or minus one bracket at the 7H-percent, or two

brackets at the 95-percent, confldence level. Relow limit of detection (10 ppm) 1o all samples: W. Annlyats: Chrie Heropoulos snd A. S. Radtke)
Mineral Pyrite Realgar Orp tment Sttbatte Clanabar Catlinite Galena Sphalerite
Sample ~==-e——-ee 1 2 k} 4 ] 6 ? 8 9 10 1t 12 13 14 15 16 1?7
Hicroprobe analyaes
52-55 52-54 53.1-53.8 3_0.2—30.4 30.1-30.6 IR.9-39.7 19.1-39.4 39.0-39.5 27.9-28.6 28.0-28.5 13.6-13.9 13.7-13.9 1.0-7.2 3. 1~13.5 13.1-13.4 32.8-33.7 32.5-33.4
44-47 45.5-47 46.0-46.7 <.03-.04 <.03 <.04 <.04 <.04 <.04 <.04-.006 <.0% <.05 <.04 <.04 <.04 «20-.60 <.04~.38
<.01-.35 .03-.3 <.0l1 <.02 <.02-.05 <.03 <.0) <.03 <.03 <.03 <.03 <.03 <.04 <.05 <.05 <.05 <.05
<.05 <.05 <.05 <.05 <.05 <.05 <.05 <. 05 <.06 <.06 <.05 <.05% <.05 86.3-86.9 86.5-87.3 <.04 <.04
<.06 <.06 <.06 <.05 <.05 <.06 <.0b <.06 <.06 <.06 <.05 <.05 <.05 <.06 <.06 65.6-67.4 66.2-67.2
<,06-3.5 <.06-6.0 <.06 ©69.1-69.5 69.0-69.6 59.8-60.6 59.2-60.1 60.1-61.2 <05-.4 -5-1.0 <.05 <.05-.3 <.0% <.04 <.04 <.03 <.03
Sb em—mmm e ——— <.05-3.0 <.05-4,0 <.0% <015 <.05 <05 W9-1.5 <.05 F1.0-72.0  64.8-7t.0 <.(b <.0h <.0h <.05-.15 .05 <.04 <.04
HR ==mmwm—mmmmmma < 0b-.7 <.04-1,2 <. 04 <.05 <.u5 <.05 <.05 <.0% <.05 <.05-.06 A6.1-B6.3  B5.8-86.1 <.05 <.02-<.04 <.02~.06 207-.1 <.05-.08
Tl wmmmccmmmm———i <.08-.1 <.08-.25 <.08 <.08 <,08 <.06 <.06 1035 <.06-.3 <.06-,15 <.06 <.06 92.7-93.1 <.05 <.05 <.05 <.05-.3
Ag wm—m = <.08 <.08 <.0) <.06 <.06 <.06 <.06 <.06 <,06 <.06 <.05 <.05 <.04 <.06-.10 <.02-.04 <.04 <.U4
Bl ~mmmmemm—mmmae <.05 <.05 <.05 <.05 <.05 <.05% <.0% <.05 <.06 <.06 <.05 <05 <.06 <.05 <.06 <.05 <.05
Cd ———m—wmmmmm——m <.05 <.05 <.0% <.05 <09 <.05 <.05% <, 05 <.06 <,06 <.06 <.06 <.05 <.06 <.06 <.04-.5 <.04~.6
Spectrographic analyues
Ag —mmemeemee —— 1 2 -— <0.7 <0.7 <0.7 <0.7 <0.7 2 0.7 - —— 1 1,000 500 10-20 20
AB —mmmmme—e—ema 1,000 21,000 -— L} " “ " H 50 20,000 -— — <100 20,000 30,000 <50 <50
Ay —mmmmmmmmenee 500 300 -— <10 <10 <10 <10 <10 <10 <10 - ~— <10 <lo <10 <io <10
Bf ——mmmmmm e <? <7 — <7 <7 <7 <? <7 <7 <7 -—- - <7 100 70 <7 <7
Cd ————mme————— <? <7 _— <7 <7 <7 <7 <7 <7 <7 — _— <7 <7 <7 2,000-5,000 2,000
[ 150 100 — <« < 3 <« <« «@ < - - 2 <2 <2 @2 e
[ R, 300 500 — <) <1 <1 2 <1 <t <1 - -— <1 2 3 1.5-2 <l
Cy =——mmmmmmmemm 500 300 -—- 1.5 1 1 2 1 30 20 - - 3 50 1 200-700 200
] H —-—- 300 10 30 50 50 30 300 —_ — 10 200 200 1,500-7,000 1,500
5 <2 —-_— <2 <2 <2 <2 <2 <2 <2 —_— —_— <2 <2 <2 200-300 300
<7 <7 —— <7 <7 <7 <7 <7 <7 <7 _— — <? <7 <7 50-300 200
<2 <2 —— <2 <2 <2 <2 <2 <2 <2 -_— — <2 <2 <2 7-10 10
200 100 — 20 5 <l <1 <1 <1 2 —_— — <1 20 20 7-50 15
20 10 — <2 <2 <2 <2 <2 10 5 <2 <2 <2 <2 <2
[ e — 500 700 — <l 1 <l <t 7 10 20 ——— t <1 <l <l <l
Pb —mmmmmemee _— 50 70 -— <7 <7 <7 <7 <7 <7 <7 —— ——— <7 M M 50-70 50
[ R, 200 300 — 200 30 <20 10,000 <20 M M — — <20 1,000 700 50-150 100
8N —mmmmmm—m———n <7 <7 — <7 <7 <7 <7 <7 50 30 —— -— <7 ¢ <7 <7 <7 <?
| . 70 50 — 100 20 <1 <1 <1 7 20 — - 2 10 30 19-15 10
[ R — 30 50 — <3 a 20 <3 2,000 1,000 700 — —— L] <3 <3 < 100
V e 100 100 _— <3 k] <3 <3 <3 20 30 —— —— <3 <3 <3 - <3 <3
N mmmm—— e 150 100 -— 150 30 <15 300 30 <15 150 -—- — 20 15 <t5 M M
Sample l. Microprobe anslyses of 12 large pyrite frasboids 1n Sre samples from the Main and East ore zones; epectrographic data are on a concentrate contafning abundant framboidal as well a8 cubic pyrite. Pyrite from both the

and East vre zones ia included in composite Aample.

analyses of 40 subhedral to euhedral cublc pyrite grains in ore eamples frowm the West, Main, and East ore rones; spectrographic dsts are on a concentrate containing cubic and only @minor amounts of framboidal
Pyrite from both the Main and East ore zonen 13 included {n composite sample.
analyses of centtal areas {n 35 sectioned subhiedral to euhedral cublc pyrite graine, 28 of which had surface coatings contsining detectable amounts of gold and assoclated elemeats, from the West, Main, and

and patches of realgar in carbonaceous and arsenical ores and in barite veins from the Main and East ore zones. No grains contained gold detectable by microprobe snalysie;

sanples of 10 specimens of realgar.

and patches of realgar in carbonacecus and arsenical ores from the Main and Fast ore zones.
ssmple of B epecimens of realgar.

18 grains of orpiment {n arsenicsl ores from the Main ore zone; spectrographic data are on a composite sample of 6 specimens of orplment.

All grains tncluded {n sample contained detectable amounts of gold in local areas;

S grains of antimony-bearing orpiment tn carbonaceocus and arsenical ores from the East ore zone; spectrographic data are on a composite sample of 3 specimens of orpiment.
S gratns of thallium-benrlog orpiment in veinlets containing realgar, barite, calcite, and quartz from the Fast ore zone; spectrographic data are on a large single grafn.
20 gratos of stibnite In siliceoun and carbonaceous ores from the Eagt ore zone; spectrographic data are on a composite sample of 10 specimens of stibotte, all of which lacked viatble realgar.
10 graine of sttbnite in arsenical ores frowm, the Hailn and FAst ore fones; spectrographlc data are on a composite sample of 15 specimens of mtibnite containing visible realmar.

