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Geoscience Canada Volume 13, Number 1

Ore Deposits #9.

Disseminated Gold
Deposits

S.B. Romberger
Department of Geology
Colorado School of Mines
Golden, Colorado 80401

Introduction

Disseminated gold deposits have been at-
tractive exploration targets since the early
1960's when the Carlin deposit in northeast-
em Nevada was discovered. Before that time,
such deposits were known, however, they
were considered to be too low grade or too
small 10 be mined profitably. The low goid
price and the lack of technology for recover-
ing fine-grained gold from low-grade mate-
rials contributed to the unattractiveness of
these deposits. However, locally small-scale
mining did occur from veins and dissemi-
nations where gold became concentrated
enough to warrant such activity. In fact, cer-
tain disseminated gold deposits have been
discovered by reinvestigating historically
active lode districts.

For the purpose of this paper, dissemi-
nated gold deposits are defined as those
deposils originating from hydrothermal pro-
cesses which contain economic amounts of
gold finely dispersed in host rocks of variable
composition where little or no fabric control
on mineralization is apparent, at least at the
hand specimen scale. Beyond this, the var-
iabilities observed in size, grade, textures,
mineral associations, nature and degree of
structural control, composition of host racks,
association with igneous rocks, nature and
degree of alteration, and other factors are
such that itis difficult to define these deposits
more specifically. The gold is most commonly
sub-microscopic or microscopic but locally
may become visible to the naked eys. The
deposits occur in rocks of all ages, however,
the mineralization usually can be related to
some Tertiary event.

The variabilities observed make it difficult
to develop a general medel that can be ap-
plied to all deposits. In addition, because of
the fine-grained nature of the gold and as-
sociated mineralization and the difficulties in

recognizing distinctive hydrothermal features
such as wallrock alteration, these deposits
are difficult to study both in the field and lab-
oratory. However, there are a number of fea-
tures common to many of these deposits that
must be considered in their genesis: (1) the
common occurrence of silicification, ex-
pressed as jasperoids in most of the sedi-
mentary rock-hosted deposits; (2) the close
assoctation between gold and pyrite in pri-
mary ores; (3) the anomalously low abun-
dance of common base metals such as
copper, lead and zing; and {4) the occurrence
of significant amounts of arsenic, antimony,
mercury and thallium in the ores. These fac-
tors will be incorporated into the model dis-
cussed below along with other characteristics
commonly thought of as typical for the de-
posits, such as the association with carbon-
aceous material. As will become clear, the
latter is not a universal occurrence but is lim-
ited to certain sedimentary rock-host deposits.

Before developing a genetic modsl for dis-
seminated gold deposits, it is necessary to
review the characteristics exhibited by these
deposits. In this review, emphasis will be
placed on the deposits located in the western
United States. Specific deposits will be used
in the discussion because of their unique or
outstanding characteristics which are impor-
tant in developing & genetic model, avail-
ability of literature, and familiarity to the author.

Distrlbution and Size

Figurs 1 shows the location of selected dis-
seminated gold deposits in the western United
States. These deposits are listed in Table 1
along with the estimated reserves and grade.
Other important deposits are known; how-
aver, they are relatively recent discoveries
and the available information on these de-
posits is limited. However, including them here
would not seriously affect, either in a positive
or negative way, the genetic model.

Host Rocks

Commonly, the host rocks for hydrothermal
deposits are considered important in the ore-
forming process because they serve as
chemical sinks for material dissolved in the
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solutions. Evidence that exchanges of ma-
terial occur between rocks and solutions lay
in the occurrence of wallrock alteration en-
velopes around hydrothermal veins. How-
ever, the variety in the composition of the
host rocks for disseminated gold deposits
precludes these having a unigue genetic roie
in the precipitation of the gold. The host rocks
for most of these deposits range from early
Paleozoic sedimentary units to late Tertiary
volcanic rocks.

Atthe Carlin deposit (Figure 1} most of the
gold mineralization occurs in the upper 250 m
of the Silurian to Devonian Roberts Moun-
tains Formation. In the mine area, this for-
mation consists of 550-600 m of dark grey
thin-bedded laminated siity calcareous
dolomite and limestone. Ore occurs as re-
placements of carbonate minerals, primarily
calcits, in the thin-bedded argillaceous are-
naceous dolomitic units, whereas peloidal
wackestones within the same stratigraphic
horizon appear unfavorable for mineraliza-
tion (Radtke et al., 1980). The main ore host
at Jeritt Canyon is a middle unit of the Or-
dovician to Silurian Hanson Creek Formation
(Birak and Hawkins, 1984). This favourable
interval consists of more than 90 m of alter-
naling carbonaceous micritic limastone beds
and laminated carbenaceous dolomitic lime-
stone beds. Gold mineralization favours the
more permeable laminated units. Chert len-
$es, less than 10 cm long and 2 cm thick,
occur sporadically in the lower parts of this
unit (Birak and Hawkins, 1984). At Jerritt
Canyon mineralization also occurs in the lower
part of the Roberts Mountains Formation which
overlies the Hanson Creek Formation.

Atthe Getchell deposit (Figure 1}, the main
ore hosts are limestone units within the Cam-
brian Preble Formation, which consists of in-
tercalated thin arenaceous limestone and
limey carbonaceous shale beds (Berger,
1880). At the Pinson Mineg, about eight kilo-
metres south of the Getchell deposit, gold
mineralization is hosted by the Cambrian to
Ordovician Comus Formation which directly
overlies the Prable. The farmer unit consists
of thin-bedded carbonate and shale which
are locally rhythmically interbedded and lam-

Table 1 Size and grade for sefected disseminated gold deposits of Nevada and Utah.

