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E / i pear the top of the formation, underlying ‘
A ] Devonian limestones. 3 T
ﬁfz orlin | _Two sequences of mineralization are recog- - lishe
. T Mine / 1 nized: (1) an -earlier base metal-barite assem- Exp]
Bl | blage related to early Cretaceous .intrusives esp (
‘ (121 %5 my;), and.(2) :a Jater low tempera- {he?l
: ture. Au-As-Hg-Sb assemblage of near surface - the -
emplacement. - The™ earlier ‘sequence ~consisting C ori
of sparse galena -and: sphalerite -in: barite rwith-. & ton.”
apomalous - amounts of zinc;-lead,-nickelzand. tion:
copper; associated - with .dikes of .dacific compos:.: T of»I:
sition, is of little economic importance. The D. -
- Jater sequenge of gold, realgar, cinnabar, and Lz;b;
stibnite associated with extensive silicification Hell
and argillic alteration of limestone beds, has W
resulted in important deposits of gold. Bett
Argillic alteration of hydrothermally leached Har
carbonate strata has provided the environment q; wh
in which the most prominént gold deposition ; tion
took place. Carbonate minerals in the lime- - F
stone host rock have been replaced by micro- by .
crystalline quartz and chalcedony. to form . ] Lar
stratiform silica masses and recrystallized : an aJ‘
lenses of euhedral quartz. Zones of porous . - v
ABSTRACT silicification are light gray to white, elliptical i C;o
in shape, and more of less follow bedding. - oy
Fine colloidal gold near Carlin, Nevada is Silicification is bordered by argillic alteration =~ L.}
disseminated in leached carbonate strata of and pyritization. Deposition of gold usually - se'cl
the Roberts Mountains Formation in the Lynn - .lies in a zonal patiern that encircles chimney tha;
“window” of the Roberts Mountains thrust areas of silicification. -~ T |
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Ore textures, mineral assemblages, and alter-
ation criteria in the Carlin ore body all_favor
late_stage “epithermal mineralization. Gold in-
troduction is attributed to late hydrothermal
solutions rising along elliptical conduits con-
trolled by permeability of select horizons in the
Roberts Mountains Formation. Precipitation
of gold has occurred mostly, in illitic clays,
organic matter, pyrite, and microcrystalline
quartz.

INTRODUCTION

Location

The Carlin mine is located in north central
Nevada, in the Lynn Mining District, in north-
eastern Eureka County, 40 miles northwest
of Elko and 20 miles north of Carlin, (Figure
1). Near-surface ore is being mined from an
open pit at an elevation of about 6300 feet
above sea level in the Tuscarora Mountains.

Gold occurs inSilurian rocks along the eastern -

edge of the Lynn Window of the Roberts
Mountain thrust fault. The host rock belongs
to the eastern assemblage in the lower plate
group of the Silurian Roberts Mountains For-
mation (Roberts, ef al. 1958).
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Techniques

X-ray diffraction analyses were performed
on a General Electric Diffraction Unit, Model
XRD-5, using a wide range goniometer and
Ni filtered copper Ke radiation (A = 1.5418).

Identification of clay minerals was facilitated
by the use of sedimented slides. X-ray diffrac-
tion patterns were compared from: (1) un-
treated samples; (2) glycolated samples; and
(3) heated samples taken to 550°C for one -

hour,.in accordance with procedures outlined - -
‘by Molloy and Kerr (25).. .. ’

Emission spectographic analyses were ob-
tained from the American Spectrographic labo-
ratories in San Francisco, and from direct use
of the Baird spectrograph at Columbia Univer-
sity. X-ray fluorescence analyses. were _per-

- formed -.semiquantitatively. on-.finely-ground. -
.Carlin 'samples, by, scanning: from.10° to 90°/+:"
.26, on ‘2" wide ‘range ‘goniometer, ‘utilizing 'a - - .-
~‘General-Electric:Spectrometer,' Modél: XRID4S e
Differential * thermal zanalyses--of. ‘Carlin-bre==-
“samples: ‘were-‘run- on .a-Brinkmadn-Différéhtial :-!

Thetmo-Analyzer,. Modél DDTA 1V. This in-
strument utilizes a thermocouple-amplifier-
recorder arrangement to produce a low noise,
high gain, differential thermal curve and tem-

perature tracing on a standard Honeywell chart

recorder. Gases given off by differential ther-
mal analyses of carbonaceous and pyritic sam-
ples were analyzed by their infrared spectra
using a Perkin Elmer Model 21 Infrared
Spectrophotometer. .. s

Selected hand specimens were inspected vis-
ually under "the binocular microscope. Thin

‘and polished sections were examined at higher

magnifications by means of a Zeiss Universal
Microscope with a split beam light _source.

- Gold in the Carlin ore is finely disseminated

through™ poorly consolidated .argillaceous silty -
rocks that require careful impregnation with
epoxy plastic prior to cutting, grinding, and
polishing. ~

Electron -micrographs were taken of sub-
microscopic gold from the main ore body.
Microscopic equipment included an RCA elec-

tron: - microscope, .. model - EM U-2B-r-andiva v amsisi e vomn
Siemens electron microscope. - AL .
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HISTORICAL INFORMATION

Visible gold was discovered in placer de-
posits in the Lynn district in April, 1907. This
was followed by sporadic production from
shallow surface and underground workings,
mostly from eroded upper plate rocks of the
Ordovician Vinini Formation. In lower plate
rocks in recent pit operations, visible gold has
not been observed.

The Carlin property is operated by the Car-

_lin Gold Mining Company owned by the New-

mont Mining Corporation. Exploration was
first prompted by a U.S. Geological Survey
report by R. J. Roberts (23), describing the
alignment of mining districts in north central
Nevada. Mapping and claim location were fol-

lowed by drilling in 1962, with significant gold

being found in the third drill hole. Estimated
gold reserves in early 1965 were approximately

11 million tons, averaging 0.32 ounces of gold -

petr ton (32).: .

Construction of. a cyanidation mill - was
started in June, 1964, and  gold production
commenced in April, 19635.

Mineralogic studies were initiated during the
summer of 1964 at the Newmont Research
and Development Laboratory in Danbury,

Connecticut, in support-of ‘metallurgical and -
geological. investigations rboth’ ‘at ‘Carlinand -~

Daribury. Several trips were made to the Carlin-
property in 1965 and 1966.:."

The ‘Carlin ‘pit-was large enough in the:late.:
summer of 1966 to expose -the ‘altered lower--

Paleozoic rocks that serve as a host for min-
eralization. Although megascopic gold has not
been observed in the deposit, alteration fea-
tures associated with gold content have been
inspected in the field and samples collected
for detailed laboratory study. .

White to light gray, porous, silicified circular
to clliptical chimneys, with brown pyritic
halos, have been observed near high angle pre-
ore faults and in lenses along sedimentary
beds. In general, these bleached zones are more
or_less elongate parallel to bedding, represent-
ing zones of high permeability through which
solutions apparently migrated upward. -

 GENERAL GEOLOGY :

Regional Features

~The Carlin mine is situated near the eastern
edge of the Lynn window of the Roberts
Mountains thrust fault. According to Roberts

et al. (21), thrusting is related to the Pre-

Fine Gold Occurrence at Carlin, Nevada 913

Carboniferous Antler orogeny and occurred
along a regional thrust plane that brought west-
ern eugeosynclinal clastic rocks into contact
with eastern miogeosynclinal carbonate rocks
of correlative age. Roberts presumes a single
broad continuous sheet extended over a wide
region in North Central Nevada; he has desig-
nated this as the Roberts Mountains thrust
fault. ‘

Other investigators, however, believe that
the fault is not a single thrust sheet but rather
that multiple planes of thrusting can be distin-
guished in intricate thrust slices both in the
Seetoya Mountains north of Elko (26) and
in the Torquina Range south of Cortez (30).

Nevertheless, the term, Roberts Mountains
thrust has been assigned by Roberts er al.
(21) to faults bordering the Lynn and Carlin
windows north of Carlin, Nevada, and, to
avoid extended structural analysis beyond the
scope -of this paper, the name will be retained -
in this discussion. = .

" The effect of thrust faulting as an ore con- .
trol feature at the Carlin deposit is limited,
but using the distribution of windows in the
over-thrust sheet as a guide to loci of mineral-
ization has merit. The Lynn window is typical
of other exposures .of lower-plate carbonate
rocks including the ‘Bootstrap  window to ‘the -
north::as .well -ds .the:! Catfin;:-Pinyon, -Gold -

- Acres; Cortez; J-D, "and Roberts ~Mountains -

windows to the south-(Figure.l).! .
= According :to -Roberts-:(23),* the* windows.:.
have. been-formed. a3 the ‘result- of erosion of -
upper-plate rocks near local areas of post-
thrust uplift and doming. Roberts further
points out that the principal mining districts
are located in and around eroded windows
of lower-plate carbonate rocks and that the
alignment of windows indicates zones of struc-
tural weakness along which igneous rocks and
related ore-bearing fluids have penetrated.
Windows are - aligned along zones or belts
trending to the northwest. The Carlin gold de-
posit is situated near the north end of the
Lynn-Pinyon belt, which extends from the Pin-
yon window northward through the Carlin and
Lynn windows to the Bootstrap window. The
Shoshone-Eureka belt southwest of the Lynn-
Pinyon belt trends northwestward from the
Eureka window through the J-D, Cortez, Gold
Acres, and Goat. Ridge windows toward the
Golconda and Getchell mines. Lower-plate
rocks at the north end of this belt consist of
the transitional assemblage that may be diffi-
cult to distinguish locally from upper-plate
rocks of the western assemblages. :
'A geochemical association of arsenic, mer-

e
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. ¥ t
cury, and antimony with gold has been recog- Mountains Formation . that srike northeast and !
nized at several Jocalities including Getchell, dip northwest conformably beneath Devonian

Bootstrap, Carlin, and Gold Acres in north- limestones. The stratigraphy of the district
central Nevada (Erickson et al. 24,29,37). is discussed in the following section, hecaded

Anomalous association of arsenic, antimony, «gedimentary Rocks,” and is shown in tabular
tungsten, and mercury with gold in the Cortez® form in Figure 2.) In plan, the ore body is
window also is reporied by Erickson et al. elongate to the northeast along the strike of ™

(37) south of a major northeast {ault in silici- the beds, and forms three recognizable mine B
fied Devonian limesiones in the Jower plate of units (Figures 3, 4): (1) the main ore body, "
the Roberts Mountains fault, Similar metallic (2) the easterly extension, and (3) the west

assemblages have been reported in hot spring ore body. =
deposits, notably f{rom Stcamboat  Springs, In general, {aults are of two types, (1) the
Washoe County, Nevada. older low-angle Roberts Mountains thrust and-

(2) more or Jess vertical faults which may
intersect the earlier thrust fault. Between are
. tilted segments of strata. Although the general

The Carlin ore body consists of irregularly aspects of the structural pattern are beginning
stratiform masses  of mineralized Roberts 1o emerge, the fault structures in the pits are

Siructure of the Deposit

Depth Log Description

150" — L

1 Devonian "Popovich' Formation - Medium bedded, blocky
200" - T dolomitic limestones, Jocally fossiliferous.
Occasional beds of dolomite. -

4

.

{ e

250"+ " - A
‘ .- Disconformity - Variably silty and argillaceous: with
300" - some silicification and barite veining.

350
Roberts Mountains Formation - Thin bedded argillaceous
to dolomite siltstones, locally mineralized
and variably bleached and silicified.
Ore ) -
400 ‘ -
Silicified
Fic. 2. Lithologic Log of Drill Hole Based upon X-ray Diffraction.
i TR x i %
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= = . High Angle Faults .