8 grains of ctomsbar dispersed fn pyritic, carbonaceous, and armenfcal ores from the Fast ore zone. .

S gratna of cinnabar intergrown with arsenic sulfide and aulfosalt minerala, from the “garbage can" area in the Fast ore zovne.

3 grains of carlinite in sil{cenus carbonaceous ore from the Fast ore zone; apectrographic data are on s compostte sample of several large grains.

22 gratne of galena genetically associated with hydrothermal quartz tn slliceous, carbonaceous, pyritic, and arsenfcal ores from the Main sand Fast ore zones; spectrographic data are ou a composite

sample of 20 specimens of galena from the Enat ore zone; gratns larger than 0.) mm contained abundant sulfosalt Inclusions.

Microprobe analyses of 20 grains of galena in barite veins from the Maln ore zone; spectrographic data are on a composite Aample of 35 galena graius contafulng abundant sulfosalt taclustons {n 6 specimens from barite

Microprobe analyses of 15 grains of hydrothermal sphalerite in all ore types except the normat from the Main and Eant ore zones, and of 18 gratna of sphalerite in bar{te veins from the Main ore rone; spectrographic dats

are on two composite samplea of sphalerite from barite veins in the Main ore zones.

Main
2. Microprobe
pyrite.
3. Microprobe
East ore zonesg.
4. Microprobe analyses of |5 grains, seams,
spectrographic data are on s composite
5. Hicroprobe aualyses of 20 grains, seams,
spectrographic data sare on s composite
6. Microprobe analyses of
7. Microprobe analyses of
8. Microprobe analyses of
9. Microprobe analyses of
10,  Microprobe analyses of
I't. Microprobe analysen of
12, Mtcroprobe analyses of
13. Microprobe annlyses of
l4. Microprobe analyses of
15.
velns in the HMafn ore zone.
16.
17.

of aphalerite.

Microprobe analyses of 30 grains of hydrothermal asphalterite in carbonaceous, ailicesus, and arsenical ores from the “garbage can® nrea in the FABE ore zone; spectTographic data are on a composite sample of 10 specimens



Table 12.--M1¢ and spectiogtephlc aunlyses of wuitide Binerals tn ununidized nren of ritn gold depusit
(titeroprobe analyses fu velght peccent.  Spectrographlc aualyses in parts per atllion; N.A., nat avalyred; M, >10 ppm; Kesults are identified by geometric brackets whowe boundaries are 1.2, 0.83, 0.56, 0.38, 0.26, U.18, 0.12,
and 30 on, but ate reported atbitrarily aw the midpotnes of these brackets: 1.0, 0.7, 0.%, 0.3, 0.2, 0.15, 0.1, and wo on. The precisfon of & given value to sppruximately plus or minus one bracket at the 7B-percent, or two

brackets at the 99-petcent, contidence level. Below Hmit of detection (10 ppw) tn sll samples: W. Analyste: Chris Heropoulos snd A. S. Redthel

prrebe

Pycite Realgar Orp tment Stibnite Clonabar Carlintte Galena Sphalerite
Mineral
Sample -==-v----n 1 z 3 “ 5 [ 7 . [] 9 10 1 12 13 14 15 16 17
Mlcroprobe analyses
B 52-5% 3256 53.1-53.8 30.2-30.4 30.1-30.6 38.9-19.7 39.1-39.4 39.0-39.5 27.9-28.6  28.0-28.5 13.6-13.9  13.7-13.9 7.0-7.2 13.1-13.5 13.1-13.4 32.8-33.7 32.5-33.4
Fe mmemommemme—an G4~a? 45.5~47 46.0~46.7 <.03-.04 <.03 <.06 <.04 <.04 <.04 <.04-.06 <05 <.05 <.04 <.04 <.04 «20~.60 <.04-.38
Au ~mmmmmemem——an < U1-.35% 03-.2 <.0t <.02 <,02-.0% <.03 <.(n <.03 <03 <.03 <.03 <.03 <.04 <.05 <.05 <05 <.05
Pb === <.05 <.03% <.0% <.05 <.05 <.0% <.05 <.0% <. 06 <.06 <.05 <.05 <.05 86.3-86.9 86.5-81.3 <.04 <.04
Zn w=-eesmcma———a <.0b <.08 <.06 <05 <.0% <.06 <.06 <.06 <.06 <.06 <.05 <.05 <.05 <.06 <.06 65.0-67.4 6b.2-67.2
Ag mm—memmmm—cman <.06-3.5 <.0b-6.0 <.0s 69.1-69.5% 69.0-69.6 59.8-60.6  59.2-60.1 60.1-6t.2 L U5-.b 5-7.0 <.05 <.05-.3 <.05 <.04 <04 <.} <.0)
b mememmmmmmeaee <.05-3.0 <.05-4.0 <.0% <.05 <.05 <05 S5=1.5 <.05 71.0-72.0  b64.8-71.1 <.06 <. 06 <.06 <.05-.1% .05 <.04 <.04
Hy —mmmmmmmem—m—— <047 <.04-1.2 <.04 <.0% <.05 <.05 <.05 <.05 <.05 <.05~.06 86.1-86.3  85.8-H06.1 <.05 <.02-¢.04  <.02~.06 .07-.1 <.09-.U8
Tl ——mmemcmw————— <.08-.1 <,U8-.25 <.08 <.08 <.08 <.06 <.06 “1-.35 <.06-.3 <, 06~.15 <.06 <.0b 92.7-93.1 <.0% <.05 <.0} < 05-.3
Ag —mm-- ——————— <.08 <.08 <.03 <.06 <.06 <.06 <.0b <.i6 <.06 <.06 <.0% <.09 <.04 <.06-.10 <.G2-.04 <.04 <.U6
Bl ~emm—eeeeo— e <.05% <.0% <.0% <.05 <.05 <.05 <.05 <05 <.06 <.06 <.05 <.05 <.06 <.05 <.06 <.0% <.U5
U mowemmmoem—eme <.05% <.05 <.05 <.05 <03 <.0% <.03 <.05 <.06 <.06 <.06 <.06 <.05 <.06 <.06 <.04~.5 <O4w.n
Spectrographic anaiyses
b - <0.7 <0.7 <0.7 <0.7 <0.7 2 0.7 1 1,000 500 10-20 20
21,000 —— : M M M M [ 50 20,000 -—- - <100 20,000 30,000 <50 <50
300 - <10 <i0 <10 <10 <to <10 <10 — — <10 <10 <10 <10 <10
<7 —— <7 <l - <7 <7 <7 <? <7 -— -— <? 100 70 <7 <7
<7 ——— <7 <7 <7 <7 <7 <7 <7 —-— —_— <7 <7 <7 2,000-5,000 2,000
Co =——=m==——mm——e 150 100 —_— <2 <2 3 <2 2 <2 <2 _— -— 2 <2 <2 <2-2 <2
Cr ==-m= -———— o 500 -—— <1 <l <l 2 <l <l <t -— —-— 3} 2 3 1.5-2 <l
Cy ====mammme———— 500 3oo _— 1.5 i ) 2 1 30 20 -—— -—— 3 30 ! 200-700 200
Fe mommmmemm—eee H N - 300 10 30 50 50 k1] 300 - - 10 200 200 1,500-7,000 1,500
Ga me———emmemaae 5 <2 —- 7 <2 <2 <2 <2 <2 <2 - --- <2 <2 <2 200-300 300
Ge ~=mmcommmee—me <7 <7 —— <7 <7 <7 <7 <7 <7 <7 — —_ <7 <7 <7 50-30v 200
In se—=mesccoma—— <2 <2 —— <2 <2 <2 <2 <2 <2 <2 ——— -— <2 <2 <2 1-10 10
Mn ~—csessmea——e 200 100 — 20 15 <1 <l <t <1 2 -— -— <i 20 20 7-50 15
Mo cm—mmmmsccmeee 20 10 —— <2 <2 <2 <2 <2 10 5 -— -— <2 <2 <2 <2 <2
Ny wmmeememee——me 5u0 700 -— <1 1 <l <l 7 10 20 ~—- — 1 <1 <1 <l <l
[ — 50 70 -— <7 <7 <7 <7 <7 <7 <7 — m——— <7 M L 50-70 50
[ R — — 200 300 —— 200 30 <20 10,000 <20 M M -—- — <20 1,000 100 30-150 100
L et <7 <? — <1 <7 <1 <? <1 50 30 -— -— <7 <1 <l <? <«?
b P 10 50 _— 100 20 <1 <1 <t 7 20 _— -— 2 i0 30 10-15 1o
| J Q— ———— 10 50 _— <3 Q 20 <1 2,000 1,000 100 - —— L] 2 <3 <3 100
A 100 100 — <3 3 < <3 <3 20 30 — _— <3 <3 <3 <3 <3
2 mm—meev——— . 150 100 -—— 150 10 <1 300 30 <15 150 -— -— 0 15 <1is " "