Size”
(Milhons Grade
Deposit of Tons) foziton) Source
Alligator Ridge 5.0 0.12 Klessig, 1984b
Batile Mountan Blake et al, 1984
Minnie-Tomboy 39 0.09
Fertitude 16.0 Q.15
Borealis 25 0.08 Wilking, 1984
Carlin 22.0 0.30 Wilkins, 1984
Getchell 4.4 0.28 Wilking, 1984
Jerritt Canyon 1.8 0.22 Wilkins, 1984
Mercur 10.1 015 Wilkins, 1984
Northumberland 8.0 0.08 Wilkins, 1984
Pinson 32 0.16 Kretschmer, 1983
Round Mountain 200.0 0.05 Mills, 1984

*Calcuiated from historical production and estimated reserves.
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inated (Kretschmer, 1984). Carbonate units
also host disseminated gold at the Mercur
Mine in the southerm Oquirrh Mountains of
Utah (Kornze et al., 1984). Here the miner-
alization occurs in the Mercur Mine series
within the upper half of the Lower Great Biue
Formation of Mississippian age. This series
consists of interbedded lime wackestones,
packstones, micritic limestones, mudstones,
grainstones, fine-grained sandstones and
chert. Most of the gold occurs in the Mercur
bed which consists of fossiliferous mudstones
and grainstones.

At the Alligator Ridge deposit, 110 km
northwest of Ely, Nevada (Figure 1}, the most
important ore host is the lower 100 m section
of the 135 m thick Mississippian Pilot Shale.
This formation consists of interbedded thin-
bedded calcareous, carbonaceous siltstones
and claystones. The ore horizon is domi-
nated by dark grey to greyish-black siltstones
with local thin lenses of limestone. This lower
silty zone is separated from the more clay-
rich upper beds by a discontinuous zone of
interbedded dark grey, lenticular cherts and
light-colored clays (Klessig, 1984a,b). At
Copper Canyon, Nevada, gold deposits are
hosted by siliceous and calcareous conglom-
erates in the basal 30 m of the lower member
of the Middle Pennsylvanian Battle Forma-
tion. The conglomerate consists of sub-an-
gular to sub-rounded clasts of chert, quartzite
and rare limestone up to nearly 70 cm in di-
ameter. The matrix originally consisted of cal-
careous medium-grained sandstone, however,
metamorphism has resulted in the formation
of tremolite (Blake and Kretschmer, 1983,
Blake et af., 1984).

Disseminated gold deposits are hosted by
volcanic rocks as well as sedimentary units.
At Round Mountain, Nevada (Figure 1) sub-
stantial amounts of gold occur in Miocene,
intracaldera, poorly- to densely-welded rhyolite
tuff (Mills, 1982, 1984). Disseminated gold
occurs in Miocene andesitic volcanic rocks
at the Borealis Mine near Hawthorne, Ne-
vada (Reid, 1984). Many more occurrences
contain gold hosted by volcanic units, how-
ever, most show a strong structural control
and therefore have not been considered dis-
seminated deposits. In terms of the geo-
chemical processes responsible for
mineralization there may be little ditference
betwaen the typical vein and disseminated
deposils.

Structural Control

The structural control of disseminated gold
deposits can be considered on both regional
and local scales. Both are important because
of the necessity to recognize fealures re-
sponsible for focussing geological processes
which result in economic concentrations of
gold, and also the need for plumbing systems
to transmit the mineralizing solutions. Yet,
there is no structural feature or features which
appear to be unique to disseminated depos-
its. Regional structures may play the role of

localizing igneous activity that supplies the
energy to drive the hydrothermal system as
well as the stress required for mechanical
ground preparation. Post-mineralization lec-
tonic adjustments along major belts also may
be responsible for exposing the deposits to
discovery and exploitation.

On a more local scale, ground preparation
through fracturing is important to produce not
only the permeability necessary for solution
migration but also open spaces for mineral
precipitation. The formation of a dissemi-
nated deposit as opposed to a vein may de-
pend only on the degree and scale at which
the mineralizing solutions can penetrate the
host rocks, which in turn depends on the na-
ture of fracturing. The two types of occur-
rences are found together in many districts
and deposits, where structures occupied by
veins may have served as feeder systems
for the disseminated mineralization.

The style of fracturing will be host-rock de-
pendent as well. Argillacecus sedimentary
rocks will yield as well as fracture at depth
along a few planes in response to directed
stresses. In contrast, volcanic rocks em-
placed at or near the surface experience brit-
tle failure resulling in many well-deveioped
open fractures. Fracturing may be in re-
sponse to stresses produced by the igneous
activity (caldera collapse, for example) and
permeable volcanic breccias are a common
result. Therefore, it is not surprising that dis-
seminated deposits are hosted most com-
monly by sedimentary rocks and vein deposits
by volcanic units.