.
-

N 7T i Boundary

not. yet -adequately exposed to complete the- -

structural interpretation: L

The west ore body is separated from the
main ore body with an intervening northeast-
trending vertical fault that marks in places
the western boundary of the main ore body
(Figures 3, 4). This fault can be followed
intermittently along the northwestern edge of
the main ore body and to the northeast where
it continues to the north of the easterly exten-
sion. The Roberts Mountains thrust fault is
intersected by the northeast fault along the
northwestern edge of the main pit. A consider-
able vertical displacement of upper plate rocks
of the Vinini- Formation apparently has oc-
curred alonig the northeast fault near the point
of intersection with the thrust. h

A vertical northwest fault is exposed in the
east face of the main pit and strikes about
N35°W (Figure 3). This fault appears to be
pre-mineral and has been intruded locally by
.a quartz-porphyry dike and barite veins. The
dike and adjacent wall rock are highly altered

Fi6+3. Schématic. Map ‘of Carlin -Ming! : -

and ' numerous silicified ‘“chimneys” = occur
nearby.

A schematic diagram of the east face of
the main pit is shown in Figure 5. The Roberts
Mountains Formation is overlain by Devonian
limestones with the local name “Popovich”
Formation (31). The underlying limestones
show argillic alteration, silicifications, and
mineralization . These beds are slightly off-set
by a steep northwest dual fault pattern that has
produced slight differences in strike by tilting.
The fault pattern is intruded by a quartz-
porphyry dike ranging from about 2 to 6 feet
wide. Steep dikes of similar composition in the
Roberts Mountains Formation extend to dis-

.continuous outcrop northwesterly to the major

northeast - fault. Upper-plate rocks of the

~Vinini Formation are exposed on the north-

west side of the major northeast fault at the
north end of the pit (Figures 3, 4, 5).
The Roberts Mountains thrust fault is

~ projected in the foreground of the sketch, Fig-
_ure 6.:The intersection of the, thrust sheet with

N A A b o o
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sists of about 10 to 20 feet of alternating layers
of bleached, brecciated, and jron-stained rock |
% ‘rubble, above which lie nearly horizontal beds
* of cherts and carbonaceous shales of the Vinini

- Formation:  Sediments immediately below the
fault are highly altered beds of the “Popovich”
¢ limestone. Argillic alteration is prevalent along
the thrust zone.

The thrust zone between the Vinini and
Roberts Mountains Formations contains major
montmorillonite with lesser illitic clays and
quartz. Carbonate minerals are absent from
the fault zone and from adjacent units of

]

il

= : Vinini and Roberts Mountains beds. Small

e % amounts of alunite were identified locally in

- »"  the Vinini Formatxon near the fault. . |,
SEDIMENTARY ROCKS

Joa
1
Ae 2

1

Roberts Mounfum Formation

+
RN

i

LW

Platy silty lnmestgnes -of the lower Silurian k

FIG.:6. Sketch of West.Ore Body. -

the. vertical northeast - fault..occurs - near-this>%. scribed-by Roberts et al. {21): :from.“fhe“'Lyng*
location. In tross=section,:the ‘thrust -zone:con«—-

-sulted locally in silicified seams or lenses that

Robens M0umams Formatnon have been dc- S

ol

i

and ~Carlin’ ‘'windows.- In “addition;- unaltered
samples of Roberts Mountains Formation were
_obtained for comparative study from road cuts
~along Maggie Creek Canyon within the Carlin
window about 6 miles southeast of the mine.
Two vertical sections were sampled, ranging
from 10 to 20 feet thick. Samples consist of
medium to hard, dense, dark-gray -dolomitic
limestone, silty to sandy in composition and
thin-bedded. The_ rock is platy to blocky and
closely jointed. Joints ‘are filled locally with
calcite, Chert is -thin bedded and sparse to
absent.

In the pit area, the Roberts Mountains For-
mation has been altered extenswely with local
bleaching and iron staining, but bedding fea-
tures are often preserved, displaying .a platy, . ..
thin-bedded. character. However, carbonate
minerals have ‘been largely removed, Teaving *
porous, low-density rocks that range in compo-
sition from argillaceous to dolomitic siltstones,
Late introduction of chalcedonic silica has re-

frequently paralle] bedding.. .~ - . ...
On close study, the mineral composjtion and




St

1

918 Ore Deposits of the United Siates, 19331967

Port 8 Chap, 48

®en e A

TABILE |, Minesologic Comboii)id.n of Uncllered ond Altered Roberls Moubtoins Corbonofe Rocks
Mineral Unoltered Roberts Mountein Altered Roberts Mountain
Constituents ot Moggie Creek {Main Ore Body Composite) 1
: 20’ Section 10’ Section Per Cent 4
‘ Per Cent Per Cent 3
’ A
Colcite 50 40 4
Dolomite 15 10 10
; Quariz 20 20 40
: Hlite 5-10 5-10 10-20 -
‘ Monimorillonite 5-10 10-20 10-20
Koolinlte 2 2 2-5
,: Pyrite tr tr tr
E Corbonoceous Material tr ) P tr . ‘;

TABLE 11,

; H of argillaceous siltstone

i to moderate amounts o
i and fraces of kaolinit
A f:n

increase locally 1o maj

lextures of Carlin ore appear to be more
closely related to alteratjon effects than to pri-
mary sedimentary composition. However, pri-
mary bedding outlines are retained and reflect
the general patitern of the original unaltered
Roberts Mountains limestone,

The Roberts Mountains
posed below the thrus

Chemicol Composition of Unoltered ond Altered Roberts Mountoins Corbonate Rocks )

Formation as ex-
t fault consists mostly
s, with quartz and small -
f mbntmori)lonite,"i‘llite,:;
e. Dolomite and barite
or proportions. The for-

remained.

mation was much higher in carbonate conteny
and Jower in silica
(Tables 1, ). Calcite is the ma
of the unaltered rocks with sma
amounts of dolomite. In leachin
calcite was removed, but the d
lite, 'montmorillonite,
and detrital quartz
in unaltered rocks,
-~ were increased -by major amounts after-calcite
-~ was leached by hydrothermal solutions. Origj.

nal angular graip

prior to mineralizatiog
jor componen,
1 to moderate
2, MOost of the
olomite largely
kaolipite,
were moderately abundant - § -
~All -but montmorillopjte -

s of quartz are poorly sorted ]

Chemical

Compoesition

Uncltered 20’ Section of
Dol. Ls. Moggie Creek: -
Per Cent .

Altered Roberts Mountain
** Main Ore Bady Composite - -
Per CentTx+i

Method of
© Analysig .0

26.485: .~

¥ 6914 ¥
9.06™ =2 11.18 . 7=

Fe Op=3 V.47 .2~ 3.23° C
CoO 30.96 ... S22
MgO - 3.98 2.45
K0 1.25 1.75
No,0 0.05 <0.01.
TiO, 0.2 0.6
MnO, 0.01 0.02
BoO 0.015 0.5

S$ro 0.015 0.015
ZnO <0.005 0.01
CvO 0.004 0.008
PbO —_— 0.003

As20, — 0.25
HgO —_ 0.0

$5,0, — 0.02

NIO 0.003 0.01

ZrOy 0.03 0.04

CO, Most of remainder

Av <0.005 oz /ton 0.49 oz /ton

Cherilcol Arolysisi=-i

o [

- Spectrographic

9

Fire Assay i
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and randomly scattered through a dolomitic
matrix containing disseminated clays. Indi-
vidual grains range from 15 to 70 # in size,
and show relatively few inclusions, cavities or
strain shadows.

Dolomite rhombs up to 60 x are randomly
distributed through a fine grained carbonate
matrix. Small amounts of pyrite and carbona-
ceous matter in the fresh rock were probably
syngenetic but, during alteration, were re-
mobilized locally and redistributed. The dark
gray of the unaltered limestone is attributed
to carbonaceous matter,

Unaltered Roberts Mountains limestones
from Maggie Creek have bulk densities near
2.63, compared with values ranging from 1.95
to 2.40 for ore-bearing replaced samples from
the Carlin pit.

"Popovich” Formation

The : “Popovich”  formation - (Devonian) :
overlies the Roberts Mountains Formation and
consists of gray, fossiliferous medium to thin-
bedded limestone, locally dolomitic and silty
near the base. This, the youngest formation
in the area, was named “Popovich,” by Hardie

(31), after an early prospector in the district. -
Fossil evidence has ‘dated the “Popovich” for-" -
mation::at the -base:of the ~upper: -Devonian; .~.
stratigraphically equivalent to.the Devils ‘Gate. ...
Limestone.~:The* :*Popovich": unconformably
overlies the Robérts Moiitains . Forination, but tun
some - movement appears-to have occurred -

along the contact.

The *“Popovich™ has been altered hydrother-
mally along its base and along nearby joints:
and fractures. Altered rock has been leached
of its carbonate content and replaced by clay

Fine Gold Occurrence at Carlin, Nevada
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and iron oxide. Altered samples usually are

. reddish brown, soft, porous, and low in den-

sity. Select zones in the “Popovich” have been
silicified similarly to the Roberts Mountains,
notably near the northeast fault at the north
end of the ore body.

Unaltered “Popovich™ usually is fine to
medium-grained dolomitic limestone similar in
composition to the Roberts Mountains but with
less silt and clay. The mineralogic and chemi-
cal compositions of altered and unaltered
“Popovich™ are compared in Tables III and
1V. Small amounts of carbonaceous matter and
pyrite are distributed along bedding planes,
resulting in a dark-gray rock. Most samples
are also fossiliferous, containing a variety of
microfossils that resemble spicules, crinoid
stems, and types of foraminifera. Microfossils
have been recrystallized and replaced by mi-

crocrystalline quartz,

Dolomitic limestones grade into ‘massive do- °
lomite near. the base. Samples of altered-and
unaltered dolomite were analyzed from near
the base of the “Popovich” along a road cut
north of the east pit (Table IV). A comparison
of analyses for the two samples indicates major
removal of both dolomite and calcite during
alteration. Micropore space in the rock is indi-...
cated- by low-bulk-densities’ ‘(near:.1:60)-as -
compared. - With' 2,75 for {nearbyiunalterdd ._
dolomite.. ...

Vinini-Formation: -~

The Vinini Formation ‘(middle Ordovitian)
occurs in upper-plate rocks along the Roberts
Mountains thrust fault. This formation consists
mostly of thin-bedded siliceous cherts, organic
shales, minor quartzites, and lenses of lime-
stone. The bedded cherts and black organic

TABLE Hl.  Minerologic Compasition of Unaltered and Altered Samples from the Popovich Formotion

Mineral Unaltered Popovich Unaltered Popovich Altered Popovich
Constituents Sample No. 1 Sample No. 2 Sample No, 3

= Colcite 45 Per Cent 5 Per Cent <2 Per Cent

Dolomite 15 60 <2

Quartz 15 20 . 60

Hlite ~5-10 2-5 10-20

Montmorillonite 2-5 2-5 5-10

Koolinite 2-5 <2 2-5

Pyrite T Tr —_

Carbonaceous Materiaf Tr Tr —

Somple 1 represents on average of analyses far 125" of drill cuttings from Popovich.
Sample 2 is from o dolomite bed neor bese of Popovich.
Sample 3 Is oltered materiol odjocent 1o Somple 2 of fresh dolomite.

R DT
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TABLE IV, Chemical Compasition of Unoltered and Allered Somples from the Popovichrforma';on

s

Chemical Unoltered Popovich Altesed Popovich Method of
Constitvents Sample No. 2 Somple No. 3 Analysis

[3{o2Y 32.04 81.00 Chemicol Analysis
AlOy 10.82 12.34 " "
Fe:O, 1.90 1.61 " -
Co0Q 18.66 1.40 - "
MgO 9.10 0.58 ” .
K.O 1.0 <1.0 Spectrogrophic -
No»O 0.07 <0.01 -
TiOs 0.30 0.35 .
MO, 0.01 0.03 .
BoO 0.03 0.08 oo
S$rOs 0.008 0.008 -
InO 0.002 0.003 o
CvO 0.010 0.015 "
PbO <0.001 0.002 . "
As:Op 0.01 0.02 "
HgO <0.01 <0.01 .
$b,O, <0.01 <0.01 »
NiO 0.003 0.003 .
ZrOgq 0.02 0.02 »
CO; . Most of remainder . . )
Av <0.005 ozfton - 0.04 oz/ton - Fire Assay

shales are clearly of the wesiern Jithologic as-
semblage. According to Roberts ef al. (21),
the most complete stratigraphic section of the

Vinini Formation can be seen in the Tuscarora-~
Mountains. in. northern -Eureéka County. Here-
the . Vinini ; Formation. is Jocallymineralized, =7

and gold has-been .mined from small.workings,

but no large ore bodies have been found..How-. —-
ever, near. the -Carlin- pit,-traces-of gold have-.=

been detected in Vinini outcrops.