Sagple |. Microprobe snalyses of 12 large pyrite framboids Ln ore samples from the Main and East ure zones; spectrographic data are on a concentrate containing sbundant framboidsl as well as cubic pyrite. Pyrite from both the

Main and East ore zonea i{s included in composite sample.

2. Microprobe snalyses of 40 subhedrsl to euhedrsl cubic pyrite grains in ore samples from the West, Main, and Esst ore zones; aspectrographic data are on a concentrate containing cubic and only mlnor aeounts of frasboidal
pyrite. Pyrite from both the Haln and East ore zones ts included In composite sample.

3. Microprobe analyses of central areas in 35 sectloned subhedrsl to euhedral cubic pyrite grains, 28 of which had suriace coatings contalning detectsble amounts of gold and sssociated elementa, from the West, Main, aud
Esst ore zones.

4. Micruprobe analyses of 15 gralus, scams, and patches of realgar in carbonacecus and araenicasl ores and In barite veins from the Main and East ore zones. Ko grains contained gold detectable by microprobe snslysis;
spectrographic data are on a compusite samples ot |0 specimens of realgar.

5. Microprobe analysem of 20 gralns, seams, and petches ot realgar i{n catbonaceous and arsenical ores from the Main and East ore zones. All gralns included in sample contained detectable amounts of gold in local sreas;
spectrographic date are on a composite sample of B specimens of realgar. \

b. Microprobe analyses ot 1B grains of orploent (n arsenical ores Erom the Main ore zone; spectrographic data ere on & cumpoglite sample of 6 specimens ot orpiment.

7. Microprohe analyses of 5 gralns of antlaony-bearing orpiment in carbonacecus and arsenical ores from the East ore zone; spectrugraphic data sre on a composite sample of ) specimens of orpimeat.

8. Microprobe analyses of 5 grains of thalltum-bearing urplment in velnlets containing reslgar, bartte, calcite, and quartz from the Esst ore zone; spectrugraphic data are on & Jarge single grain.

9. Microprobe snalyses of U gratne of stibnlte 1n siliceous and csrbunacecus vres from the East are zone; spectrographic data are on a composite sample of 10 specimens of stibnite, all of which lacked visible reslgar.

10, Microprobe analyses ot 10 gratnes of sclbnite (n araenical ores from the Matn and East ore zones; spectrographic dats are on a composite sawple of |5 specimens of atibnite containing visible vealgar.

1l. Miccoprobe analyses of B gralns of clanabar dispersed ta pycitlc, carbonaceous, and arsenical ores from the East ore zone.

12, Hicroprobe analyses of 5 graine of clanabar intergrown with arsedlc wulfide and sulfosalt minerals, trom the “garbage can™ ares in the East ore zone

13, Microprobe analyses of } gralne of carlinlte tn siliceous carbonaceous are from the East ure zone; spectrographic data are on a composite sample of several large grains.

l4. Microprobe analyses of 22 grains of galena genetically sswoclated with hydrothermal quartz (e siliceous, carhonaceous, pyritic, and arsenicsl ores from the Main and East ore gones; spectrographic dats are on & composite
sample ot 20 specimens uf galena from the East ore tone; graine larger than 0.) mm contained abundant aultosslt inclustoos.

15, Mtcroprobe analyses ot 20 yraine ot galens In barite veins frow the Maln ore zone; spectrographic dats are on a composite sample of 35 galena grains containing abundent sulfosalt tnclusions {n 6 specimeny from barite
veins {a the Maln ore¢ zone.

16. Microprobe analyses of 15 gralne of hydrothermal sphalerite tn all vre types except the normsl trom the Matn and East ore zones, and of 18 gralna of sphalerite in barite velns from the Maln ore zone; spectrogrsphic data

are on two composite samples of sphalerite from harlte velns In the Matn ore zunes.
17. Microprobe analyses of 10 gratas of hydrothermal sphalerite In carbonaceous, silfceous, and arsenical oven from the "garbage can' area in the East ore zone; spectrographic deis are on a composite sample of 10 specimens

ot sphalerite.



Table 13.--Microprobe analyses of sulfosalt minerals in unoxidized ores im the Carlin gold deposit
Ag, 0.06; As, 0.1; Cu, 0.05; Fe, 0.05; Hg, 0.08; Pb, 0.08, Sb, 0.05;

{Results in weight percent; N.D., not determined.

T1, 0.1; Zn, 0.05.

Limits of detecttion:

No other elements were detected in any of the minerals by microprobe analysis)

Mineral ==----=- Lorandite Christite Ellisice Galkhaite Jordanite Gratonite Welssbergite Tennantite Tetrahedrite Boulangerite
Sample —=—===— 1 2 3 4 5 6 7 8 9 10
§ ——mmmm e 18.8+0.2 16.6+0.2 12.3+0.1 21.5+0.5 18.740.3 18.1+0.3 16.440.1 27.6+0.5 25.2+0.4 18.8+0.5
A =—mm—— e 2l.biO.l 13.140.1 9.640.1 23.740.7 12.540.2 11.140.3 N.D. 18.840.4 1.040.2 N.D.
] N.D. N.D. N.D. «5+0.2 N.D. N.D. 31.2+40.2 .8+0.1 28.4+0.6 25.340.6
Tl === 59.540.1 35.140.4 78.240.3 3.1+0.3 5+0.1 N.D. 52.6+0.4 N.D. N.D. N.D.
Hg —-————————— N.D. 35.1+0.3 N.D. 47.0+0.8 N.D. N.D. N.D. N.D. N.D. N.D.
Ph —mmmem e N.D. N.D. N.D. N.D. 68.340.2 70.740.7 N.D. N.D. N.D. 55.140.9
Zo —m=-mmm—mme- N.D. N.D. N.D. 1.8+0.5 N.D. N.D. N.D. 3.140.4 2.5+0.3 N.D.
Fe ———=m—mmmeee N.D. N.D. N.D. +240.1 N.D. N.D. N.D. 3.5+0.3 «740.2 N.D.
Ag ——————————m- N.D. N.D. N.D. N.D. N.D. N.D. N.D. +9+0.2 .8+0.2 N.D.
Cu =—=ommmm e N.D. N.D. N.D. 2,940.3 N.D. N.D. N.D. 44.841.1 42.8+1.0 N.D.
Number of

analyses —=-- 5 8 5 5 5 7 10 12 15 8




Table l4.-~Linear correlation coefficients between gold, arsenic, mercury, and
antimony in unoxidized ores of the West, Main, and East ore zones, and for the
entire Carlin gold deposit

Element West Main East Entire
pair ore zone ore zone ore zone deposit
Au to 0.81 0.34 0.23 0.27
Au to .68 .62 .48 «55
Au to .85 .62 .19 C .12
As to .54 41 .19 ’ W27
As to .87 <47 .19 .22
Hg to Sh —=w—=m—e——- «56 +40 .00 .05