Roberts (1960, 1966) suggested that min-

ing districts in northern Nevada were aligned
along northwest-trending belts. Much of his
work was done before discovery of the large
disseminated gold deposits in this area al-
though minor vein occurrences in proxirnity
to the latter were known. One belt extends
for over 100 km from the Getchell and Pinson
Mines in the northwest to the Eureka district
in the southwest. Bonham (1984) described
the Carlin gold belt, a northwest-trending zone
containing & number of important dissemi-
nated and vein deposits. This belt can be
extended southeast along trend to include
Alligator Ridge and the deposits around Ely,
Nevada. Many of the disseminated gold de-
posits of this belt are exposed in windows
eroded throgh the upper plate of the shaliow-
dipping Reoberts Mountains thrust. This is a
major zone of faulting with significant west
to east displacement which occurred during
the Devonian to Mississippian Antler oro-
geny. Thers may be a genetic relationship
between the events producing the uplifts in
the window areas and the gold mineralization
so that occurrence of the deposits in these
windows is not fortuitous.

The Mercur deposit lies in a major west-
trending belt of igneous and hydrothermal
activity which includes the Bingham porphyry
copper deposit and the Park City base and
precious metal deposits. This beft is the
western extension of the Uinta Arch. In all
these belts, middle to late Tertiary normal
faulting and igneous activity are superim-
posed on Paleozoic geosynclinal sedimen-
tary sequences and thrust plates with locat
occurrences of Masozoic rocks.
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Figure 1 Sefected disseminated goid deposits of Nevada and Ulah. AR, Afligator Fidge; BM, Baltle
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The occurrence of disseminated gold de-
posits in distinct belts in western Nevada is
less clear. Most of these deposits appear to
be related to centres of Tertiary volcanic ac-
tivity, which, in themselves, suggest zones
of crustal weakness. Many of these centres
developed on basements consisting of me-
tamorphosed late Paleozoic to Mesozoic
sedimentary and volcanic assemblages and
igneous intrusions.

On a more local scale, aven though most
of the gold is hosted by sedimentary, and to
a lesser extent volcanic, units, the minerali-
zalicn shows a strong spatial relationship to
fractures in all deposits. Most fracture sys-
tems show normal displacement and devel-
oped during the Tertiary; however, some may
have originated during the Mesozoic and
experienced later recurrent movement.

At the Carlin deposit, gold mineralization
occurs in the Lynn window in the rocks con-
stituting the lower plate of the Roberts Moun-
tains thrust. Ore occurs in and adjacent to
high-angle normal fauits of variable strikes
and up to a few hundred metres of displace-
ment. This normal faulting had the result of
producing extensive areas of shattered rock
in the upper part of the Roberts Mountains
Formation just below the thrust fault. The
normal faults are interpreted as the conduits
which fed hydrothermal solutions 1o the
structurally-prepared host rock (Radtke et af.,
1980). Particularly favourable structural traps
may have been produced by a combination
of the movements along the Roberts Moun-
tains thrust and the intersecting normal faults.
Locally, mineralization also occurs in the
hanging wall of the thrust. A similar structural
framework occurs at the Jerritt Canyon de-
posit although the principal host rocks are
different (Birak and Hawkins, 1984).

At the Getchelt and Pinson deposits struc-
tural control of gold mineralization is much
more pronounced. The major structural fea-
tures in this area are a series of anastomo-
sing high-angle normal faults which form the
eastern margin of the Osgood Mountain block.
Ore occurs in breccias and gouge along
strands of this major fault zone; individual ore
widths range up to 70 m (Berger, 1980;
Krotschmer, 1984). At Battle Mountain a se-
ries of northwest-trending, northeasi-dipping
mineralized normal faulls served as chan-
nels for the solutions to penetrate the adja-
cent conglomerates (Blake and Kretschmer,
1983; Blake et al., 1984).

At the Alligator Ridge deposit the relation-
ship of mineralization 10 structure is less clear.
The rocks in the area have been folded into
a series of gentle north-trending folds and
subsequently cut by a series of high-angie
normal faults. Mineralization is pest-normal
faulting, however, the spatial and genetic re-
lationships of ore to fractures have not been
clearly defined. Kiessig (1984a, b) states that
mineralizing solutions migrated upward along
unspacified conduits and believes that gotd
deposition is relatively young in age because

of the existence of geothermal walers in the
area.

Structural control of gold deposits in Ter-
tiary volcanic centres is usually relatively easy
to discern. At Round Mountain the mineral-
ization is localized in the Jefferson Caldera
in the southern Toquima Range. This caldera
is one of four recognized in the area and
developed in response to the eruption of large
volumes of rhyolitic and rhyodacitic tuffs on
a basement of Paleozoic metasedimentary
and Cretaceous plutonic rocks (Mills, 1982,
1984). Mineralization appears 10 be localized
along a segment of the structural margin of
the caldera where late resurgence of igneous
activity occurred. A major northwest-trending
shear zone and associated dilatant fractures
are overprinted by a system of radial and
concentric fractures associated with a central
breccia. Vein, stockwork and disseminated
mineralization appear to be associated with
these zones of intense fracturing. At Borealis
such structural control has not been as clearly
defined. According to Reid (1984), ore occurs
in a breccia adjacent to a partially mineral-
ized northeast-trending fault zone.

Association With Igneous Activity
lgneous activity and its products may serve
as sources of metals, transporting solutions
and/or heat to drive the hydrothermal sys-
tems. The fracture systems required for the
migration of the transporting solutions also
may be a product of such activity. Magmas
are important sources of all three compo-
nents in some mineralizing systems such as
porphyry copper deposits. However, epi-
thermal precious metal mineralizing sys-
tems, of which disseminated gold deposits
represent a subgroup, appear o be domi-
nated by heated meteoric water (Taylor, 1979;
Radtike et af., 1980). Under these circum-
stances metals must be derived from any
material through which the solutions may pass,
including the source of the latter, the host
1ocks, or emplaced igneous material. Alter-
natively, the latter may supply only the heat
to drive the mineralizing system.