At Carlin, the Vinini Formation consists of
siliceous shales in two groups. An upper unit
of undetermined thickness contains moderate
to major amounts of well-crystallized illite and
small to trace amounts of K-feldspar in addi-
tion to major quartz. A lower unit contains
major amounts of mixed layered illite-mont-
morillonite in addition to major quartz. Both
Vinini units contain little to no kaolinite and
montmorillonite and are separated by a man-
ganese zone of wad containing anomalously
high zinc, arsenic, barium, and nickel.

Lithologic Interpretation by X-ray
Diffraction Analysis

Numerous samples from across the Carlin
ore body have been examined by x-ray diffrac-
tion. Analyses are semiquantitative and based

2 tBat‘was. interpreted ‘from -x-ray--diffraction:

.~

on relative intensities of characteristic refiec-
tions for major minerals, including quartz, cal-
cite, dolomite, kaolinite, illite, and barite. Mea-
sured intensities were compared with intensities =
calibrated from standard samples.’An example;
is provided by the lithelogic section: in: Figtre

analyses of cuttings from-a drill -hole -located .~
east-of the thain-ore body.:+. :

Estifnated percentages have provided a rapid==
semi-quantitative method for evaluating litho-
logic trends that otherwise might escape detec-
tion by visual methods of Togging. Microscopic
examination of samples in grain mounts also
has been used to supplement x-ray diffraction
data in distinguishing fine massive quartz from
granular detrital quartz.

Observations drawn from x-ray and micro-
scopic examination of drill cuttings and out-
crop samples are summarized below:

(1) Major lithologic types of gold-bearing
samples collected across the ore body are: (a)
limestones, (b) dolomitic limestones, (c) argil-
Jaceous siltstones, and (d) silicified rocks.

Samples may be silty, argillaceous, dolomitic, =

calcareous, siliceous, carbonaceous, pyritic,
and baritic in composition. Rock units are
gradational with few sharp differences in min-
eralogic composition. ‘

é.
4
.
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(2) Calcite has been removed selectively
from mineralized zones leaving an altered rock
matrix consisting mostly of detrital quartz,
clays; and relic dolomite. Illite is the dominant
clay mineral associated with mineralization,
comprising as much as 50 per cent of some
ore samples. Quartz may range from 25 per
cent in highly argillized samples to 75 per
cent in silicified ore zones. Relic dolomite may
range from nil to as much as 40 per cent
in a few samples. Calcite is normally sparse
but has been enriched locally in some portions
of the ore, apparently as a late epigenetic
mineral.

(3) Unaltered *“Popovich” limestones are
highly calcareous (>70 per cent calcite) and
low in detrital quartz, except near the base,
where dolomite and silty quartz increase sig-
nificantly. Here, alteration is accompanied by
removal of carbonates, mostly calcite, accom-

panied by argillization ‘and local. silicification.

(4)- Several different rock units appear in

drill cuttings. - An upper -calcareous unit de--

tected in cuttings from the northeast portion
of -the ore body apparently is “Popovich”
limestone. The underlying Roberts Mountains
Formation consists of alternate zones of argil-
laceous siltstones, dolomites, and chalcedonic
strata of highly varied ‘composition. - Massive

silicified :zones may -occur._locally ‘in altered ~::
portions . of: either formation,’ accompanied by :
an increase-dn’ quartz:rOther - differences: mayn.;
be detected by x-ray -diffraction; includingins =
creases -of: -(a) kaolinite-along:-altered -dikes:=2¢

of porphyry, (b) montmorillonite along fault
zones, and (c) barite alono veins and replace-

" ments.

(5) Gold largely is confined to altered rock
units of the Roberts Mountains Formation.
Larger amounts occur locally in argillaceous
siltstones. In porous light gray chimney-like
forms with fine crystalline quartz, gold usually
is low. In general, small amounts of gold are

" disseminated through silicified rocks including
chalcedonic lenses, altered dikes, and even oc-.

casionally in zones of barite replacement.

(6) In general, argillacecus and dolomitic
siltstones are prevalent in ore samples from
the main ore body; the rock becomes more
dolomitic, - chalcedonic, and carbonaceous
across the east ore body. ’ e

IGNEOQUS ROCKS

Igneous rocks examined from the area in-
clude quartz porphyry dikes in the pit and

a large quartz diorite mtruswe exposed about

3 riiles to thé north. ™

L

*i
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Quartz Porphyry Dikes

Quartz porphyry dikes that cut the *Popo-
vich” limestone and the Roberts Mountains
Formation in the Carlin pit dip steeply north-
east and strike northwest, following a system
of northwest faults and associated fractures.
The dikes range from a few inches to 10 feet
in thickness and may differ widely in thickness
over short distances. Barite veins and sparse
base-metal mineralization appear to be related
closely to the dike intrusions, as shown by
mutual association along the northwest fault
on the east face of the main ore body. Subse-
quent low-temperature alteration of dikes and
wall rock apparently occurred at a much later
date associated with gold mineralization.

Borders of most dikes for a distance of
about one-half inch on both sides are ex-
tremely fine grained and are zones of chilled
contact against host rocks. Central zones are

more crystalline in thin section but have been .--

replaced completely by secondary clay min-
erals and quartz. Most samples are porphyritic,
containing phenocrysts of embayed quartz and
relics of amphiboles and feldspars. Apparent
relics of hornblende are euhedral and typically
pseudo-hexagonal to rhombic in cross-section

. (Figure 7). Subhedral phenocrysts of -plagio--
. clase have been replaced completely by micro-

crystalline i-quartz - ‘of :chalcedonit- texturem:-.
Quartz phenocrysts- are -only- slightly..altered.:.

with' the - éxceptioniof .reaction ‘rims’along ex-

ternal - borders:-Reattion ".rims .. are attributed -1

to. primary processes--of interaction between
phenocrysts and the ‘cooling’ magma. Relic
groundmass textures range from pilitic along
dike margins to intersertal in interior portions.

Felty needles of feldspar in the groundmass

have undergone pseudomorphic replacement

FiG. 7. Euhedral Outlines of Hornbleﬁa’é (Hb)
and Pyroxene (Px) in Altered Dike frOm Mam
Plt ><18 Transmftted hght.

- I M Y W7
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by microcrystulline quartz 'and kaolinite. Mi-
croscopic textures indicate that the dikes were
cither dacite or quartz latite in composition,

‘but the general field term “quartz porphyry”

is used in this paper.

X-ray diffraction analyses of dike samples
show major quartz and Xkaolinite with minor
dickite, illite, montmorillonite, and hydrous
iron oxides. Feldspars and mafic silicates were
not detected. Argillization of dikes and sur-
rounding sediments has resulted from the same
processes of alteration since the same assem-
blages of clay minerals are widely distributed
through both.

Gold ore continuves into the dikes in the
vicinity of ore bodies, but, in places, gold may
be essentially absent.

Quartz Diorite

A small plutonic intrusion of quartz diorite
is exposed in the Gold Strike claims in section
30 about 3 miles north of the Carlin mine.
At the surface, the intrusive is moderately 1o
highly altered and weathered. Nearly fresh cut-
tings from a drill hole at about 195 to 200

feet depth are gray to dark gray and -medium
to fine grained in texture. X-ray diffraciion =

scans show major constituents to be . plagio-
clase, mica, hornblende, quartz, and chlorite.
Thin sections reveal a hypidiomorphic granular
texture consisting mostly of anhedral plagio-
clase and quartz with moderate amounts of
biotite and hornblende. -Accessory amounts of

feldspars were not detected;
Plagioclase; near sodic dndesine in composi-

: 5;4,9/%

-3
Wl )
L TRLr W A R
_’ﬂ"é;c?‘}ﬁ A

y

F16. 8. Photomicrograph of Quartz Diorite 4
Miles North of Carlin Mine. Alieration of
Plagioclase (P) ‘1o sericite and clays. Biotite -

- (B) is pariially aliered 10 chlorite (C), and

late quartz (Q) contains sphene. X 18. Crossed
nicols. -

“Ar®* ppm 0.0333 Kiper eent) 3.53
0.0315 3.74
A!w‘/TO'OI Ar‘° 0.775 KA\'nnp(' {)er cent) 3.65
0.860
Averoge Ar4o* 0.0324 K* ppm 4.4
Rofio

¢ age. The close proximity and similarity in com:-
sphene were. also. observed-(Figite 8). Potash .-

> ages for the crystallization of-thésé rocks (27).:
= The:ages of these intrusives fall ‘broadly into

-
¥
T
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TABLE V. Anolyticol Do!o ontK/Ar Age Determinotion
of Biotile fiom Quarlz Diorife
Argon Anolyses Potessivm Anolyse, .

ArfUt JK40% = 00073
Age = 121{ £ 5) X 10% yeors [middle to early Cretoceous)

g ok

tion, is Jocally sericitized and argillized,
Hornblende and biotite are altered partially s
to chloritz. Pyrite Jocally is abundant in altereq -
samples and is associated with alteration of .
feldspars and mafic silicates. In weathered sam-
ples, pyrite is oxidized to hydrous iron oxides,
Small amounts of gold (0.02 oz/ton) were
defected in altered samples.

An age of 121 = 5 m.y.) (early Cretaceous)
was determined for biotite separated from the
intrusive using the X/Ar method. The 'sample- -
contained Jess than 10 per cent impurities most -
of which ‘were: hornblende that ‘did not affect ..
the accuracy of the determination. Data were
reported by Harold W. Krueger, technical di-
rector of Geochron Laboratories, Inc. (Table
V). Because of petrographic similarity, the
dikes in the Carlin pit may be of the same

position -of the quartz diorite and-the ‘quartz-
porphyry :dikes “suggest - a'i common -magmatic
source.: ... o

" The ipotassium-argon ~dates=of Nevada=ind =
Utah intrusives." apparently-siprovide. :#eliahle:

two. groups.(12-64 m.y. and 93~182 m.y.)
with periods of maximum ore genesis believed ]
to coincide in general with periods of igneous ]
activity (33). An age of 121 m.y. for intru-
sives pear the Carlin mine is compatible with
determinations from the Cortez mine in north- i
ern Eureka County that range from 124 to  *
150. m.y. A number of intrusives of apparent
Cretaceous age are distributed along a north-
westerly trend through the Lynp and Bootstrap
windows.

BARITE MINERAUZATION‘

Barite deposits are of widespread occurrence
in Nevada (Gianella, 1941) and often are as-
sociated with precious and base-metal miperal-
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ization. Barite occurs in several places in the
Carlin ore body and .in the overlying *“Popo-
vich™ formation. Deposits occur as: (1) veins
and irregular replacement bodies in limestones;
(2) injections along high-angle faults and dike
contacts; and (3) irregular replacements that
follow bedding, notably along the discon-
formity between the “Popovich” formation and
the Roberts Mountains. Most of the veins dip
steeply and strike northwesterly.

Barite and dike material are associated mu-
tually along a northwest fault exposed in the
east face of the main ore body. Most dikes
also contain anomalously high barium on
chemical analysis. Anomalously high lead,
zinc, nickel, and copper are also found both
in dikes and barite veins.