Table 15.--Stepwise discriminant analyses of gold, arsenic, mercury, and
antimony in the West, Main, and East ore zones

Percentage of total samples in reference
ore zonme closest to mean value in

Reference ore zome
’ West ore zone Main ore zone East ore zone

Step l: arsenic

West 86.49 8.11 5.4
Main - 52.68 20.0 27.14
East 38.71 20.16 41.13

Step 2: gold and arsenic

West 91.89 8.11 .0
Main 50.0 30.0 20.0
East 26462 42,74 30.64

Step 3: gold, arsenic, and antimony

West 91.89 8.11 .0
Main 47.14 31.43 21.43
East 24.19 43,53 32.26

Step 4: gold, arsenic, mercury,

and antimony

West 89.19 10.81 .0
Main 37.14 42.86 20.0
East - 28.22 37.10 34.68

Table l6.~~Linear correlation coefficients between gold, barium, copper,

ore zones, and for the entire Carlin gold deposit

Element West Main East Entire
pair ore zone ore zone ore zone deposit
Au to Ba ————m————me ~0.17 ~0.04 -0.01 ~0.06
Au to Cu ====w=-o _—— .13 .27 .15 .17
Au to Mo ——=m=—eceae- ~.15 .03 .16 .06
Au to Pb =-===e-- ——— =14 -.08 .00 -.05
Au to In —=-—memeeme— -.20 W12 .26 .20
Ba to Cu ———===w=—w- =23 ~.05 .00 -.08
Ba to Mo ~=——-—-—cw- .07 -.09 .00 .03
Ba to Pb ————————aw- .10 .01 .27 .05
Ba to Zn ==—===== ——— .28 .17 =-.02 ) .01
Cu to Mp ~=———====w- .28 .16 .17 .19
Cu to Pb =—m—mmmemem .56 - 15 .18 -.02
Cu to Zn ===mmmmmeem 240 .10 .06 .07
MO to Pb ~==mm—m—an- .09 -.14 .05 -.05
Mo to Zn -=~—----~ -— 231 .07 -.03 -.01

Pb to Zn ——==————nee .49 .11 .09 <04




Table l7.--Stepwise discriminant analyses of gold, barium, copper, molybdenum,
lead, and zinc in the West, Main, and East ore zones

Percentage of total samples in reference

ore zone closest to mean value in
Reference ore zone

West ore zone Main ore zone East ore zone

Step l: copper

West - 5705 1000 32.5
Main 23.61 33.33 43.05
East 10.77 13.85 75.38

Step 2: barium and copper

West — 60-0 10-0 30.0
Main 30.55 33.33 36.11
East 11.54 13.85 74.61

Step 3: barium, copper, and

molybdenum
West 60.0 17.5 22.5
Main 31.94 40.28 27.78
East - 13.08 26.92 60.0

Step 4: barium, copper, molybdenum,

and lead
West : 55.0 12.5 32.5
Main 30.56 bb.b4 25.0
East ' 22.31 16.15 61.54

Step 5: gold, barium, copper,

molybdenum, and lead

- West 57.5 15.0 27.5
Main 31.95 45.83 22.22
East - 16.15 20.0 63.85

- Step 6: gold, barium, copper,

molybdenum, lead, and zinc

West 60.0 ' 15.0 25.0

Main --- 30.55 47.22 22.22
East -— 16.15 20.0 63.85




Table 18.--Linear correlation coefficients between gold, boron, selenium,
tellurium, and tungsten in unoxidized ores of the West, Main, and East
ore zones, and for the entire Carlin gold deposit

Element - West Main . East Entire
pair ore zone ore zome ore zone deposit
Au to B ~—eme—ea —— 0.25 0.09 -0.06 -0.02
Au to Se ~—mmm—emew- -.15 -.13 .02 - 04
Au to Te =———mecceo= .00 ] .34 <50 .37
Au to W ——memmecee—— ~.04 .08 .02 .03
B to Se —===- ————— =12 .02 .04 .02
B to Te ===—=meco—== .00 .03 .06 .08
B to W ==—=e- ~—————— .02 -.06 .04 .01
Se to Te ===—~=m—==- .00 .08 -. 06 -.01
Se to W ===——- ———— =-.13 ~.09 .12 204
Te to W =====me=—=e- .00 -.09 -.07 -.07

Table 19.~-Stepwise discriminant analyses of gold, boron, selenium, tellurium,
and tungsten in the West, Main, and East ore :zones

Percentage of total samples in reference

ore zone closest to mean value in
Reference ore zone

West ore zone Main ore zone East ore zone

Step l: boron

West 64.1 0.0 35.9
Main - 22.22 41.67 36.11
East 20.0 26.4 53.6

Step 2: tellurium and boron

West 100.0 .0 .0
Main 50.0 18.06 31.94
East 60.8 14.4 24.8

Step 3: selenium, tellurium,

and beron
West 71.79 23.08 5.13
Main 23.61 63.89 12.5
East 23.2 " 48.0 28.8

Step 4: gold, selenium,

tellurium, and boron

West 74;36 15.38 10.26
Main 22,22 65.28 12.5
East : 28.8 46.4 24.8

Step 5: tunmgsten, gold,
selenium, tellurium, and boron
West o 74.36 15.38 10.26
Main 25.0 62.5 12.5
East 32.0 41.6 26.4




Table 20.-=Chemical and spectrographic analvses of heavily silicified carbonate rocks in the Carlin
gold deposit

{Rapid rock analyses (Shapiro and Brannock, 1962) in weight percent; N.A., not anslyzed. Analyata:
L. Artis, S. Botts, and B. P. Fabbi. Spectrographic analyses io parts per million. Results are
identified by geometric brackets whose boundaries sre 1.2, 0.83, 0.56, 0.38, 0.26, 0.18, 0.12, gad so
on, but are reported arbitrarily as the sidpoints of these brackets: 1.0, 0.7, 0.5, 0.3, 0.2, 0.15,
G.1, and so on. The precision of a given value 18 approximately plus or minus one bracket at the 78~
percent, Oof two brackets at the 95-percent, confideace level. The following elements were below
limits of detection in all samples (in ppo as indicsted): Bi (7), €& (7), Ce (70), Ge (7), Hf (50),
La (30), Li (100), Nb (7), Pd (1), Pt (10), Re (15), 5o (7), Ta (50), Te (300}, Th (150), T1 (3), U
(150), W (20). Analyst: Chris Heropoulos)

Sample ===w==—= i 2 3 L} 5 5 7 8

Rapid rock analyses

§iGy mmmm=m—= 93.7 88.1 89.2 B8B.4 79.4 93.3 88.3 91.0
2.0 5.3 4.2 5.5 7.0 2.8 5.4 3.4
.87 1.4 2.6 1.7 3.7 1.7 1.6 .65
.12 12 Q4 .08 .08 16 2 .08
.07 80 ° .43 .52 .00 .01 %2 .27
.36 .30 .28 34 24 .22 .26 .19
546 .02 .02 .02 .06 .05 03 .03
.00 .00 . .00 .00 .00 .00 .00 .00
.00 .00 .00 .00 .00 .00 .00 .00
. .30 le4 1.0 1.3 1.3 47 1.3 .95
110, =mmmm——ms .00 .20 .16 .22 3 .21 .20 .23
I .10 .02 04 .04 .26 .16 .04 .07
K20(-) —=-mmmm .15 %7 .70 .27 .18 .13 .33 .35
H,0(+) = .95 1.2 1.0 1.6 1.7 1.3 1.4 1.3
€Uy —mmmmm .02 .02 .02 .02 .02 .02 .03 .03
s (total)!* -- .26 .01 .01 .01 6.18% .53 .00 1.50
¢ (organic) == N.A. N.A. .28 .35 43 N.A. N.A. 40
Total =~ 99.4 99.2 99.8 100.4 100.9 101.1 99.4 100.5

#calculaced as 50; due to presence of jarosite in sample.