All disseminated gold deposits have some
plutonic or volcanic rocks occurring in their
vicinity, however, the genetic connection be-
tween the two has been a matter of signifi-
cant debate. Deposits hosted by volcanic
rocks are usually genetically related to their
hasts even though the volcanic history may
be qguite complex and gold deposition may
occur a significant time after emplacement
of the hosts.

The genetic importance of igneous rocks
in the sedimentary rock-hosted deposits is
much less clear. There appears to be no
unigue association which sets these systems
apart from typical metalliferous hydrothermal
deposits. On the contrary, these deposits oc-
cur in a number of different types of igneous
environments with a variety of compaositions.
The gold deposits at Batile Mountain and
Mercur oceur in the peripheral zone of major
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porphyry systems, although the latter deposit
lies 20 km south of the centre of the Bingham
district and may not be directly related to the
copper deposits. At Mercur, fing-grained por-
phyritic rhyolite intrudes the host rocks ad-
jacent to the gold deposits, but this rock is
only weakly altered and contains no gold and
may be post-mineralization (Kornze et al.,
1984), At Battle Mountain, the gold deposits
lie approximately 1500 m south of the main
Copper Canyon copper deposits which are
associated with a middle Tertiary granodior-
ite porphyry intrusion. The disseminated gold
mineralization occurs within the metamor-
phic aureole of the pluton and a dyke of the
latter occurs in at least one of the deposits
(Blake and Kretschmer, 1983; Blake et al.,
1984).

At Gefchell and Pinson Mines the host
Paleozoic sedimentary rocks have been
intruded by large masses of Cretaceous
granodiorite (Berger, 1980; Kretschmer, 1964).
At both deposits portions of the main piluton
and cross-cutting dykes are variably aitered
to sericite, chlorite and clay. At Getchell, al-
teration appears to be strongest in the vicinity
of the ore. Both plutons are surrounded by
contact metamorphic aureoles and the gold
deposits lie within these zones. Based on
spatial relationships and age determinations
on alteration minerals Silberman et al. (1974)
concluded that gold mineralization was Cre-
taceous in age. However, Berger (1980) re-
ported a major Miocene thermal event in the
area based on fission-track studies on apa-
tite from an ore zone. At the Pinson deposit
argillized and sericitized andesitic or dacitic
porphyry dykes containing low amounts of
gold near the ore have been reported
(Kretschmer, 1984). These dykes are younger
than the granodiorite but their absolute age
is unknown.

Mesozoic plutonic rocks underlie the re-
gions around both the Carlin and Jerritt Can-
yon districts. However, they are considered
to be older than the gold mineralization even
though dykes of this material cccupy normal
faults at the Carlin deposit (Radtke et al.,
1980). These latter dykes are altered and
faulted along younger fractures. Tertiary vol-
canic rocks with an age of 14 Ma are found
in the Carlin district, but are not exposed in
the mine. Based on overall geclogic reta-
tionships, this igneous event is considered
the heat source responsible for driving the
hydrothermal system. Middie Tertiary ande-
sitic and rhyoclitic voicanism occurred in the
Jerritt Canyon ragion as well, however, these
units are only exposed in the extreme north-
eastern section of the district (Birak and
Hawkins, 1984). Tertiary rhyolite tuffs and
basalts occur in the vicinity of the Alligator
Ridge deposits and some of these units ap-
pear very young, younger than normat fault-
ing. However, the genetic relationship between
the volcanic rocks and mineralization is un-
known. Kiessig (1984a, b) believes the mi-
neralization to be quite young because of the
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existence of an active geothermal cell in the
mine area.

In the western Great Basin most, if not ali,
precious metal deposits are associated with
various volcanic centres (Albers and Klein-
hampl, 1970). McKee (1979) reported a de-
tailed study of the relationship of mineral
deposits to volcanism and noted that the ma-
jority of these deposits were associated with
andesitic volcanism. Most of these deposits
are strongly structurally controlled and usu-
ally classified as bonanza vein-type ores.
However, a few, such as Round Mountain
and Borealis, contain significant amounts of
disseminated mineralization. The velcanic
host rocks for these deposits have been
described above.

Ore Mineralogy and Petrography

Similarities between the various dissemi-
nated deposits begin to appear when studied
at the hand specimen or microscopi¢ scale.
These observations are important in devel-
oping a genetic model that is generally ap-
plicable to most of these deposits. The close
association of iron sulfides with the gold in
primary ores is a key element in the formation
of these deposits. The features these de-
posits have in common will become clearer
in the discussion of the various deposits below.

The most detailed studies of ores in sedi-
mentary hosts have been carried out at the
Carlin Mine (Radtke et al., 1980). However,
the ores from other carbonate-hosted de-
posits are remarkably similar to those at Car-
lin. At the fatter deposit, the pnmary ores
have been classified into five gradational types
based on the relative abundance of various
components: (1) normal, (2) siliceous,
(3) pyritic, {4) carbonaceous, and
(5) arsenical. An imporiant step in the for-
mation of these ores is the removal of up to
50% of the original calcite in the carbonate
host. This ground preparation is thought to
have been carried out by the hydrothermal
solutions early in their evolutionary history
and is important in producing the psrme-
ability necessary for the penetration of the
ore solutions. However, close inspection of
the rocks from this and other deposits re-
veals many small closely-spaced fractures
which give a brecciated appearance.