Galena and sphalerite have been identified
microscopically in barite samples from the

main pit. Barite is replaced locally by micro-.

crystalline' ‘quartz veinlets that contain finely

crystalline pyrite. Realgar, stibnite, and car- -

bonaceous matter have been identified also as
late fracture fillings in barite. Galena is altered
locally to jordanite, while sphalerite is partially
aced in places, apparently by tennantite.
latter replacements probably occurred at

a later age. of mineralization, . possibly. asso-- ..

ciated- with- lite’ gold-arsenic solutions.. :-

GOLD -DEROSITS 7 -

General Feotures of the Ore Body

Drilling to date indicates that the Carlin
main ore body is an irregular inclined deposit
(Figure 4), located near the top of the Roberts
Mountains Formation and underlying the
“Popovich™ formation. Thickness may range
from a few feet to nearly 100 feet with grada-
tional assay boundaries. The upper ore bound-
ary occurs just below the “Popovich,” ranging
stratigraphically from a few feet to a few tens
of feet below the contact. The lower contact
grades into light gray zones of porous silicifica-
tion, locally penetrated by dark-gray strati-
form, but tapering, chalcedonic masses.

The ore mass follows the inclination of
strata and continues downward from the sur-
face until intersected by the northeast fault.

In horizontal section, the ore body is .elongate,.

extending to the northeast along strike.

!hologic Influence on Ore Deposition

ermeable horizons of silty dolomitic lime-

stones in the Roberts Mountains Formation

Fine Gold Occurrence at Carlin, Nevada 923

have provided a favorable host environment
for mineralizing solutions.

As exposed, nearly 200 feet of uppermost
Roberts Mountains strata have been leached
and locally silicified, presumably by ascending
solutions associated with mineralization. Gold
in this interval may range from a few ounces
per ton to virtually nil (<0.002 oz/ton). In
outcrops, low-grade to barren materials are
not readily distinguished from those that are
highly mineralized, hence closely spaced sam-
ples and numerous assays are required to de-
lineate the ore body.

Mineralized portions of the ore body usually
range from replaced argillaceous to dolomitic
siltstones that in places may be carbonaceous,
calcareous, or silicified. Only a few consistently
recognizable rock types may be associated vis-
vally - with barren rock or ore. Highly
‘bleached, rounded, porous, silicified zones in
the Roberts:Mountains usually contain negligi-
ble amounts-of gold.. On "the other hand, a
peculiar spotted rock (Figure 9), that may
overlie silicified zones in the deposit often con-
tains significant amounts of gold. “Spots” ap-
pear to be initial patches of alteration that
form small patches of argillitization parallel
-to bedding.- Seams - of argillic. alteration in

“spotted™ :rock. commonly ‘range from a-:few:
tenths:0f a.millimeter to several-centimeters:-:
thick. .Smaller- seamlets are usually.lenticular......

in cross. section‘and: follow ' continuous paths

along bedding. planes. or- into fractures; Tesem-. -

bling™ “worm -borings” - (Figtire 10). “Larger
seams of alteration are more continuous in
cross section, usually follow bedding planes,
and locally are irregular and sinuous in dis-
tribution.- Spotted features are a light-grayish

Fi16. 9. “Spotted” Ore Concentrations; in argil-
lic alteration in Roberts Mountains Formation
these yield a “sported rock™ often high in gold.
From 6400 foot bench, main ore body.
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alteration in contrast 1o a- residual dark-gray
rock matrix in unweathered areas. On weather.
ing “spots” are stained with ferruginous oxide
and appear as dark-brown arcas in a light-red.
dish-buff matrix. This type has been observed
and sampled from several locations; each loca-
tion was highly mineralized but was bordered
by a major silicified zone. Under the micro-
scope, “spots” reveal clay-mineral orientation,
Scamlets of alteration display a fabric of epi-
genetic clays, mostly illite flakes, that are
_aligned more or less paralle] to bedding. Under
crossed nicols, the extinction angles lie on’ the
plane of lineation. Visible gold is detected in
the matrix of oriented clay seamiets, whereas
no gold has been detected in unoriented clay
seamlets. Sl

In a sequence of highly mineralized samples

P e
- -

Dy
2
=

FiG.

from the 6400-foot bench (Figure 11), a cor- - '
relation may be established between gold con- Sean
_tent and the abundance of oriented clay seam- .. Figu
Jets in the ore. In lower grade samples, e.g, o clay
sample No. 9 containing 0.19 oz/ton Au, ori- Surre
' = o S : , ented seamlets are less abundant but occur nico
' ‘ ' along multiple bedding planes (Figure .12). .
Fic: " 10. Argillic - Alteration Seamlets. _along In high grade samples, above 2.oz/ton, pri- phdt
i Bedding.Planes. Bleached seamlets-resembled-. - ented- seamlets- interfingér -and -coalesce: ‘into: rugi
3 “worm borings” in mineralized Roberts Moun--- 2 continuous fabric of oriented-clays.-(Figure - o
; i tains Formation. From 6400" bench. main ore 13). .Dark {eddis}'x brown to opaque. matter - epig
f E; body. associated with oriented clay seamlets i1s amor- was
: fron
abse
text
eith
mer
Dolc
9,
2
N Arg
Silts
Cali
Siiny
2
Sl
Alte
3

A

FIG 11 Skeich of O}é Zoﬁe, showing location of samples taken ,’alanyg 5400’!561" 'l?ench. The ore
" zone lies near the top of the Silurian Roberts Mountains (Sr) lfnderlying ‘Devonian ‘“Popovich
(Dp), and is intruded by Cretaceous dike (Ci) along NW fault. "=
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Fi6. 12. Photomicrograph  of Argillization

Seamlets in Dolomitic Siltstone (Sample No. 9.

Figure 12 and Table V), showing oriented

clay fabric in conwrast to random fabric of

surrounding area. - . X22," partially ~crossed
nicols.

phous and appears to be a mixture of fer-
ruginous oxides. .

Oriented clay seamlets are believed to be
epigenetic alteration channels along which gold
was introduced as the carbonate was leached
from the-rock.-Carbonate minerals are largely.
absenit in- oriented clay-‘seamlets.. TheTlamellar
texture::of the -tlay. fabric -thay -be explained
either.by. flow odentation from solution-move-

Sk Sl
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Fi6. 13. “Island Relics” of Unaltered Dolo-
mitic Sandstone in Matrix of Coalescing Alter-
ation Seamlets (Sample No. 5, Figure 12 and
Table V).x21. partially crossed. nicols.

d

along zones of carbonate removal. The latter

explanation seems more plausible from  the
view point of rock deformation.

Deposition of gold appears to have occurred
in the capillaries of argillaceous siltstones, as-
sociated closely with the removal of carbonate

- along - bedding-_planes.:Certain - minor- differ-"- -

ences :in. litholngy have .noticeable effects. on 7
i ore . grade...{Table “VI). :Smdll .siltstone-sand-
stone seams,-up to-several-inéhes ‘thick, usually "~
ment:or: by the dollapie.of local rotk structure:u:» are less'mineralized thanradjacént finer-grained i

TABLE:YL.. -Metal Content Across-Ore Zone on 6400-foot Bench of the Main Pit, Carlin Ore Bodyt.

Rock Type and
Sample Numbers (Fig. 21)

Average
Fire Assay
Au/Oz.Ton As Sh

Average Semiquantitative Spectrographic Analyses Per Cent

Hg Zn Cu  Fe Ba Ni Zr Sr - Rb

Dolomitic argillaceous siltstone (8,

9,10,11,12,13, 15,17, 19, 20,

21, 22, 25, 34, 38, 39, 40, 41} 2.66 0.22 .01
Argillaceous siltstone {4, 23,29} ~ - 2.19 0.22 .01
Siltstone-sondstone (14, 16, 24, 26) . 1.26 0.28 <.01

Colcified argillaceous siltstone 0.84 - 0,17 <.01

Silty argillaceous dolomite (1, 5, 7, .
27} 0.805 --0.12 <.0l

Silty colcareous dolomite {18)

Altered porphyry dike {30, 31,32,
6 s o

Calcoreous siltstone near dike (33 ‘
cbove, 35, 37 below)

Bleached argillaceous siltstone (2, -

0.052  0.09 <.01
3) 0 0.023 0 0.025 <.00

<.01 .020 .006 3.0
0.19.7 0.12 <.01:

0,153 0.59 <.01

.01 .020 .005 3.0 0.1 .004 .030 .008 ‘.007
.0 .044 .008 4.7 . 0.3-,003 .020 .013 - .010

<.01 .015 .004° 4.3- 0.4 .002 .026 .005 . .005
<.0! .01 .003 4.0 0.3 .002 .045 .006 <.005

0.2 .003 .046 .009 .009
.01 .020 .005 3.0 0.1 .004 .030 .008 - .007

<.01 .15 .016 12.5 0.8 .050 .050 .021 <.005
<.01 .12 .006 2.8 0.2 .024 .025 .008 .005

<.01 <.002 1003 1.25 <.1 .002 .042 .013 <.005

1 Sample numbers are located on sketch map shown in Figure 12, .
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TABLE Vil. Dilution of Gold Conlent by Impregnolions
of Silico end Colcite

Silico Colcile

Impiegnolion Impregnolion

Somple Locotion 64£40-foot Bench 6550-foot Bench

: {Fig. 22) {Fig. 23)
Av Oz/Ton
Porous 0.06 oz/1on 0.49 oz/ion
Impregnoted 0.03 " 0.20 ™
Bulk Density
Porous 0 1.91 Sp. G, 2.21 Sp. G.
Impregnaoted 2.58 2.53 "

argillaceous siltstones. Sandy and fossiliferous
beds are more permeable, are commonly silici-
fied, and carry Jower amounts of gold.

Where quartz porphyry dikes carry gold,
they usually are less mineralized than adjacent
sediments. An example is provided by a quartz
-porphyry dike that transects the ore body be-
tween the 6380-foot and 6420-foot benches
(Figs. 5, and 11). Samples of the dike from
the ore zone between the 6400-foot and 6420-

foot benches range from 0.003 10 0.48 oz/ton -

of gold, compared with 0.19 to 5.67 oz/ton
in adjacent altered sediments. Samples of the
dike, where it intrudes sparsely mineralized
sediments between the 6380-foot and the
6400-foot benches, range from nil to 0.002
oz/ton Au, compared with 0.003 to 0.045

oz/ton in adjacent sediments.” Gold contents
and descriptions of rock units shown in Figure i3

11 aré compared in Table VL. V1.

[P

6. 14. Silicified Rock from 6440-foot Bench

along East Face of Main Ore Body. Silica has
* penetrated white permeable beds, resulting in

dark gray chalcedonic rock of higher bulk
density.

Part 8 Chcp‘ 46

"% little apparent structural control-over -the dis-
= tribution. of ore. The fihrust plane undoubtedly
has ‘served as-a -conduit for migrating: solutions -
~ over a long period but appears of little impor-

W

Fic. 15. Calciie Vein (white) Penetrating
Light-Gray Leached Rock. The vein has been
accompanied by calcitic permeation of ithe
border rock with a change to dark gray. From
6400" bench along east face of main ore body.

Ores usually are of lower grade in rocks
of chalcedonic or calcareous composition. Ap-
parently microcrystalline quartz and calcite
have been added to Jocal rock units after the

gold was deposited with dilution of gold values ...~
(Table VII). Pore spaces in highly porous silt- ..
stones have been filled Jocally in places with-

silica (Figure 14) and also with calcite (Figure
15), resulting in slightly lower gold content
and higher bulk density. The gold also is more
difficult to extract from these ore types.

Relationship of Structure to Gold . ..
Deposition -«

The Roberts Mountains overthrust per se has

tance as a site for ore deposition. However,
ore concentrations of importance occur adja-
cent to portions of the northwest faults.