Spectrographic analyses

A8 - 1 1 1 1.5 0.7 0.7 0.7 1.5
as! 100 280 370 235 260 400 185 40
Av? comammmmen <.03 .15 .03 <.03 .6 2.5 .6 4.5
B mmm————— 20 50 30 70 <1 7 30 30
pal - —-~ 4,900 165 205 172 510 405 255 20
Be =m———wema—s <} 1.5 1.5 1.5 <l 1.5 <l <l
Co mmmmmm——— <2 2 3 s < 5 3 <2
Cr —eemm———n 10 30 20 30 100 20 30 50
Cu wmemmmm——— 20 30 20 30 7 100 30 10
Ga mm—————m— <2 7 3 10 10 3 10 3
fg3 emammmm 3 .04 14 7 13 10 11 28
[ <2 <2 < < <2 <2 < <2
Ao - 3 15 10 50 2 7 500 10
Mo smmmmmm e <« <2 <2 < 15 20 7 <
T 10 20 30 30 10 30 20 5
[T <7 10 15 0 30 10 20 <2
R . 55 330 435 365 930 500 245 540
¢ mm———— <l H <l 5 7 3 5 <l
51 —eremmemmnn 30 10 10 10 200 50 15 50
TL mmm—eee—ee 200 1,500 1,000 1,500 3,000 2,000 1,500 2,000
V cmmesmmmne 50 500 300 700 200 150 700 100
¥ e 15 10 0 30 15 15 15 10
¥b emrmermmmnn 1 2 3 -3 2 1.5 3 1.5
20} —————— 15 93 161 120 52 66 145 28
2 -- 10 70 .10 50 150 150 50 200

Ssmple 1. Composite sample from several hand specimens of massive craggy lesses and seams of black
hydrothermal s{lica. Locacion: uwine coordinates 22,100 N., 19,450 E.; 6560 bench, south
wall, Main pit.

2. Composite sample from several hand specimens of greeo—gray jaspercid. Location: mine
cootdinates 21,910 N., 15,835 E.; 6580 bench, 4.5 m below surface, south wall, West pit.

3. Composite sample from 10 small chips of reddish-brown jasperoid in which original bedding
laminations were visible. Location: mine coordinates 21,890 N., 15,910 E.; 6540 bench,
south wall, West pit.

4. Composite sawple from 8 to 12 small chips of dark-gray~black dense massive jasperoid inm
wvhich origioal bedding laminations were not visible. Location: ®mine coordinates
21,885 N., 15,915 E.; 6540 bench, south wall, West pit.

5. Composite sample from several hand specimens of dense fine-grained moderate-red and
woderate~reddish=orange Jasperoid in which original bedding laminations snd graptolite
forms were visible. Locatfon: wine coordinates 21,430 N., 17,630 E.; 6460 bench,
sourhwest wall, Main pit.

6. Haod specimen of greenish-brown and dark-gray jasperoid in which original bedding
laminations vere visible. Location: aine coordinates 21,410 K., 17,532 E.; 6460 bench,
southwest wall, Mailn pit.

7. Hand specimen of dense fine-grained moderate—red jasperoid {n which original bedding
laminations vere visible. Location: mine coordinates 21,380 N., 17,045 E.; 6460 bench,
southwest wall, Maino pit.

8, Hand specimes of massive dense dark-gray-black vuggy jasperoid breccia. Coarse grains of
stibnite and weisabergite, which occur in open space in the breccia, were omirted from
the pamples snalyzed. Location: mine coordinates 23,850 N., 22,700 E.; 6350 bench, East
pit.

lX-ray fluorescence analysis.
Fire-aseay and atomic-absorption analyses.
Leico mercury-vapor analysis.



Table 2l.~=Chenmical and spectrographic analyses of unleached and acid-leached oxidized ores in the Carlin gold deposit
{Rapid rock analyses (Shapiro snd Brannock, 1962) in weight percent., Analysts: L. Artis, 5. Botts, H. N. Elsheimer, B.
P. Fabbi, and L. Mei. Spectrographic analyses in parts per million; N.A., not analyzed. Results are fdentified by
geometric brackets whose boundaries are (.2, 0.83, 0.56, 0.38, 0.26, 0.18, 0.12, and so on, but are reported arbitrarily
as the midpointa of theee brackets: 1.0, 0.7, 0.5, 0.3, 0.2, 0.15, 0.1, and mo on. The precision of a given value 18
approximately plus or minus one bracket at the 78-percent, or two brackets at the 95-percent, confidence level. The
following elements were below limits of detection in all samples (in ppwm as indicated): Ag (0.7), Be (1), B1L (7), Cd
(7), Ge (7), Hf (SO), In (2), L1 (100), Pd (1), Pt (10), Re (15), Sa (7), Ta (50), Te (300), Th (150}, U (150).
Analyst: Chris Heropoulos) ’

Unleached Weakly acid leached Moderstely acid leached Intensely scid leached

Sample ==———~ee=ee 1 2 3 4 S & 1 8

Rapid rock analyses

$10, mmmemmmemme 34.9 30.7 50.9 55.1 62.5 62.0 82.5 72.6
ALy, - — 6.7 5.7 5.5 10.2 8.6 9.0 9.0 10.0
Feg0y mammmmmmees 2.1 1.6 2.0 2.7 2.5 2.9 .52 6.6
Fe0 ~————emm—n .16 .76 .12 .16 .16 .14 .20 .16
MO —=mmmmmmmmmm 6.7 9.3 4.9 5.9 5.3 4.9 . 1.0 1.2
[T 20.8 21.4 15.6 7.6 5.9 6.0 .03 1.0
Ba0! e .04 .02 .02 .04 .03 .02 .06 .04
TP S .00 04 .03 00 . .00 .00 .00 . .00
Nay0 wwmm——mmmee .00 .49 .20 .00 .00 .02 .06 .05
Ky0 mmmmmmmmmeee 1.7 1.6 1.3 2.6 2.3 2.8 2.4 3.1
T10, mmmmmmmm e .37 .23 .23 .46 %2 o .39 40
Pj0g ——mmmemem—m= .16 .07 .12 .29 .21 .10 .10 .18
HyO(=) =mmmmmm—- .65 .19 .24 .72 .87 .67 .59 .95
HyO(4) mem—m—n 1.4 1.2 1.4 2.2 2.0 2.3 2.3 3.1
co, - — 23.4 6.7 - 16.9 11.3 8.4 8.7 .02 .03
5 (cotal) 't —mee .02 .67 .50 .03 .05 .13 .08 1.25
C (organic) =——— 01 .14 224 .11 .18 .15 .06 .07
Y JCUUR—— .07 .01 .15 .06 .09 .15 .02 .16

Total «=———— 99.3 100.6 100.4 99.5 99.5 100.4 99.3 100.7
*Analyses 3-8 calculated as S03. .