OQver half of the ore consists of the normal
type where the gold occurs with mercury, an-
timony and arsenic as surface coatings on,
and fracture filings in, pyrite grains. In all the
primary ore types, gold occurs mostly as
coatings on the pyrite. As the carbon, silica
and arsenic contents increase 1o produce the
carbonaceous, silicecus and arsenical ores
respectively, small amounts of gold may be
found with these other components. Organic
carbon contents in the normal ore are similar
to, but slightly higher than those of unmin-
eralized host rock. It increases from about
0.3% in the normal ore to up to 0.9% in the
pyritic ore io over 5% in the carbonaceous

ore. Carbon occurs as dispersed grains of
amorphous material, hydrocarbons and or-
ganic material and in small veinlets and seams
of hydrocarbons. Pyrite is the most common
sulfide, and increases to 5-10% of the pri-
mary cre in the pyritic type. Realgar and stib-
nite occur in minor amounts in all ore types
but increase in the carbonaceous and ar-
senical ores. The fatter ores are paragenet-
ically late and contain gold associated with
carbonaceous material and in realgar veins
as well as with pyrite. Arsenic contents range
from 0.5% ta over 10%. The arsenical orgs
contain unusually high amounts of mercury,
antimony and thallium in rare sulfides and
sulfosalts. The siliceous ore represents a
transition between normal ore and jasperoid
as the amount of introduced silica increases.
In this type small amounts of fine-grained
gold may be found included in quariz grains.

Radtke and co-workers (1980) describe both
an acid-leached zone and an oxidized zone
at Carlin. They attribute the former zone to
hypogene acid oxidizing solutions produced
by the oxidation of H,S to sulfuric acid. The
H,S was released from the hydrothermal so-
Jutions during boiling at depth at a temper-
ature of approximately 275°C. This represents
a significant increase over the 200°C for the
deposition of the sulfide stages in which no
evidence of boiling was found. In the for-
mation of the leached zone, barite, anhydrite,
quariz and kaolinite were formed and dolo-
mite, sulfides and organic carbon were re-
moved. During the boiling episode, the
salinities of the solutions increased from ap-
proximately 3 weight percent {wt.%) NaCl
equivalent to almast 15 wt.%. Carbondioxide
probably was an important component in the
vapour phase because calcite veins were
formed above the leached zone during this
stage. Finally, the ores were oxidized during
normal weathering processes upon exposure
during erosion.

The primary ores at Jerritt Canyon, Mercur,
Getchell and other carbonate-hosted depos-
its are very similar {o those at Carlin. At Jerritt
Canyon, gold occurs in carbonaceous and
pyritic silty grainstone or calcarecus silt-
stones (Hawkins, 1984). However, the inti-
mate association between gold and pyrite
has not been reported. Birak and Hawking
(1984) state that the most reliable mineral-
cgical indicators of gold are realgar and or-
piment; the former is the most abundant
arsenic mineral found in the ores. These two
mrinerals occur in carbonaceous rocks in veins
with or without calcite and as disseminated
grains with remobilized carbon along frac-
tures. Minor arsenopyrite has been detected
with X-ray diffraction. Other accessory min-
erals found are cinnabar, stibnite and barite.
In their geologic history of the Jerritt Canyon
deposits, Birak and Hawkins (1984) imply that
a period of oxidation occurred along with ar-
gillization after gold deposition and pre-dating
the precipitation of stibnite, barite and the

arsenides. Finally, the primary ores have been
oxidized by supergene solutions, producing
a variety of antimony and arsenic oxides.

At the Getchell deposit, gold occurs as sub-
microscopic grains associated with carbon-
acecus material, within sulfide grains, and
between quartz and clay grains (Berger, 1980}.
The carbonaceous material is a mixture of
amorphous carbon, organic carbon com-
plexes and graphite, and occurs as thin iam-
inae parallel to quartz layers in the bedding.
The pyrite is intergrown with the quartz and
commonly contains small blebs and rims of
arsenopyrite. Visibie gold has been reported
in association with pyrite, arsenopyrite and
carbonaceous material, However, overall there
appears 1o be a closer association of gold
with the sulfides and quartz than with the
carbonaceous material. Realgar and orpi-
ment are late in the paragenetic sequence
and occur interstitial to ore and gangue min-
erals along fractures, veins and/or bedding
planes. They are also enclosed in masses
of late-stage remobilized carbonaceous ma-
teriat. Cinnabar, stibnite, minar base metal
sulfides, barite and rare sulfosalts have been
reported as gangue minerals.

Al the Pinson deposit, the ore consists of
a dense jasperoid containing gold, iron ox-
ides and scattered remnants of iron sulfides.
Gold has been reported as micron-size in-
clusions in arsenian pyrite (Kretschrmer, 1984).