Porous “white” silicification is most preva-
lent along northwest faults that cut the main
and the west ore bodies. Fault zones, however,
are sparsely mineralized, carrying quite low
amounts of gold. A number of samples of
gouge and bleached rock adjacent to northwest
and northeast faults have been sampled and
analyzed (Table VIII), without finding evi-
dence of significant gold mineralization. Sam-
ples of gouge usually contain illite and
montmorillonite. Kaolinite and dickite become
Jocally abundant as alteration products of
quartz porphyry dikes that intrude high-grade
faults in the area.
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Gold Confent in Foult Gouge and Sih'-ciﬁed Rocks

Northeost Foult, 6360-foot and 6380-foot Benches, Main Ore Body

Gouge along foult

-~ Vinini near foult

Bleached shear zone in foult

Northwest Fault, Top Bench, West Ore Body

Argilloceous stillstone, foot wall of foult

Barite in foult

hanging wall of fault

<0.005 oz/ton Au
0.005 "

<0.005 oz/ton Au

0.02 -
0.32 "
0.05 "

Northwest Fault, 6240-foot Bench, East Face of Main Ore Body

Barite in foult
Bleached dike in foult

0.07 oz/ton Au
0.19 “

Highly altered fault zones may have served
as conduits for mineralizing solutions but have
not become significantly mineralized. Gouge

from northwest faults usually contains from

a trace to 0.05 oz/ton Au.
Original minor fracturing and jointing have

been somewhat obscured in the Roberts Moun: *

tains - Formation by intense argillizing altera-
tion and local silicification. The alteration, as

‘nferred from silicification, is a general permea-
I

oo o], d W e

[INRT

on and cuts across jointing and fracturing.
The unconformity between the “Popovich”

and :the .Roberts. Mountains has ‘beert highly.

silicified "and is 'sparsely: mineralized in’ places.
Altesation.-of the :"Popovich”.appears.to. be

localized largely_along vertical ‘joints.: Altered-
“Popovich™ samples, usually contain only traces -

of gold. (0:005 t0-0.03 0z/ton) 1.

ROLE OF COLLOIDAL GOLD IN
ORE FORMATION

Microscopic Gold

Not even specks of gold are visible in Carlin

ore to the upaided eye, but with the micro- .

scope at 1000x or more, gold from the main
ore body may be detected in a variety of argil-
laceous rocks with a range in carbonate con-
tent. Textural associations of gold in the §
to 0.5 « range are frequently visible under the
microscope, but submicron sizes (0.2-0.5 »)

.may be barely resolved at high magnifications, "

while particles below the limits of resolution
are barely visible but can not be resolved. Par-
ticles much less than 0.5 in diameter must
be observed with the electron microscope.
old often borders detrital quartz grains (Fig-
16), and may be included within fractures

In detrital quartz or disseminated in -matrix

clays. Gold particles do not appear to have
been transported mechanically.

Larger gold particles (5 to 1 ») are irregular
but generally subrounded to oval in outline.
Reflected colors range from pale to deep yel-

low in polished sections. The low hardness .

and slight negative relief aid in distinguishing
between gold and pyrite. It is estimated that
possibly 90 per cent or more of the gold may
be submicroscopic (<0.2 ).

Samples containing gold microscopically vis-

ible at high magnifications often show pore . .
. spaces where calcite has "been - selectively. .re-

. moved.” Gold" i$ ‘common along friable Zones, :
oc but impregnation:with:epoxy plastic: is required’:
“.1 to retain: it in situ durifg polishing. s

i1

Microscopic gold has beer. observed Jocally
in association’ with late ‘quartz veinlefs in siticis' '

fied. siltstones. (Figure 17), and- with barite

and-along external boundaries of pytite. Oxida-’

tion of the pyrite to hematite has liberated
smaller inclusions of gold.

=%

X )
P o e D

FiG. 16. Particle of Gold (Au) Attached to

Detrital Quartz (Q) Grain. Sample from main
ore -body. %900, Incident light. e
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: TABLE IX. Gold Conlent in Sciedn Froctions (6400" Bench) ) carh
: and
) Screen Froction Per Cent Av Per Cent Gol
of Somple Oz /Ton °§To|o] clea
by Wt Ay 3 nac
i Sub
" 4200 mesh (74 ) 5.0 2.29 5.9 dist
400 mesh (28 p) 14.2 1.3 8.3 LG
— 400 slimes {5-28 p) 43.3 1.57 35.3 B (1
Deconted slimes {—5 p) 37.5 2.58 50.5 € coll
H aba
Co
.\ e oy
Fi6. 17. Mineralized Quartz Veinlet in Silici- tiempts were made 10 dissolve silicate min. .,
. RS crals selectively and Jeave the gold, using vari- ? ele
fied Silisione. Gold (opaque) is distributed U = S vl i
Ly . . ous solvents and fluxes including hydrofluoric . ot
within the vcinlet and through the adjacent d i da b 3 ) .
ilicified host rock. %720, Transmirted light acid, caustic soda, borax, sodium carbonate, ;s
st , : ' ' : potassium carbonate, and sodium acid phos- 3 als
‘ phate. Solubility tests were conducled at tem- - § ths
Submicroscopic Gold _peratures ranging {rom room temperature 1o .
The oval outline of the gold particles is pre« about 100 C; fluxing was COn-du-C‘ed from 750° &
. . . 1o 900°C. In each instance, significant amounts :
served in electron micrographs at magpifica- of gold were dissolved alon with the silicat
tions up to 120,000 (Figure 18). Individual s _ s e sticates.

- A method was not found to separate colloidal- as
particles may range down 10 less than 0.005 a. zed gsold from the silicates by physical :
Their identification bas been confirmed by lim- treatmegnt y P 35'? mn;
ited area electron diffraction on clusters of ) m
rather high gold concentration. Earlier jdenti- m
ﬁf:ahons were rr.lade in late 1965 with the as- Precipitation of Colloidal-Sized Gold .- g’
sistance of Emil Hamburg, graduate student . ) !
ijn Physical Metallurgy, Columbia School of _ The mechanics of colloidal gold precipita- tu
Mines, utilizing a Siemans Electron Micro- tion have been investigated by many workers, r o
scope. Butler (4); Haycock (7); Smith (13); Stillwell ‘ e

The fine dimensions of Carlin gold are con- and Edwards (17); W. H. White (14); Van T
firmed by apalyses -of screen: fractions. from ... Aubel (9); and Joralemon (19). Most invest- - b
a high_‘g‘rad.e c(’)mposi-‘e samp]cﬁfom 1he'6400.‘“}"_‘ gato;'S‘agIee., that.hy.dr‘othermal 80’(1 isl:.carried'w:-z A A
foof” bench +(Table.IX)IX3 in true. solution and.not-as: colloidal particles. -~ ‘;

t

This conclusion is supported by textural studies 7=z

In the :analysis, 85.8 per scent: of the gold:uid -
of véin -gold {14)” and salubility: studies lof o1 ¢

is concentrated -in’ the 13400 -slimes-and -de- <5<~

N ST 98

canted slimes wheré half of the gold is’ as- L

sociated with illitic clays.. =

s faa i i o A%

Fi6. 18. Electron Micrograph of Native Gold
Clusters in Clay Matrix. , -

metallic-gold in alkaliisulfide solutions (13)

cluding: (1) sulfide jon concentration; (2) pH
of the solution; (3) the temperature and pres-
sure systemn; and (4) the pature of mineral
surfaces for adsorption or nucleation of gold.
Metallic gold crystals may be precipitated from
alkali sulfide solutions by lowering the sulfide
jon concentration (13). The sulfide ion con-
centration may be lowered by the escape of
H.S under low pressure or by oxidizing the
sulfur to sulfates. The Jatter lowers the pH
and enhances precipitation.
Haycock (7) states that submicroscopic gold
tends to occur when deposition is conlempo-
_ raneous  with that of the bost minerals,
whereas, coarser gold tends to form ~when

- deposition is later than the host. Essentially

contemporaneous deposition would appear 10
‘prevail at Carlin. Here various clay minerals,

Precipitation of gold from alkali’sulfide solu---
tions may depend -on several mechanisms in- = .

P
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carbonaceous bitumen, pyrite, arsenic sulfides,
and silica have accompanied gold deposition.
Gold has been adsorbed selectively by, or nu-
cleated onto, surfaces of illitic clays, carbo-
naceous matter, iron sulfides, and quartz.
Submicroscopic colloidal-sized gold may be
distributed over a range in particle size from
about 0.2 » down to the size of a gold atom
(1.45 A or 0.000145 ). Haycock (7) restricts
colloidal-sized gold to a limited range between
about 6 A (0.0006 ), and 75 A (0.0075 B).
Colloidal-sized, gold, as defined by Haycock,
may account for as much as half of the gold
in the deposit, as indicated by the optical and
electron microscopes and reference to Hay-
cock’s grain size curves (7, p- 409). The rapid
solubility of the Carlin gold in cyanide solution
also indicates the distribution of fine gold
through a permeable rock matrix.

Influence of Host-Rock Permeability

The' deposition of gold may be regarded
as a subsidiary phase in the sequence of leach-
ing and silicification of sedimentary limestones

influenced greatly by permeability. More per- .

meable beds served as conduits for solution
movement, from which auriferous

These observations agree with thosé of.a num-.

ber-of investigators- including’ Mawdsley (8)./83
Johriston *(11), Pardee and Park' ( 16), W. H. 11

White (14), and Chase (18), who have noted
the importance of fine fractures and micro-
cavities in minerals, notably quartz, in admit-
ting gold to a site of emplacement.

The Roberts Mountains limestone with ac-
companying thin clay streaks becomes readily
permeable to ore solutions after the calcium
carbonate has been removed. Distribution of
gold appears to depend ‘more on micro-per-
meability than macro-permeable characteristics,
Highly permeable silty strata, porous silicified
zones, and drusy chalcedonic seams ‘are in-
herently“low in gold compared "with nearby
argillaceous beds with pore dimensions that
are submicroscopic but provide large surface
areas. . SR ‘

Gold Deposition in Clay

The association of gold with kaolinite and ;

fine micas has long been noted (3). The possi--

bility exists that, following  the precipitation *
of fine gold from true solution, positive charges
on the edges of colloidal particles in the Carlin .

fluids
diffused into minute interstices and tiny frac- ..
tures :of - less ‘permeable beds: -Gold: deposition. - ..; .
occurred mbstly-along the finer capillariés and o tivetcharges of. the mono-layets on the ‘édges*
not .along.the main avenues of.fluid transport, .

" Bold, and precipitation
. solutions apparently is accomplished by physi-
- cal adsorption of

..some forms ‘of carbon. ‘Such a phenomenon

Fi.ne Gold Occurrence at Carlin, Nevada 929

matrix clay may have attracted the negatively
charged colloidal-sized particles of gold. H.
van Olphen (28) has reproduced an electron
micrograph showing crystals of kaolinite more
or less translucent in the electron beam, with
small opaque spheres of gold attached to the
edges of almost hexagonal flakes of kaolinite.
The kaolinite crystals measure about .5 to 1.0 B
while the gold particles measure about .005
to .01 u. '

In discussion, H. van Olphen points out that,
in contrast to the large flat surfaces of clay
mineral crystals where negative charges pre-
vail, the edges of the crystals expose edges
of the layer lattice structure where the charge
is positive. Thus, the positive double layer on
the edge of the clay crystal flake would attract
gold while the flat negative double layers
would repel gold. This may account for the
‘absence of gold particles on the flat surfaces
of the kaolinite flakes in contrast to the con-
centration that takes place around the rims
of the crystals. - : :

This colloidal phenomenon is of particular
interest in view of the natural concentration
of gold which appears to take place in the

small streamers of clay at Carlin. Tt would

appear that colloidal gold, once precipitated

from solution, would be apt to become en-:..

trapped:by Such a 'mechanism. Thus the POsi::

of attraction for the gold patticles that,%in turn;:

mal-aniounts of gold in ‘the Clay. -

Organic Material and Fine Gold

Gold and organic material, at times re-
sembling asphaltite, locally are associated in
ores from the easterly extension of the main
ore body. Also concentrates rich in organic
matter show an increase in gold content, and
the mutual association of some gold and or-
ganic matter js indicated by metallurgical test
work. Gold insoluble in cyanide solution has
been noted to increase with carbon content,
(Table X), although most of the gold readily
becomes soluble after the hydrocarbon is re-
moved in roasting. ' ‘ '

Organic matter is a known precipitant for
of gold from cyanide

the gold onto surfaces of

also might be suggested to have occurred be-

. .tween the organic matter in the Roberts Moun-
..-tains limestone . and the ore solutions, except

Vthat,ﬂlarge_sect"i‘ons of organic’ limestones in

LG e

of clay crystals may. have provided ‘a ‘source - -

resulted in ‘the doncentration of more than nor=.<:
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TABLE X. Insoluble Gold Conlent in

-4
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. #
Carbonaceous ond Pyrifie Ores

Locelity Corbon Pyrite Insoluble Gold
. Per Cent Per Cent
Mercur District, Utch? .
Oxidized ore * 0.105 ~ NR. $0.40 $/Ton
Raw Base {Arsenic) 0.358 N.R. 0.90 * ¢
Pyritic bose . 0.450 N.R. Al but troce % .
Corlin Ore Body, Nevoda?
Oxidized ore, Moin Ore Body N.D. 0.2 8  per ceni of totol Au
Pyritic ore, Northeasterly extension N.D, 20.0 31.6 w =
Carbonoceous ore, Northeasferly exiension 0.18 1.0 79.7 .
Corbonaceous-pyrific ore, Northecslerly exlension 0.45 3.0 87.7 *»
Corbonoceous-pyritic ore, Northeoslerly extension 0.53 3.0 87.9 o

1 Associofion of carbon and insoluble gold in Mercur ores described by B. S. Butler, et ol (1920), p. 394.
? fhvestigations into trectments of Corlin refroctory gold from metollurgical files of Newmont Explortion
Limited, Donbury, Connecticul. il should be noted that refroctory carbonoceous and pyritic ores are relotively

minor in occurrence in the Corlin ore body, but ore worthy of note for comporison with other cerbonoceous

gold deposits in Nevodo ond Uich,

the vicinity of Carlin are virtually unmin-
eralized.