Spectrographic analyses

As! e 740 148 1,450 640 860 1,470 220 1,580
Au? e 9 5 50 30 16 75 23 100
e 70 70 70 50 70 200 70 50
Ba w—m———mmmeam—= 200 170 180 400 285 150 430 380
[ ——— S 1] <70 <70 <70 150 150 <70 <70
€O =————memmmmme <2 3 3 10 5 10 3 2
Cr =—mmmem——— 70 50 50 100 70 100 70 70
Cu —memmmme e 10 15 20 30 30 70 15 50
Ca ~~eemmm e 15 7 10 10 20 20 15 15
Hg? —— 14 12 110 65 40 180 60 200
La =m——meemmamme 50 50 70 <30 50 30 30 50
L —— 150 100 150 150 100 100 15 15
Mo memmeem e 3 <2 5 <2 7 7 ) 3 10
Nb =~ o <7 <7 ) <7 <7 <7 15 - <7 10
Nl = 15 30 20 50 50 100 7 20
Pb =meememmmmmee <7 <7 15 < 15 15 . 15 30
[TL T [PV <40 129 <40 182 135 <40 800
S¢ =mmmamm——————— 15 10 15 10 7 7 7 20
Sr ——mememea——eme 500 500 100 70 100 150 100 100
T{ mmee——memmeme 3,000 1,500 1,500 1,000 1,000 5,000 3,000 3,000
TL - —— 100 <3 50 5 70 .30 10 50
V e e e e e 70 50 50 150 100 200 100 300
e e e <20 20 30 <20 N.A. N.A. 20 <20
b4 ————— 130 20 30 10 20 20 15 20
Yo - 3 2 3 2 3 3 2 3
2ol ————e 6 .25 163 68 66 280 14 220
2y m=meemma———ee 150 100 200 150 200 300 v 200 200

Sample 1. Hand specimen of masssive greenish-tan average-grade ore. Location: 6320 bench, East ore rone.
2. Hand specimen of thin-bedded light- to med{um-gray low-grade ore. Location: 6300 bench, Main cre zone.
3. Hand specimen of blocky yellowish-tan high-grade ore. Location: 6340 bench, Main ore zone.
4. Hand specimen of masaive blocky reddish-tan high-grade ore. Location: 6460 bench, West ore zone.
S. Hand specimen of massive tan moderate-grade ore coantaining gray zomes rich in remnant orgasic carbosn.
Location: 6380 bench, Eaat ore zome.
6. Hand specimen of blocky tan and gray "zebra striped” high—grade ore. Llocation: 6360 bench, Main ore zome.
7. Hand specimen of thin-bedded light-gray moderate-grade ore. Location: 6320 bench, East ore zome.
8. Hand specimen of massive light-yellowish-brown and gray "zebra striped" high-grade ore. Locstion: 6320
bench, Main ore zone.
X-ray fluorescence analysis.
Pire-assay and atomic-absorption analyees.
ico mercury-vapor analysis.
‘Colorimtric analyais.

1
2



Table 22.--Temperature and salinity of fluid inclusions in quartz, barite, calcite, realgar, and sphalerite in the

Carlin gold deposit
[n.d., not determined; n.m., not measurable]

Stage in Inclusion  Number of Filling temperature (°C Salinity
Sample Mineral paragenesis type inclusions Range Average (equiv.wr pct NaCl)
analyzed Range Average
Gt Quartz Main 2 I 25 164-211 185 2.8~4.6 3.740.4
g-2 Quartz Main or late 2 I 36 152-214 179 2.7-4.1 3.640.4
Q-A Quartz Late 2 or early 3 I 21 204-295 223 3.0-4.3 4.0¢0.2
II 20 248->350 310 <l.0 1.0
111 3 n.d. — n.d. —
6990-J Calcite Main or late 2 I 23 170-218 193 ~2.0=4.0 3.0
Do. Realgar Main or late 2 I 14 ~180-~210 205 n.d. -—
5630-J Quartz 3 I 9 ~185=~235 225 ~b,0-~10.1 7.5+0.5
(jasperoid) 11 >30 n.m. — n.m. -—
Do. Quartz 3 I 18 198-249 230 5.8-9.3 7.540.4
I1 16 216-306 328 <l.0 1.0
111 present n.d. — n.d. -
51-J Quartz ’ 3 I 20 245-306 281 12.0-15.1 13.5+0.4
II 10 285-320 311 <l.0-1.5 1.0
Do. Barite 3 I 29 192-298 268 1l.3-17.4 15.1#0.4
II 12 235=342 290 n.d. —
Do. Realgar 3 1 21 ~200->210 210 n.d. ———
3512-M Quartz 3 I 26 218-298 283 8.9-13.7 10.640.5
- I1 15 252-330 297 n.d. —_-
Do. Sphalerite 3 I 23 266~308 290 9.8-16.2 13.5+0.4
Do. Barite ’ 3 1 27 232-290 270 9.7-16.1 12.6+0.4
11 20 260~340 326 n.d. -
5109-J Quarcz 3 I 20 225-281 268 10.5=15.6 13.430.6
11 16 256-333 294 <1.0-2.0 1.0
I11 2 . n.d. - n.d. —
Do. Barite 3 I 10 216-263 240 10.3~16.7 13.440.4
I 12 315-338 325 10.3-16.7 13.440.4
I 13 279-365 330 <1.0-1.5 1.0
6967-L Quartz 3 I 12 248-270 261 9.4=14.6 12.8+0.4
1 9 190-217 209 7.1-13.2 11.0+0.4
I1 7 198-305 270 <1.0 1.0
Do. Barite 3 1 : 15 224-278 249 n.d. -—
II 12 229-304 273 <l.0 1.0
35004a-M Quartz 4 I 15 <70 70 0.0-1.1 1.0
73-J Calcite A I 28 . <70-110 80 "0.0-2.3 1.5
1Q-—l Quartz veinlets ip fractures in deep mineralized unoxidized carbonaceous dolomitic carbonate rock. Quartz contains
dispersed hydrocarbons, and pyrite coated with gold, arsenic, antimony, and mercury. Locatiom: mine coordinates
23,000 N., 19,900 E.; elev. 6,360.
Q-2 Quartz veinlets along margin and crosscutting igneous dike at base of oxidized zone. Quartz contains minor partially
oxidized pyrite, and iron oxides contain gold and assoclated elewments. Location: mine coordinates 23,100 N.,
20,250 E.; elev. 6,400,
Q-A Quartz veinlets along margin of igneous dike and in heavily silicified carbonate rock in zonme of acid leaching; quartz
contains frankdicksonite and pyrite. Location: mine coordinates 23,800 N., 20,750 E.; elev. 6,325.
6990-J  Realgar in calcite veinlets and along fractures in unoxidized carbonaceous dolomitic carbonate rock below oxidized
zone. Location: mine coordinates 22,700 N., 19,000 E.; elev. 6,220.
5630-J Quartz veinlets intergrown with jasperoid in surface outcrops. Location: mine coordinates 21,910 N., 15,575 E.; elev.
6,650.
31-3 Barite seams contalning patches of quartz and realgar along fractures in remnant pod of unoxidized carbonaceous
carbonate rock near base of acid-leached zone. Location: mine coordinates 22,510 N,, 18,400 E.; elev. 6,400,
3512-M Barite vein containing dispersed grains of sphalerite and seams of quartz in center of acid-leached zome. Location:
mine coordinates 22,700 N., 18,860 E.; elev. 6,580.
5109-J  Barite seams contalning dispersed grains of galena and seams of quartz in center of acid-leached zone. Location: mine
coordinates 22,550 N., 18,380 E.; elev. 6,360.
6967-L  Barite and quartz interlocked in veins near top of acid-leached zonme. Location: mine ccordinates 22,300 N., 15,450 E.;
elev. 6,430.
3500a-M Quartz patches along fractures in shallow mineralized unleached oxidized carbomate rock. Location: mine coordinates
22,100 N., 18,150 E.; elev. 6,460.
73-J Calcite vein filling fracture in weakly oxidized near-surface carbonate rock above acid-leached zone. Location: mine
2 coordinates 22,380 N., 18,450 E.; elev. 6,610.
Stage 1, weak deuteric alteration; stage 2, hydrothermal mineralizationm; stage 3, acid-leaching oxidation; stage 4, supergene

oxidation and weathering.