In the unoxidized ore at Mercur, gold oc-
curs with pyrite, realgar, orpiment, marcasite
and cinnabar in relative order of abundance
{Kornze et al., 1984). Organic carbon occurs
as thin irregular veinlets, thin films coating
fossit fragmants or as disseminated amor-
phous material. Some carbonaceous mate-
rial has been remobilized into carbon-rich
pods. Even though there is always some of-
ganic carbon present with the gold, the con-
verse is not true. Similarly, gold is always
accompanied by sulfides but not vice versa.
Barite and calcite occur in late stage veins.
Kornze and co-workers (1984) recognize a
period of late slage oxidation produced by
hypogene hydrothermal solutions. This re-
sulted in the destruction of sulfides and car-
bonaceous material and the formation of iron
sulfates and anhydrite, now gypsum. Some
supergene oxidation has occurred, howaver,
most is interpreted as being hypogene.

Al Alligator Ridge most of the ore is of the
oxidized type and consists of gold, specular
hematite, jarosite, stibiconite, goethite, quarz,
barite, calcite, gypsum, alunite and kaolinite
{Klessig, 1984a, b). The unoxidized ore con-
tains gold in carbonaceous material along
with stibnite, pyrite, orpiment, realgar and
caleite. The oxidized ore is considered to be
hypogene hydrothermal in origin.

The gold mineralization at Batlle Mountain
contrasts with those so far described in that
it occurs in the calcareous matrix of a con-
glomerate unit with no carbonaceous mate-
rial present and arsenige minerals are not
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reported. Sulfide minerals present are pyrite,
pyrrhotite and minor amounts of sphalerite,
galena, marcasile and chalcopyrite. These
occur as disseminations and replacements
in the tremolite-bearing matrix. Outside the
ore zone, pyrite is more abundant than pyr-
rhotite and tota! sulfide content is less than
two percent. Within the ore zone, pyrrhotite
exceeds pyrite and total sulfide contents range
from 10% to 50%. Gold is associated with
the sulfides in the disseminations, replace-
ments and fracture fillings (Blake and
Kretschmer, 1982; Blake et al. {1984).

The mineralization hosted by volcanic rocks
is quite different in compaosition from that in
sedimentary rocks yet thare are some im-
portant similarities, notably the association
of gold with sulfides in primary ores. At Round
Mountain, gold occurs as immiscible blebs
in pyrite in both veins and disseminations. In
some high-grade veins, free gold occurs in
intimate association with quartz and pyrite.
Minor accessory minerals also found in the
veins are fluorite, realgar, calcite, adularia
and alunite (Mills, 1982, 1984). Al Borealis
the ores have been acid-leached and oxi-
dized, however, evidence for the preoxida-
tion occurrence of pyrite has been reported
(Reid, 1984). Acid leaching has resulted in
the formation of quartz, barite, jarosite, alunite
and various iron oxides.

Alteration
The most important type of alteration which
has occurred in disseminated gold deposits
i5 silicification. In the sedimentary rock-hosted
deposits, with the exception of Battle Moun-
fain, this has resulted in the extensive re-
placement of carbonate units by silica and
the formation of jasperoid bodies. These jas-
peroids are structurally controlled and some-
times change into zones of quartz veining at
depth. The existence of jasperoids is a very
good indication that gold rineralization is
present, however, they vary in gold content
from being guite barren to containing several
ounces per ton. Because of their resistance
to wealhering the jasperoids often form ridges,
and as such, have served as very good guides
to ore. At Jerritt Canyon, approximately 40%
of the rocks in the deposit are jasperoids but
only 10% represent ore-grade material (Birak
and Hawkins, 1984). The deposits in volcanic
rocks also exitibit extensive silicification.
Round Mountain contains a zone of intense
silicification located centrally and vertically
above the mineralized area. Silicification was
particularly intense in the tuffaceous sedi-
mantary rocks. However, this alteration was
not accompanied by gold or pyrite even though
late silica veins in the silicified zone contain
these minerals (Mills, 1982, 1984). At Bore-
alis, silicification was intense also where zones
in the host andesite were completely con-
verted to a rock consisting of quartz and
kaclinite.

Other types of alteration recognized in the

disseminated gold deposits are decalcifica-
tion, argillizaticn and oxidation. The early re-
moval of calcite is recognized as being an
important process in the preparation of the
host rock for later gold mineralization at Car-
lin, Mercur, Getchell and Alligator Ridge
(Radtke et al., 1980; Berger, 1980; Kornze et
al., 1984; Klessig, 19844, b). Early stages of
jasperoid are reported for Jerritt Canyon and
Pinson (Birak and Hawkins, 1984; Kretsch-
mer, 1984) and supposedly this required re-
moval of carbonate. This decalcification
suggests the early hydrothermal solutions
were acid, however, they were pre-ore and
may be different in composition than the ac-
tual mineralizing solutions. In contrast, the
formation of calcite veins occurs in the shal-
low parts of the mineralizing systems in asso-
ciation with the acid leaching at depth.

There are two periods of argillic alteration
which are recegnized in many disseminated
gold deposits. The first is closely associated
with the main periods of mineralization and
is represented by the formation of various
proportions, but small amounts, of kaclinite
and sericite. This argillization is best recog-
nized in impure carbonate hosts, volcanic
hosts and igneous bodies within mineralized
zones. At Battle Mountain in the conglom-
erate hosts, this alteration is represented by
the replacement of tremolite and other meta-
morphic minerals by epidote, chiorite and clay
minerals {Blake and Kretschmer, 1983; Blake
et al., 1984). The second and more important
episode of argillic alteration occurs during
acid leaching in the shallow portions of the
hydrothermal system. The mineralogical
changes observed include the destruction of
sulfides and organic matier, the removal of
dolomite in carbonate hosts, and the for-
mation of kaolinite and various sulfates such
as iron suifates, barite and anhydrite. This
type of alteration may be accompanied by
the precipitation of large amounts of guartz.
Because of the buffering capacity of carbon-
ate, this argillic alteration is developed only
locally in limestone and dolomite hosts, and
may not be recognized at all. In volcanic en-
vironments this argillization may result in the
complete destruction of the host rock and the
reptacement of it with an assemblage of ka-
olinite and quartz with smaller amounts of
alunite and other sulfates.