The main ore body at the Carlin mine has
been partly oxidized by recent weathering, re-
sulting in removal of much of the pyrite and
carbon. Some unoxidized ore has been encoun-
tered in the main pit that is dark gray to black
and deleterious to gold recovery in the mill.

Unweathered limestones of the “Popovich”
and Roberts Mountains formations are slightly -
organic and. pyritic through a stratigraphic™in-~-
terval - of hundreds. of feet:s TheTamount of uvi
organic r¢arboni-by assay - mostly -ranges from s
a few ienths to several pér-cent..Sonie redis- -

F16. 19. Organic Residues, Resembling Asphal-
tic Bitumen, along Borders of Quartz Veinlet
Q) in Dolomitic Siltsione. Organic matier ap- .
pears 1o have been mobilized -and emplaced
epigenetically after the gquartz veinlet. X110,
Incident light. =7~ 2o : o

tribution has occurred during periods of min-
eralization. The migratory nature of organic
matter appears upon thin section study. It is
such as might result from petroliferous origin.
The latter, however, has not been verified by
other studies.

The organic matter is medium 1o dark gray,
slightly anistropic in incident light, opaque ex-
cept on thinnest edges, and takes a poor polish.
Bituminous. residues have. accumulated  within

a variety-‘of accessible “spaces.including: (1)
passageways along. silica‘veinlets (Figure 19);
(2):fractures in sediméntary -socks ‘and in
barite veins; (3) ‘bedding planés; and (4) fintef=-
stitial . pores in argillaceous-siltstones.:Most’ of.

the “bituminous ~matter. .occurs-as micron-size-i.x -

disseminations in Interstitial clays.

Paragenetic features indicate that much of
the bitumen- in carbonaceous ‘ore was re-
mobilized and redistributed during and after
the introduction of gold and hydrothermal
silica. Highly carbonaceous ores appear 10
have been literally soaked in “petroleum” that
subsequently was polymerized in situ by ther-
mal solutions.

Organic matter in the ore is amorphous as
indicated by x-ray diffraction patterns, but
qualitative estimates of . the relative - amounts
and types of the material can be made by
differential thermal analysis. D.T.A. curves
were run in air to temperatures as high as
1000°C. Ozxidation temperatures were deter-
mined and reaction’ gases examined both for
organic  matter and pyrite from a number of
samples. Pyrite oxidizes exotbermally in air

# 1
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between 440° and 575°C, accompanied by the
evolution of SO.. Organic matter begins to oxi-

Fine Gold Occurrence at Carlin, Nevada

dize slowly at about 350°C and reaches exo- -

thermic maxima at two temperature intervals,
near 490° and 570°C, respectively. Strong
endothermic reactions near 760° and 850° are
attributed to the decomposition of carbonate
minerals. The relative amounts of organic mat-
ter were roughly estimated in a number of
samples from the intensity of oxidation
exotherms.

Infrared spectra were found useful in the
analysis of gases from differential thermal
analyses. Surges of oxidation products such
as sulfur dioxide and carbon dioxide may be
correlated with oxidation exotherms recorded
on D.T.A. charts. However, hydrocarbon ab-
sorption bands near 3.5 microns are weak and
broad and will require further study.

Individual particles of gold have not been
observed in organic matter. Poorly resolved
clusters of submicron gold occasionally ‘may
appear in dolomitic siltstones of moderate or-
ganic content, where the gold is associated with
clays or quartz. The textural features in most
unoxidized ore samples indicate that organic
matter was mobilized and redistributed pos-
sibly during mineralization.

Role of Sulfur in Deposition -

The’ fmportance of sulfur in the Aransporta- .-

tion and - precipitation ‘of metals in hydrother?

mal-systems has been . repeatedly investigated.-+i:

Sulfidesof gold, in common with. Hg, Bi, Sb,
As, and Te, are soluble in dilute aqueous solu-
tions at different temperatures. The solubility
of gold and mercury alkali-sulfide solutions
was demonstrated long. ago (Becker, 1). This

]

L=

was subsequently expanded into the “alkali sul-

phide theory of gold deposition” by F. Gordon
Smith  (13), which has gained moderate ac-
ceptance. He precipitated native gold from
alkali-sulfide solutions.

Since the solubility of gold in aqueous solu-

tions depends on free sulfur and high pH, it
follows that precipitation of gold depends on °

- lowering the sulfur content and the pH- of

the system. Such a mechanism for gold precipi-

tation was proposed by Ransome (2) for the
Goldfield deposits, and by Joralemon (19) for

‘the Getchell deposit. The loss of sulfur as H.S

from. hot ‘springs ‘is well documented. Dis- "

charge gases from Stearmnboat Springs are prin- "
ccipally H:§, CO., nitrogen, and argon (15)..:
~According to- White (20), hydrogen sulfide *
is evolved from the water table wherever active |
thgrr{ga‘lws){s‘tgmsg exist and, under_ favorable

931

conditions, is oxidized in part to sulfuric acid.
He reports a pH of 7.9 for flowing saline
water,” while sinter only a few inches above
the water table may have a pH of less than 2.

Sulfide minerals associated with gold deposi-
tion at Carlin include pyrite, stibnite, realgar,
and cinnabar. The depth of the water table
at the time of mineralization. is not konown,
and only minor amounts of alunite and jarosite
have been identified. Some degassing of ther-
mal solutions may have occurred and possibly
contributed in places to the supersaturation
and ultimate precipitation of gold, arsenic,

- mercury, antimony, and iron.

METALLIC MINERAL ASSOCIATES OF
GOLb

Microscopic particles of gold have been ob-
served in mutual contact with quartz, dolomite,
barite, illitic clays, pyrite, and carbonaceous
matter. Also a number of metallic minerals
occur that have not ‘been observed in Inutual
contact with gold; cinnabar, native arsenic,
realgar, orpiment, and stibnite.

Base metal sulfides and sulfarsenides, includ-
ing galena, sphalerite, jordanite, and possibly
tennantite, have been detected in barite veins
and quartz porphyry dikes quite low in gold.

Metallic ‘minerals that have been identified
within'or adjacént to ore zones at the *Cadin "

mine are described in’the folléwing sections. - :.

Native  Arsenic~ic

Small, nearly spherical inclusions of native
arsenic, 2. to 30 thick, occur in argillaceous
siltstones and barite veins. Arsenic granules
occur locally in the interstices between grains
in argillaceous siltstones and in solution cavi-
ties in barite. Visible gold has been detected
in polished mounts spatially associated with
native arsenic but not in mutual contact.

Pyrite

_Pyrite is distributed throughout portions of
unoxidized ore, ranging in concentration
mostly from about 0.7 to 3 per cent; occasional
samples may contain up to 10 per cent pyrite

- but are Targely limited to the:easterly extension

of the main ore body. Pyrite crystals range

“predominantly from one to 204 in diameter
and ‘occur ‘as minute inclusions in quartz crys-
~tals even where ore is highly oxidized. Pyrite . -
.is finely disseminated, similarly to gold, but, -
. in some instances, may occur as replacements

of ‘microfossils. .. ...
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In reflecicd light, pyrite is pale brass yellow
and quite hard compared with associated gold.
Morphologically, most pyrite crystals have
been partially replaced and only occasionally
appear as eubedral crystals, displaying pyrito-
hedral and cubic outlines. T e

Growth rings and inclusions are common
in pyrite and most crystals show microfractur-
ing with cavity defects. Some grains are nearly
spherical, a shape probably caused by crystal
growth under conditions in which particles of
colloidal size were precipitated initially, fol-
Jowed by some continued crystal growth di-
rectly from solution. Much of the gold appears
to be slightly later than the pyrite, occurring
along accessible cavities oOf external defects in
the pyrite. ) o

Occasionally gold is barely discernible mi-
croscopically as inclusions in pyrite. Such in-
clusions are liberated from the pyrite by oxida-
tion. Gold may be more easily observed in
polished sections of oxidized ores surrounded
by hematite, goethite, and amorphous limonite.

X-ray. diffraction ~patierns from flotation
concentrates from the east ore body

major pyrite with minor. amounts .of guartz
and clays as contaminants. Arsenopyrite or
marcasite were not detected, but significant
amounts of arsenic (1 to 2 per cent As) were
noted by x-ray fluorescence analyses. Small
amounts of copper and zinc (0.01 per cent)
were also detected-in the pyrite concentrates, .

Cinnabar-ass

Small afnounts of cinnabar-are ~widely: dis-
7 typical -of the -cubic ‘cleavage pattern :of galena.
a has been-partially feplaced by jordanite~

tributed; - occurring .-as spotty;-:-disseminations
along cavities in silicified " beds.- Fine, -bright-
red crystals usually may. be separated from
_most ore samples by panning and range from
a few microns up to several millimeters Jong.
Reddish brown crystals of cinnabar, up to
nearly a centimeter Jong, were found near the
northwest fault on the 6380-foot bench of the
main ore body. Traces of schuetteite, HgSO
2H.0 were identified as occasional coatings on
oxidized surfaces of the cinnabar (22). In thin
section, crystals of cinnabar appear sparsely

distributed in interstitial -cavities along zones '

of porous silicification and ~occasionally -are
surrounded by late fillings of caicite.

o o Arsenic Sulfides

; Realgar and orpiment héve

show

= Galen

been identified in

“the Roberts Mountains and “Popovich” lime-
_..stopes and in mineralized seams of siltstone.
“in the main ore, body. Realgar alters to orpi-

e Lo
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. f
ment and arscnb]itc, ‘which appear as yellow
coatings along cxposed surfaces of barite veins
and adjacent carbonaceous ZOnes. '

The distribution of arsenic in the ore body
is somewhat parallel to gold. Higher gold val-
ves are usually accompanied by higher arsenic,
as indicated by comparison of metal values
across a high grade ore zone on the 6400-foot
bench (Table VI). Gold content of from about
1 to 5 ounces per ton may be accompanied
by from 0.1 to 0.4 per cent As. Some arsenic
samples range up 10 several per cent. Partially
oxidized ore in the main pit may contain ar-
cenolite and locally scorodite. ‘ '

Stibnite

Antimony, like mercury and arsenic, is
widely disseminated through the ore body and
locally is concentrated in resiricted pockets
as finely crystalline stibnite. Stibnite crystals
are usually highly prismatic and hairlike in
appearance. Microscopically, —crystals . are
opaque in transmitted light, light gray to white
in reflected light, and strongly anisotropic,
Stibnite is usually associated with realgar along
silicified portions -of barite veins. .