Table 23.~~§D values of water in fluid inclusions in vein minerals and in hydrous minerals from dikes

TAIT 3D values relative to standard mean ocean water (SMOW))

~ Location Elevation ) 8§D
Sample Mineral Ore zone (mipe coordinates) (ft) (permil)

Fluid inclusions

38-J Barite Main 21,605 N., 18,650 E. 6,610 =140
114=J do. West 22,045 N., 15,815 E. 6,530 =149
6967-J do. do. 22,300 N., 15,450 E. 6,430 -139
5630-JA Quartz do. 22,870 N., 15,500 E. 6,660 -153
Q-1 do. East 23,000 N., 19,900 E. 6,360 -153
73-2 Calcite Main 22,780 N., 18,850 E. 6,610 =142
3501-J do. West 22,225 N., 15,800 E. 6,400 =143

Hydrothermally altered dikes

23-J Whole rock Main 21,765 N., 18,495 E. 6,505 -160
(sericite/kaolinite=1:3)
5120-J Whole rock West 22,195 N., 15,665 E. 6,410 =145

(sericite/kaolinite=2:1)

lRelative to SMOW

18

Table 24.--3° "0 and 13C values of calcite and dolomite in unaltered rocks of the Roberts Mountains Formation

(A1l 8180 values relative to standard mean, ocean wat?FDé§¥OW), all 813c values relative to pee dee

1880178
Calcite Dolomite
Facles Calcite/ o,

Sample  type Location 818y $13¢ §18, . al3 dolomite (veight

(permil) (permil) (permil) (permil) ratio percent)
DSromel I 1-1/2 km SE. of deposit 21.2 0.4 22.5 0.2 1.3 29.9
DSrm-3 I 1 km SE. of deposit 22.5 .6 23.0 .3 .8 30.5
DSrm=lA II 1-1/2 km SE. of deposit 18.6 N 24,1 b 16.8 34.3
DSrm-4 11 3/4 ¥m W. of deposit 12.6 -l -— - Very large 36.5
5607=Ja 11 Main pit 16.3 .8 -— - Very large 40.6

lType I, laminated argillaceous—arenaceous dolomite; type II, laminated arenaceous peloidal wackestone.

180 and 3130 values of calcite and dolomite in unmiveralized progressively acid leached oxidized rocks of the

Roberts Mountains Formation (DSrm) and the Popovich Formation (Dp)

Table 25.—3" %0

[Al1 8180 values relative to standard mean ocean water (SMOW); all SIJC values telative to pee dee belemnite (PDB}]
Sample
distance
Sample from Description Calcite Dolomite Calcite/ co,
fault s 18 s 43¢ s 18 s L3¢ dolomite (veight
(m) (permil} (permil) (permilf (permil) ratio (percent)
5607-Ja 30 Unaltered type Il facies DSrm’ 16.3 0.8 -— - 50.6 40.6
6979~La 27 Slightly altered type 11 facies DSrm1 15.7 -.6 - - 55.9 ©38.4
5607-Jc 18 Weakly altered type II facies DSrm! 13.9 | -9 - - 17.9 35.3
5607-Jd 12 Moderately altered type I facies DSra! 12.7 -1.9 -3 -3 2.1 23.5
6979-Lb 6 Strongly altered type I facies psro! 13.4 -1.7 25.2 -4 1.4 14.1
5608-Jb 3 Very strongly altered, probably type I -- - S 24.3 -.5 a 9.5
facies DSz-m1
5608~Ja 0 Intensely acid leached and oxidized DSrm1 - -~ - - - .03
6968-L1 3 Unaltered Dp? 18.3 .1 25.9 .3 1.6 33.3
6968-L2 0 Slightly altered Dp? 18.5 .3 26.0 .1 1.3 31.4

1Sample suite from 6,300 bench in Main pit.
2Sample suite from 6,400 bench in West pit.
3Lost. N



Table 26.--3'80 values in cihert, jasperoid, quartz velnlets, and barite velns
[USrm, Roberts Mountalns Formation; see table 22 for fdentification of stages]

18 Calculated SIBO of depositing flutdsl (permil)
Sample vre zone (mne"ggﬁié‘ffmes) El?\[ltzglon Pescription (perlonil) 1759 200°¢ 225% 250°¢ 275°¢
Chert

S6ll-J Main 21,850 N., 17,450 E. 6,325 Black chert seam in moderately acid leached DSrm 25.2 — —— —— —— ——

35324 do. 22,050 N., 17,750 E. 6,330 Black chert seam in intensely acid leached DSrm 25.1 —_— _— ~— ' aea —_—

5608-J do. 21,650 N., 17,650 £. 6,340 Black chert seam in weakly aclid leached DSrm 24.0 — — -— -— _—

Jasgperold

5630-J West 21,910 N., 15,575 E. 6,650 Dense black jasperoid with quartz veinlets in surface 16.5 1.4 3.3 4.9 — _—
outcrop (gee below).

58~3 do. 21,950 K., 15,995 E. 6,570 Dense dark-gray jasperoid ' 13.0 =2.1 -.2 1.4 ——— -—

6964-Lb do. 21,980 N., 16,025 E. 6,430 Silicifted limestone with visible remnant bedding; 13.3 -1.8 -.1 1.7 — —_—
9 m from fault.

6964-Lc do. 21,975 N., 16,035 E. 6,430 Heavily silicified limestone with faint remnant bedding; 14.6 -.5 1.4 3.0 -~ —
4.5 o from fault,

6964-Ld do. 21,970 N., 16,045 E. 6,430 Magsive jasperoid; 1.5 m from fault 14.9 -.2 1.7 3.3 — -—

11-J Main 21,655 N., 18,540 E. 6,545 Brown jasperoid 18.1 3.7 4.9 6.5 - —-

5136-J do. 21,380 N., 17,045 E. 6,465 Red jasperoild 13.8 -1.3 .6 2.2 —-— -—

AR-J2 do. 22,195 N., 18,395 E. 6,360 Gray-black jasperoid 16.2 1.1 3.0 4.6 -— -—

AR-13 do. 22,225 N., 19,180 E. 6,510 do. 16.6 1.5 3.4 5.0 ——— -—

35261 East 23,050 N., 22,000 E. 6,420 Jasperoid containing minor gold and coarse-grained stibnite 9.3 ~5.8 -3.9 ~2.3 -— —

6952-Lb14 do. 24,075 N., 21,000 E. &,320 -Jasperoid with high gold content (siliceous ore) 15.8 -7 2.6 4.2 —— ——

\ Quartz veinlets

Q-1 fast 23,000 N., 19,900 E. 6,360 Quartz veinlets containing hydrocarbons, pyrite, gold, and 19.1 4.0 5.9 _— -—- -—
associated elements (main stage 2).2

Q-2 do. 23,100 N., 20,250 E. 6,400 Quartz veinlets containing partially oxidized pyrite, gold, 18.5 3.4 5.3 —_— - -—
and associated elements (main or late stage 2).2

X1 Main 22,270 K., 18,350 E. 6,340 Quartz veinlet containing minor sulfidee (stage 2) 2 18.1 3.0 4.9 _— —-— —

Q-A East 23,800 N., 20,750 E. 6,325 Quartz veinlets containing pyrite, fluorite, frankdicksonite, 21.8 —— 8.6 10.2 1.5 -—

. and gold (late stage 2 or early stage 1.2

5630-9 West 21,910 N., 15,575 E. 6,650 Quartz veinlets cutting jasperoid in surface outcrop (see 20.5 - 7.3 8.9 10.2 ——
above) (stage 3.2

35-9 Main 21,905 N., 18,455 E. 6,430 Quartz with barite vein (stage 3)2 19.5 — 6.3 7.9 9.2 10.3

109-J do. 22,290 N., 18,600 ﬁ. 6,505 Quartz veinlet cutting(?) barite vein (see below) (atage 3)2 18.6 — -— 7.0 8.4 9.4

51-J do. 22,510 N., 18,400 E. 6,400 Quartz patches containing realgar in barite vein 20.4 -— - —_—— 10.1 11.2

3512-m do. 22,700 N., 18,860 E. 6,580 Quartz seams in barite vein 18.8 -— -— 7.2 8.7 9.6

6967-L West 22,300 N., 15,450 E. 6,430 Quartz interlocked with barite in vein 19.5 -— 6.3 7.9 9.2 10.3

Barite veins

38-J Main 21,605 N., 18,650 E. 6.610 Barite vein lacking sulfides 9.6 — -— — 5.4 6.4

109-J do. 22,290 N., 18,600 E. 6,505 Barite vein contalning quartz (see above) . 12.0 -— —— -— 7.8 8.8

35124 do. 22,700 N., 18,860 F. 6,580 Barite veln containing sphalerite 14.2 —_— -~ — 10.0 11.0

5632-J do. 22,520 N., 18,260 E. 6,300 Barite vein containing galena 12.2 ——— -— -——— 8.0 9.0

lcalculated from curves of Taylor (1974) and Kusakabe and Robinson (1977), and from probable depositional temperatures. Use of the curve of Clayton, 0’Neil, and Mayeda
(1972) for quartz-water fractionattons results iu 8'80“20 values about | permil larger, whereas use of extrapolated curve of Bottinga and Javoy (2973) results in 818°u20
values about 1 permil smaller.