Oxidation is important in the process of
argillic alteration described above. Super-
gene oxidation is widely recognized in dis-
seminated gold deposits and oceurs usually
in a zone spatially related to a present or
paleoerosion surface. During this process,
the sulfides and organic carbon are removed,
and a variety of iron, arsenic and/or antimony
oxides are formed. Some recrystallization of
gold may occur as visible gold becomes more
common and its grain size may increase by
an order of magnitude or more. Because of
the greater permeability along fractures, su-
pergene oxidation may be detected to greater
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depths along veins. This creates confusion
between supergene and hypogene oxidation
and has led to significant debate concerning
the relative importance of each in the formation
of gold deposits.

Based on spatial and geochemical data,
hypogene oxidizing solutions have been pos-
tulated in the formation of many dissemi-
nated gold deposits. Whether or not these
solutions actually transported gold, or were
superimposed on an eardier depositional event
is still debatable. In addition, the oxidizing
event may be occurring at one point in the
system as gold was deposited elsewhere,
The oxidized zone at Carlin has been de-
scribed already (Radtke et al., 1980). The
spatial distribution of oxidized rock at Alli-
gator Ridge suggests that hypogene oxidiz-
ing solutions permeated the ore zones at some
stage in their development (Klessig, 1884a, b).
Hypogene oxidizing soluticns are described
for Mercur (Kornze et al., 1984) and Jerritt
Canyon (Birak and Hawkins, 1984). The mi-
neralogical changes occurring are similar to
those for supergeng oxidation. However,
remnants of sulfide commonly occur within
the oxidized zone and the grain size of the
gold increases. These facts may lead to the
congclusion that the oxidizing episode was su-
perimposed upon an earlier mineralizing event
involving more reduced solutions.

The Model

Most of the models proposed for epithermal
precious metal deposits have been centered
around the bonanza vein-type deposits, with
the exception of the madel for the Catlin de-
posit by Radtke and co-workers (1980). In
their development of genetic models far
epithermal deposits, Buchanan (1981) and
Berger (1982) assumed mineralization to have
occurred in fossil geothermal areas where
the hydrothermal solutions were chemically-
evolved, heated ground waters (Taylor, 1979).
In addition, Henley and Ellis (1983} dis-
cussed the similarities between present-day
geothermal systems and epithermal gold de-
posits, and implied the importance of ground
water in the formation of the latter. Buchanan
{1981) and Roedder (1984) summarized the
compositions of solutions from which gold
precipitated in hydrothermal systems, ob-
taining data from fluid inclusions and natural
ore, gangue and aiteration mineral assem-
blages. The temperatures of formation for
most epithermal deposits were in the 200-
300°C range. Many deposits exhibit evi-
dence that the mineralizing solutions boiled
at least in some stage of the deposition of
goid. The solutions had salinities averaging
around 3 wt.% NaCl equivalent and rarely
exceeded 10 wt.%. Available data suggest
sodium chloride is the most abundant dis-
solved component with smaller amounts of
calcium and potassium also present. Carbon
dioxide may be present in significant guan-
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tiies in hydrothermal systems responsible for
the sedimentary rock-hosted deposits.

The genetic models developed for most
epithermal vein-type deposits ¢an be applied
only in a general way to the sedimentary rock-
hosted disseminated deposits. These models
assume a sub-vertical open fracture system
along which hot solutions rise and precipi-
tation occurs as a result of some physico-
chemical changes ccecurring in the system.
The result is a mineral deposit with a rela-
tively simple and predictable symmetry and
consistent zoning around individual fractures
or fracture zones. These models also as-
sume that boiling is an important process in
the genesis of the deposits and there is no
doubt that this is an eHective machanism for
gold deposition (Romberger, 1962, 1983, 1984,
Drummond and Ohmoto, 1985). However,
evidence for boiling in the sedimentary rock-
hosted deposits is sparse. Even in the well-
studied Carlin deposit, evidence for boiling
was found only during the stage of acid
leaching (Radtke et al., 1980).

The hydrothermal systern must be open 10
the surface for boiling to occur. Even though
much of the mineralization in disseminated
deposits is fracture-controlled, portions of the
ore are stratigraphically and structurally sit-
uated such that open conditions could not
have existed locally. Rather than a simple
upward flow, solutions probably migrated in
a variety of directions, depending on the dis-
tribution of hydrologic potentials. The factors
influencing the flow of the hydrothermal so-
lutions actually may originate well outside the
site of ore deposition; the latter may repre-
sent a local geochemical anomaly in a much
larger flow regime.