Antimony commonly occurs in concentra-
tions from 0.01 to 0.02 per cent in the ore
and Jocally increases to several tenths of a
per cent. along barite veins mineralized with

_ arsenic. .
Goléna- .

. Galena. occurs sparsely - with ‘sphalérife:in
“ barite; Polished specimens show triangular pi

“'as the result of reaction with arsenic during
‘mineralization. - ‘ ‘
Amounts of Jead in the ore predominantly.
range from 0.001 to 0.003 per cent but may
increase 1o nearly 0.01 per cent near quariz
porphyry dikes and barite veins in the Roberts
Mountains and “Popovich” formations. Sphal-
erite and galena are reported by R. A. Hardy
(10) at Getchell, Nevada. :

Sphalerite

associated with galena in barite
replacements. Crystals are highly embayed by
barite and microcrystalline quartz, Jordanite
_is Jocally associated with quartz veinlets tbat

Sphalerite is

in incident light and translucent amber yellow
in transmitted light. : '

Aleration ‘of sphalerite to an opaque phase

Lkt vy, SRS it b e 1 ISR A A i el A WSy B

o

penetrate sphalerite. Sphalerite is medium gray -«
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resembling tennantite has occurred along the
external boundaries of some crystals.

- Jordcnife, PbuASrSu

Borders of galena crystals are rimmed by
microcrystalline replacements by jordanite.
Jordanite is microcrystalline and similar in re-
flectance to galena, but the jorddnite is aniso-
tropic. At some barite localities, galena has
been completely replaced by jordanite. Some
pods of jordanite in barite range up to several
millimeters across.

Tennantite (Zn,Cu,Fe)12A5,S13

An isotropic gray, metallic ‘mineral locally
replaces sphalerite in barite veins where min-
eralized by late arsenic-bearing solutions. This
opaque mineral may be zincian tennantite,
since the mineral assemblage and chemical en-
vironment are compatible. However, as yet in-
sufficiént amounts of the mineral have been
available for identification. '

Secondary Supergene Minerals

Several supergene products have been tenta-
tively identified in weathered portions of the
ore;  schuetteite, = HgSO~2HgO,.
As:Os; - “carminite;. PbFe:(AsO)(OH)s, : and

Fine Gold Occurrence at Corlin, Nevada .933

-ratory evidence to.indicate that supergene re- -

arsenolite,  distribution of gold has occurred in significant .

AT

scorodite, FeAsO.-2H:O. These minerals re-
flect the association and local reactions of lead,
arsenic, mercury, and iron in an oxidizing en-
vironment. Oxidation products are usually fine
grained and difficult to identify without com-
bined microscopic and x-ray techniques.

Paragenesis of Metallic Minerals

Although only a few of the metallic minerals
described from the Carlin ore are found in
any one specimen, there is a sufficient overlap
of mineral assemblages to permit in outlipe,
a probable sequence of metallic deposition
(Figure 20). .

Two main sequences of mineralization ap-
pear: (1) earlier base metal mineralization as-
sociated with barite and Cretaceous intrusives
and (2) later low temperature Au-Hg-Sb-As
mineralization possibly related to epithermal
activity during the Tertiary.

Field and microscopic evidence indicate that -

cinnabar was deposited  after the gold along

porous silicified channels of the deposit. Crys-

tals of cinnabar are locally surrounded by late
calcite that fills porous interstices of the ore.

The gold has not been noticeably affected
by recent weathering. There is no field or labo-

amounts at the Carlin deposit. :.::

Minerals Cretaceous

Relative Time ‘of Introduction- i~ .

Tertiary Recent Supergene

Barite
Galena
Sphalerite
Pyrite

Gold
Reclgor
Stibnite
Native Arsenic
Jordanite
Tennantite
Cinnabor
. Jorosite
: orpimen' U
Arsenolite
Scorodite '; ST o
Schuetteite ’ R ‘

Carminite

... Fie. 20, Tférqgene;'is of M e(‘c‘z‘ll:icﬂ M inerals in Main Ore Body ‘




934 Ore Deposits of the United States, 19331967

ALTERATION AFEATURES

General Description .

Among the most striking altcration features
exposed in the Carlin pit are rounded white
{o light-gray arcas caused by extensive silicifi-
cation of the Roberts Mountains Formation
along the cast face of the main ore body. Areas
are elliptical in outline with long axes 20 to
150 feet in Jength and elongate in the direction
of bedding. Ellipses are isolated but occur in
broadly spaced clusiers shown in at Jeast three
pit areas. The elliptical forms may cul directly
across bedding and also occur at multiple hori-
zons in the deposit. They appear to represent
ancient conduits, perhaps indicative of the di-
rection of fiow of late solutions causing silici-
fication through the ore deposit. The conduit

Port B Chop. 4¢

arcas are low in gold an8 do not appcar fo
yield ore but may bear a zonal relationship
to encircling ore zones. A siliceous-pyritic zone
ceveral feet thick frequently becomes brown
on oxidation and surrounds the light gray con-
duits. The downward projection of the con-

* duits is yet to be established.

In general, alteration at Carlin may be de-
scribed in terms of four processes of replace-
ment which have resulted in textural and com-
positional changes: (1) decarbonatization. (2)
argillitization, (3) silicification, and (4) cal-
cification.

Decarbonatizotion

Decarbonatization represents the earliest
stage of alteration in which carbonate minerals
were removed sclectively and yedistributed. Se-

TABLE XI. Chemicol Composition of Miscelloneous Rock Types at Corlin

Chemical {1} (2) (4} (5) Method  of
Constituents Silicified Silicified AMered Porphyry Quortz Altered Quartz Analysis
Roberts Mis. Roberts Mis, Dike, Diorite .. - Diorite
Per Cent Per Cent™ Per Cent ™ - - Per Cent Per Cent
SiOs 91.22 74.14 63.11 _59.94 53.46 Wet Chemical
A1:O3 6.28 13.52 10.80 13.12 ?.90 ) *
Fe:O3 2.26 0.92 11.74 5.58 6.45 v
CoO 0.18 0.64 0.92 o
MgO~- 0.34 = 0.85 . .. 0.15. "
KaO il : 5.0 7 <0.5 :-% 6.0 :.7 4.0~ ‘Spectrogrophic -
N0 .7 0.05..0% p3 4.0 =.% 2.5 - - "
Ti0 i 0.7 . 0. 0.85 = .7 oo
MnOy.. 0 0.003. 27 0. 0,12 "2 oo
BoO: 0.1 7.1 0.35:75 0. 0.25: *
5rOs . 0.008 = 0.05 % 0. 0.057. 2% *or
n0O 0.002 <0.002 - 0.4 0. - 0.005 ST e
CvO ... 0.015 B ~0.002 0.03 0. 0.025 .
PO <0.001 '<o0.008 0.003 " 0. 0.002 . e M
As:04 0.04 0.03 0.075 0. 0.03 AR
HgO <0.01 <0.01 <0.01 <0.01 <0.01 *
Sb:03 ©0.05 ' <0.01 <0.01 <0.01 <0.01 .
NiO 0.004 <0.001 0.06 0.005 0.002 o
ZrO; 0.01 0.08 0.04 0.05 0.05 '
CeO <0.001 . <0.001 0.01 0.003 0.002 ”
Cra0y 0.02 0.02 0.15 ©0.015 0.01 "
V05 0,06 o 0. . 0.07 S 0.04 0.04
B,0; 0.02 0.12 0.03 <0.00 0.01" “
Y — 0.007 0.015 0,005 0.005 -
Av 0.005 oz/t 0.015 oz/t 0.05 oz/t © NIl ©.0.02 ozft Fire Assay

L {1} Silicified Roberts Mts. from Top Bench of West Ore Body.
(2) Silicified Roberts Mis. from 6460 Bench shown. ™ SR

{3) Composite sqnipﬁ of olierg'd porphyry dikes from 6380' and 4400’ Benches of Moin Ore Body.
{4) Quartz diorite from drill hole in intrusive 3 miles north of Main Pit. ) o .

i (5) Aliered sample from some drill hole as fresh quartz diorite.
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lective removal of calcite by hydrothermal so-
lutions occurred both in the Roberts Mountains
and in the overlying “Popovich.” Dolomite
being less soluble commonly remained as relic
rhomb-shaped crystals in a matrix of porous
clays. .

Calcite and dolomite were removed along a
zone subjected to later silicification. There,
relic sand grains may be observed distributed
through a matrix of porous clays. However,
later veinlets of calcite were locally re-intro-
duced into some of the silicified zones. Largely
decalcified rocks that include significant
amounts of dolomite (5 to 30 per cent) often
contain gold in larger amounts.

Fine-grained pyrite is disseminated through
most of the altered rock but is not detected
along zones of intense silicification. Such zones
appear to have been largely stripped of their
metal content, including iron, base metals, and
gold (Table XI).

Argillization

Argillic alteration apparently accompanied
decarbonatization. Illite is the predominant
clay mineral, while montmorillonite and ka-
olinite are less abundant. In most ore samples,

clays  constitute 20 to 60 per cent of the tock:
However, :the: clay’ content - of the rock prior
to alteration is largely a matter of inference..
Probably a portion of the clay in altered rocks
was. derived from original clays, concentrated - :
during “the removal of carbonates. ‘However,-

both recrystallization and direct crystallization
of clay minerals occurred during hydrothermal
alteration. Recrystallization, at least, and even
direct crystallization could account for the
major portion of clays in argillized rocks of
the Roberts Mountains Formation.

In thin sections of ore samples, illite occurs
as finely crystalline clay flakes. Individual clay
flakes are submicron in size but lie together
in aggregates that show parallel” extinction
under crossed nicols. Oriented slides have been
prepared from clay concentrates and analyzed
by x-ray diffraction. X-ray diffraction patterns
indicate that the illite is uncommonly well crys-
tallized and usually does not contain interstrati-
fied layers of montmorillonite. Montmorillonite
normally occurs as a minor but distinct min-
eral phase in most ore samples and increases

locally in the vicinity of quartz porphyry dikes

to become a major component within altered

~dikes and along contacts, Kaolinite also is lo-

cally prominent while minor dickite has been
identified from altered dike samples along the
northwest fault in the main ore body.
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Consideration of polytype stabilities of clay
mineral structures by Bailey (36), or. poly-
morphs as determined by Giiven and Burnham
(35), suggests that low-grade metamorphic or
hydrothermal illites usually are of the meta-
stable 1Md and IM structures. These meta-
stable micas crystallize early and may persist
indefinitely at low temperatures. llite as used
herein_probably_includes hydromica (which
Is often a synonym) and_even fine sericie.

Irregularly crenulated and even vein-like
clay seams of possible epigenetic origin follow
the trend of lineation. Seams are lenticular,
ranging from less than a millimeter to a cen-
timeter or more in thickness, and do not show
regularly bedded features. Illite is the dominant
component forming as much as 80 per cent
of some seams. Gold has been found to con-
centrate in the illite fractions of the rock as
indicated by analyses of selected lithologic lay-
ers (Figure 21) and by clay concentrates
(Table IX). Silicified beds found in portions
of the ore body have been depleted in clays
that may have been removed or destroyed.

FiG. 21. Crenulated Clay Seams in Ore, as
shown beneath a glass slide. (A) silicified
argillaceous silistone, 1 in. thick, 2.70 o0z/ton
Au; (B) carbonaceous silty clay, 0.6 in. thick,
2.98 oz/ton Au; (C) white bleached illitic clay
seamlet, 0.3 in thick, 3.02 oz/ton Au; ‘and
(D) siltstone-sandstone, 0.5 in. thick, .0.82
oz/ton Au. L
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Silicification

Silica in several types of field occurrence
may be recognized at Carlin: (1) original
detrital quartz grains in the Roberts Mountains
Formation; (2) thin dark sedimentary chert
bands sparsley distributed through the original
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F16. 22. Schematic Diagram of a Chimney-like
Forr in the Main Ore Body. An -ellipitical ...
core of porous silicification is cut by inore or

by a pyrite-bearing zone. Ore “surrounds .the -
chimney - but the.,chimney—,._»itself is hon-:-
ore-bearing.