2See table 22.



Table 27.-—6180 and 613¢ values of calcite and dolomite jin, and chemical data on samples from a drill hole through,

mineralized rocks of the Roberts Mountains Formation (DSrm) and the Popovich Formation (Dp) in the East ore zome

[Samples taken from rotary-drill hole

Tr., trace]

P-8 at mine coordinates 24,018 N., 20,233 E.; all DSrm samples are of argillaceous-
arenaceous dolomite (type I facies).

Deptn 18 CQICIte13 labolomicel3 Calcite/dolomite co S10 Al ,0 Au
§18 §13¢ §1% sl 2 2 273

(m) Description (permil) (permil) (peratl) (permil) mole ratio (weight percent) (tr oz/t)
46-49 Oxidized Dp 14.8 -0.8 24.8 0.2 2.8 23.4 33.8 6.6 Tr.
134~136 Unoxidized DSrm 13.9 -2 20.9 1.13 2.8 27.9 23.3 6.5 .08
152-154 —=d0 == 18.0 -1.3 24.5 -.1 l.1 35.6 © 17.5 1.8 0!
174~178 ==dg.== 16.9 -.3 23.5 N W12 22.6 31.5 8.8 Tr.
186~189% -—g0em= - - 21.5 .1 «15 25.6 33.4 3.3 .04
210-213 ==do.== 15.8 -6 -— - 23 12.3 57.4 6.2 48
264268 —=dO ., - - 19.4 o4 .38 3.5 72.3 5.9 .01

Table 28.--6'% and 813¢ values of calcite and dolomite from across interfaces between oxidized/unoxidized an

Calcite Dolomite Calcite/ co,
Elevation 18 13 18 13
Sample (fr) Description* §*%0 §*-¢c §*%0 §49¢C dolomite (weight
(permil) (permil) (permil) (permil) ratio percent)
3504=M 6,340 Acid-leached oxidized - - 24.0 0.3 o] 16.0
type I facies gold ore.
3505=M 6,300 Unleached weakly oxidized 15.4 o2 22.1 .3 1.5 26.0
type I facies gold ore.
3506-4 6,280 Unoxidized type 1 facies 16.3 .9 23.0 .1 1.0 26.0
gold ore.
*Location: Mine coordinates 22,500 N., 18,350 E.
18

Table 29.-=8

0 and 513C values of calcite veins in the Roberts Mountains Formation (DSrm) and the Popovich Formation (Dp)
Aand o L values ol A0 228 Zand the ropovich formation

[All &*°0 values relative to standard mean ocean water (SMOW); all C values relative to pee dee belemnite (PDB)]

‘ Sample Ore zone Location Elevarion Description 5180 st
(mine coordinates) (ft) (permil) (permil)
5116=J West 22,230 N., 15,79b E. 6,460 In altered oxidized ore 10.6 -0.4
3501-M do. 22,225 N., 15,800 E. 6,400 Massive vein near DSrm-Dp contact 13.3 -.6
73-J Main 22,780 N., 18,850 E. 6,610 Vein in Dp 2.5 b

AR-C3a do. 21,575 N., 16,925 E. 6,320 Small crystals in vug in oxidized ore 5.9 0
6979-La do. 22,105 N., 17,910 E. 6,300 In fracture in oxidized rocks below acid-leached zome 14.8 -.2
6990-J do. 22,700 N., 19,000 E. 6,220 In fracture in unoxidized ore 12.3 -6.2
AR=Céa East 23,250 N., 20,200 E. ~6,600 In surface outcrop of Dp 22.9 -1.0




Table 30.--3365 values and isotopic temperatures of diagenetic pyrite, hydrothermal sulfide

minerals, and barite

Sample Ore zone Location ~ Elevation §34g Qpermil)l T 2 T3
(mine coordinates) (ft) Barite Sulfide minerals °cy (°c)
114-J West 22,045 N., 15,815 E. 6,530 29.0 -— S —
6960-L do. 22,210 N., 16,790 E. 6,505 30.4 —— ——— -
5632-J Main 22,520 N., 18,260 E. 6,300 29.8 6.5 (galena) 300 284
51-J Main 22,510 N., 18,400 E. 6,400 30.3 15.2 (realgar) - e
5109~J do. 22,550 N., 18,380 E. 6,360 31.4 5.1 (galena) 270 251
3512-M do. 22,700 N., 18,860 E. 6,580 31.2 10.1 (sphalerite) 300 285
5633-J do. 22,410 N., 18,260 E. 6,260 31.7 10.7 (sphalerite) 305 288
35-J do. 21,905 N., 18,455 E. 6,430 30.6 -——— ——— -
38-J do. 21,605 N., 18,650 E. 6,610 29.1 -— —— m=-
109-J do. 22,250 N., 18,600 E. 6,505 27.8 -—- ——— ---
3526-N East 23,050 N., 20,000 E. 6,420 — 8.7 (stibnite) ——— ===
6955~-Le Main 22,440 N., 18,300 E. 6,300 —~—— 4.2 (pyrite in ore) -—— ———
6956=Lb East 23,200 N., 20,600 E. 6,360 — 16.1 (pyrite in ore) -— -—
3523-M do. 23,880 N., 20,650 E. 6,300 -— 9.7 (pyrite in —— ===
mineralized dikes)
Q-A do. 23,800 N., 20,750 E. 6,325 —— 15.4 (pyrite in —— ==
quartz veinlet)
DSrm-1 -— 1-1/2 km SE. of deposit === -— 11.7 (diagenetic ——— w=-
pyrite)
DSrm-2 —_— 5 km NW. of deposit -— — 14.3 (diagenetic -—— ===
pyrite)

lRelative to Cafion Diablo troilite.

Zcalculated from Ohmoto and Rye (1979).

3Calculated from experimental value of 20.0 permil for A3“S (63assulfate_53éssulfide) in aqueous

solution at 300°C and

Table 3l.--Amounts of solution required to transport selected ore components within the

100 MPa

(Sakai and Dickson, 1978).

Carlin gold deposit

Average content

Total amount

Solubility difference

Amount of transport

introduced in deposit between 200° and 350°C fluid required
(ppm) (t) (ppm) (billion t)

§10) =mmmmmmmmmn 132,000 2 million 1700 2.9

FeS, =mmmmmmmmmm 15,000 225,000 2300 .8

Ba (in ore) =—--- 300 4,500 3 .7

P — 25 380 4,50 .8

T 7 100 5.10 1.0
Average —-————- 1.2

Ba (in veins) == _—— 150,000 -— 20

Al (in ore) ---- 19,000 300, 000 6250 20

lQuartz solubilities of Kennedy (1950).
Zpyrite solubilities of J. J. Rytuba and F. W. Dickson (unpub. data, 1974).

3
4

Barite solubilities of Blount (1977).
Cinnabar solubilities of Dickson and Tunell (1968).

5Gold solubilities of Seward (1973) and J. J. Rytuba and F. W. Dickson (unpub. data, 1974).

fCalculated on basis of average awount of transport fluid (1.2 billion t).