Fi6. 23. Close-up View of Chimney Structure,
showing dark chalcedonic tongues of drusy
silica pinching out upward along bleached beds.
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FiG. 24. Drusy Dark-Gray Chalcedonic Scam
from Close Up of Chimney on 6420-foot
Bench.

less parallel chalcedonic Jenses and.surrounded .. ..

F1G. 25. Photomicrograph of Recrystallized
Silistone Bed from 6380-foot Bench, showing
cuhedral doubly terminated crystals of quariz.
% 26, partially crossed nicols.
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formation; (3) porous chimney-like ellipsoidal
masses of fine recrystallized quartz (Figure
22); (4) chalcedonic tongues of gray silica,
porous and drusy to hard and massive, that
follow stratification but either pinch out in
places or may swell to masses as much as
10 feet thick (Figures 23, 24); (5) recrystal-
lized (often euhedral) quartz in. the ore zone
(Figure 25); and (6) small white quartz veins
possibly accompanying surface induration that
probably were formed by supergene recrystal-
lization.

Lenses of cherty silicification in the original
strata are thin dark gray and sinous, and inter-
calated with carbonate (calcite-bearing) strata,
as would be expected in a syngenetic origin.
Such dense dark-gray lenses of silica consist
mostly of microcrystalline quartz and probably
persist along less altered stratigraphic horizons

Fine Gold Occurrence at Carlin, Nevada 937

in the deposit, locally grading into fine drusy
quartz between upper and lower layers of
dark-gray chalcedony. In thin sections, the in-
ner zone of drusy silica displays remarkable
networks of interconnecting micro-channels
ranging from about 30 up to a millimeter
or more in diameter. The silica framework
consists of a mozaic of anhedral microcrystal-
line quartz that ranges considerably in size
and shape. The permeability of the drusy silica
to water flow must be high compared to ad-
jacent solid chalcedonic lenses.

Thin sections of finely crystalline silicifica-
tion show a maze of open channels through a
recrystallized framework of quartz crystals.
Quartz crystals often display euhedral outlines
(Figure 25) and range from about 30 to 100 &
long. Euhedral quartz crystals often are doubly
terminated but show little or no tendency to

TABLE X!I. . Gold Content of Bleached, Silicified, and Related Rock Types in the Roberts Mountains Formation
Au Oz/Ton

(A) Cross Section Through Light Gray Silicified Zone in Ore Body on 6380-foot Bench

" hear Center of Main Pit (Fig. 64)
Dol. Arg. Siltstone obove “white”! zone 0.43
Silicified chalcedonic seam at upper “white" contact - 0.08
Arg. diltstorie with drusy silica seams in “white"Zore:- - 0.03> 7
Silicified chalcedonic seam at lower “white” contact 0.22..
Arg. siltstone below “white" zone—- - 0.54. ==
Recrystallized siltstone-sandstone bed below-"white-zorg: 2 0.03” =2

{B) Altered silicified Zone'in Sparsely Mineralized Beds on 6460-foot Bench at North- )

east End of Main Pit

Argillaceous siltstone above bleached 0.065
Argillaceous siltstone up-dip from “white” area 0.04
Argillaceous siltstone at contact of “white” area 0.03
Argilloceous siltstone near center of "white” orea 0.015
Drusy and chalcedonic silica in “white™ area 0.02
Drusy ond chalcedonic silice ot lower contact of “white" ellipse 0.03
Cholcedonic silica seam below "white” zone 0.14
Argillaceous siltstone below "white” zone 0.055

{C) silicified Beds Below Ore Zone in West Ore Body
Silicified outcrop with quartz veins at top of southwest ore body <0.005
Quortz vein in silicified beds exposed on top bench <0.005
Chalcedonic silica adjacent to quartz vein 0.02
Footwall adjacent to silicified beds 0.01
Argillaceous siltstones 50° below silicified zone in footwall 0.02
Argillaceous siltstones 50’ above silicified zone in hanging wall <0.005

{D) Miscellaneoys Silicified Zones in East Face of Main Ore Body

) Silicified Arg. siltstones on 6440-foot bench <0.002

Buff arg. siltstone above “white” zone on 6§440-foot bench 0.005
Chalcedonic silica seams on 6600-foot bench 0.03
Chalcedonic silica in bleached zone on 6420-foot bench <0.002

. 1 “White" refers to ellipsoido! ond other masses of finely. crystelline silico (Figures 22, 23).
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develop comb structures. Cavitics in recrystal-
lized siltstones range mostly between 10 and
150 u. The largest crystals rarely measure as
much as several millimeters Jong.

Clays, carbonates, pyrite, and gold occur
in minor amounts as minute inclusions in crys-
tals of quartz. Possibly the gold inclusions in
quartz are a final form of sparse precipitation.
Interstitial cavities between crystals have been
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One large lens of chalcedonic silicification
was obscrved to expand to 10 feet thick from
a thin bed in the west ore body. At the surface
not far distant, quariz veins, presumasbly super-
gene, locally are associated with chalcedonic
lenses. White quartz veins exposed along the
top of the hill south of the top bench follow
the strike and dip of the bedding, but disappear
down-dip, grading into dark-gray chalcedonic
silica and siliceous impregnations.

swept clean of residual clays but may be coated
or filled locally with later epigenetic minerals,
e.g., calcite, montmorillonite, realgar, and cin-
nabar. Gold usually is sparse in fine crystalline
silicification and drusy silica lenses, being con-
fined to minute inclusions in quariz crystals.
Drusy chalcedony (Figure 24) grades
sharply into friable recrystallized portions of
silicifcation ellipses that in turn pass transi-
tionally into unsilicified argillaceous siltstones.
Argillaceous  siltstones adjacent 10 ellipsoidal
zones are variably dolomitic and frequently
ore pearmg. Ellipses or ‘.chm_meys” sh'ow inter- been replaced by late calcite introduced along
{nefh?te stages of silicification ranging from vertical fractures and interstitial vugs or chan-
incipient = quartz overgrowths to advanced nels. Permeable seams and beds “n the ore
stages of quartz authigenesis. Interstices a5 may be impregnated with late calcite that fills
filled largely with leached clays, mostly illite, interstices arofmd euhedral quartz veins and
and the resulting rock is Joosely coherent, fri- perrr;eales adjacent beds. -
able .and gran}ﬂar.' - . Decarbonated portions of the main ore body
Fn_able white sﬂ:gﬁed areas are spatially have been re-impregnated jocally with calcite
associated and genetically related to lenses of to form pseudo-limestones of higher bulk den-
drusy silica (Figure .24)' A typical “_chimney“ sities and~)owcr am~ounts of gold. A sample
ol_)served in the man ore b.ody (Figure 22) of ore partially impregnated with calcite was
disp la){s ﬁnger.-hke projections c.:?us«_:d bz separated into calcified and uncalcified frac-
pleacl?mg szc_)}l]uhon.s. ls.nm_rchng thcbchm;nfeyt tions. A specific gravity of the uncalcified por-
is a’brownish pyrite-bearing zope gbout oodeel. v 4y, . s : .
thick. Goid incprea's'és beyond the perimeter of- tion was 227 and.that in the calcified portion
thejbrovgr:us'h sze..Another zone ,o_f ﬁl.’e erys-":= 0,20 6z/tonin the calcified material, possibly :
talline silicification was e€x amiped in the east. =" ¢ 5 recult of dilution. from added-carbon%tes :
face above the 6400-foot bench, where arcuate: = - "
upper and lower elliptical boundaries were in
the direction of stratification. Numerous
“chimneys” are grouped in the silicified areas
designated in the east pit face (Figure 5).
Silicification also occurs as siliceous impreg-
nations that both transect o follow bedding.
Permeable decarbonatized rocks above the
6440-foot bench along the east face appear
literally to have “soaked up” silica that forms
irregular pockets of silicification with sharp
boundaries (Figure 14). The bulk density of
porous, slightly miperalized beds of argil-
laceous siltstone was increased from 1.90 to
5 58 in silicified pockets adjacent to unsilicified
rock. The gold content apparently is greater
in unsilicified rock than in silicified rock. This
Jocal form of silicification seemingly accom-
panied early stages of mineralization and di-
Juted the amounts of gold in the ore body.

The amounts of gold in various bleached
and silicified portions of the main ore body
are compared in Table XIL In Table X1 (A),
ore appears in argillic material both above and-
below the chimney.

Calcification

Carbonate veinlets locally transect silicified
zones locally replacing microcrystalline quartz.
Chalcedonic 1o microcrystalline quartz also has

ORE GENESIS

The development at Carlin has not Yyet
reached the point at which observations appear
adequate to justify comparisons with other
gold deposits in the Great Basin area. Thus,
only brief reference to selected occurrences
concerning which published data are available
will be made.

The Carlin deposit appears 10 show some
genetic similarities to the Getchell deposit. It
may also be low-temperature epithermal bor-
dering on telethermal (6). Feeders in the Car-
lin deposit lack many such common epithermal
features as crustification, comb structure, and
banding and even show some resemblance 10 .
siliceous sinters. A

Vein development seldom is recognizable,

2.53. Gold, however, decreased from 0.49 10 = .
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except occasionally in outcrop exposures. Per-
meable zones and feeders in the deposit often
require microscopic examination for detection.

The similarity of the Getchell deposit to
quicksilver deposits in the Great Basin has
been discussed by Joralemon (19), who also
suggests a close genetic relationship to Steam-
boat Springs. '

The Carlin deposit in Nevada, together with
Bootstrap and Getchell, and the Mercur de-
posit in western Utah and others (5), may
comprise - a genetically similar type, but con-
siderably more study is needed to establish
this relationship.

Recent studies of drill cores
Springs (34) indicate that hot spring waters
deposit small amounts of Hg, Sb, Au, and
Ag and hydrothermally alter the rocks through
which they flow. The most intense alteration
is immediately adjacent to fractures where
feldspars, carbonates, and clays are replaced
by illite, quartz, and pyrite. This type of altera-
tion also is prevalent at Carlin.

Hydrothermal alteration, coupled with the
proven ability of such waters to deposit metals,

at Steamboat

.';Adicate to Schoen and White (34) that spring

aters are similar to some ore-forming fluids.
It is well to remember, however, that the late
silicification centers at Carlin, the features
most suggestive of rising thermal centers, are
deficient in gold. The  genetic . relationship of

thermal witers at depth to epithermal ore solu-

tions should receive further study. *
Gold mineralization at Carlin is interpreted
as epigenetic, of low-temperature origin, and

’ . formed under low-pressure conditions perhaps

along the deeper roots of thermal spring
activity. :

CONCLUSIONS

The cumulative evidence at Carlin points
strongly to the epigenetic origin of the gold.
Among other features, argillic replacemznt of
dolomitic host rock, major deposition of col-
loidal-sized gold in clay aggregates, chemical
changes from rock to ore, nearby igneous ac-
tivity, and elliptical chimneys of recrystallized
silicification, all point to low-temperature epi-
thermal origin. Major stages in the creation
of the gold deposits as now found include:

(1) Deposition of the Vinini, Roberts
Mountains and “Popovich™ formations.

(2) Overthrusting as represented by the
Roberts Mountains fault.

ient deformation.
(4) Base-metal emplacement in veins and
replacements.

‘ (3) Cretaceous igneous invasion and subse-
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(5) Hydrothermal alteration and gold
deposition.
(6) Epithermal silicification.
(7) Supergene action, weathering, and

oxidation.

Distribution of gold depends largely upon
the permeability of decalcified strata of the
Roberts Mountains Formation to ore-forming
fluids and precipitation in favorable hosts such
as illitic clays, carbonaceous matter, and pyrite.
Quite near surface emplacement by the release
of H-S may have contributed to the precipita-
tion of gold, realgar, cinnabar, stibnite, and
pyrite.

The fine gold occurrence at Carlin may be
grouped along with other deposits at Getchell,
Bootstrap, and Manhattan in Nevada, and at
Mercur in Utah, as a shallow low-temperature
epithermal deposit where vein development is
hardly recognizable and ore minerals are finely
disseminated in replacement bodies in car-
bonate sediments.
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