Based on the temperature data so far col-
iected on these deposits, it seems likely that
increases in geothermal gradient, either re-
gionally or on a local scale, are the driving
force behind solution migration during mi-
neralization. Before this thermal perturbation
the ground water and deeper pore fluids were
close to a state of hydrologic equilibrium where
permeabilities and porosities decreased with
depth, depending on the nature of the aqui-
fers (Figure 2a). Under such conditions the
deeper pore waters would have a significant
residence lime, aspacially in impermeable
shales, while the shallower groundwaters ex-
perienced reasonable rates of recharge, again,
depending on the stratigraphy. The change
from a shallow recharging system to a deeper
stalic regime may be gradational with a tran-
sitional mixing zone between. Under these
conditions, the deeper waters will approach
chermical equilibrium with their reservoirs while
the shatlower waters maintain a certain de-
gree of oxygenation due to recharge from the
atmosphere. The pore fluids in the deep zones
become more and more reducing, particu-
larly if the reservoir rocks contain significant
amounts of sulfides and/or organic carbon.
During this chemical evolution these fluids

will leach various components from the rocks
which are compatible with their developing
reduced composition. Thus we have two
contrasting ground-water environments, a
deep reduced solution overlain by a relatively
more oxygenated one.

As the geothermal gradient begins to in-
crease from below, bulges will appear at the
interface between the two zones (Figure 2b).
These irregularities will develop a sites where
the rocks have increased permeabilities, such
as along fractures. As more heat is added
these plumes of reduced pore fluids expand
up along the fractures within the oxidized zone.
The shapes of the plumes will be controlled
by the distribution of permeabilities, expand-
ing out from the fractures in permeable hosts
and narrowing where claystones and other
aquitards are encountered (Figure 2c). Dur-
ing the rise in the geothermal gradient and
the doming of the ground water surface,
heating of the deep pore fluids may result in
the migration of volatile components such as
CO, and H,S upward into the oxygenated
ground-water environmant. These compo-
nents will dissolve and the H,S will oxidize
to produce locally acid solutions. These acid
walers may be responsible for tocal solution
of carbonate rocks, an important process in
the preparation of the host rocks for subse-
quent gold mineralization. As the reduced
pore fluids continue to migrate, the source
rocks must be recharged from below, lat-
erally or above, depending on overall hy-
drologic regime. Migration of the solutions
will be slow at first because the geothermal
gradient will be increasing from below rocks
of low permeability. Recharge may be slow
enough to maintain the overall zoning in the
composition of the waters. The rate at which
the system develops may play an important
role in controlling the size and grade of the
disseminated deposits; the slower the de-
velopment, the more gold is transported out
of the reduced zone up into the host rocks.
Eventually, the convection cell will develop
to the point that mixing occurs batween zones,
recharge of the source rocks breaks down
because the ground waters will not migrate
up the thermal gradient and/or overwhelming
racharge from the oxidized zone wiil cut off
the source at depth {Figure 2d). The latter
will result in the superposition of an oxidized
assemblage on an earlier reduced one. This
aenlire process may wax and wane with the
growth and decline of the geothermal gra-
dient, and over the hundreds of thousands
or even millions of years that these deposits
have to develop, several episodes of gold
remobilization and deposition may occur. At
the sama time tectonic activity, erosion, sedi-
mentation and/or volcanic activity can change
the structural frame-work, further complicat-
ing the mineralizing history. This model can
be applied equally as well to the volcanic
environment except the geothermal gradient
would be steeper, events would occur over

a shorter period of time, the host rocks would
be fraciured and brecciated volcanic units,
and shallow ground water would be much
more involved.

it is now necessary to build into this model
the unique geochemical nature of the de-
posits. The common occurrence of silicifi-
cation is due primarily to the transporting
solutions moving down significant thermal
gradients. In most solutions the primary fac-
tor controlting the solubility of silica is tem-
peralure, particularly at the depths and
pressures typical of disseminated gold mi-
neralization. Quartz has a prograde solubility
so that cooling is an adequate mechanism
for deposition. In contrast, calcium carbonate
exhibits a retrograde solubility. The combi-
nation of these two contrasting chemistries
will result in the replacement of limestone by
guartz by a coaling s¢lution saturated with
silica, or the formation of jasperoid. Cooling
may be caused by loss of heat to the wall-
rocks or mixing with cooler ground waters.
Silica is one of the easist of the rack-forming
components to dissolve in a hydrothermal
system, and the deposition of quartz or other
forms of silica is not unusual to such envi-
ronments. The presence of jasperoid or quanz
veins need not be acompanied by gold or
other metals. Their presence does, however,
indicate that the hydrothermal processes
necessary for the formation of gold deposits
had occurred.

The association of gold with elements such
as mercury, arsenic, antimony and thallium
and the lack of occurrence of the common
base metals such as coppet, lead and zinc
can both be explained by processes taking
place at the source. As the deep pore so-
lutions approach chemical equilibrium with
their enclosing rocks, they becorme more and
more reducing, particularly if the aquifers
contain significant amounts of organic car-
bon and sulfide. As these solutions leach the
rocks, the oniy components that will go Into
solution are those that are soluble at very
low oxygen activities in the presence of sul-
fur, Such elements are those that form sol-
uble sulfide complexes such as gold, mercury,
arsenic and perhaps antimony and thailium.
Bariurn may be included here because it does
not form an insoluble sulfide but is insoluble
as a sulfate. Thus, barium will be mobile in
the reducing environment and immobile un-
der oxidizing conditions, as its presence in
the oxidized zones as barite indicates. In
contrast, those elements which form insol-
uble suliides and are soluble as chloride
complexes in an oxidizing environment such
as the base metals will not go into solution
in the reduced pore fluids. Thus a separation
of the gold “group” elements from base met-
als will occur at the source. Any base metals
that are dissolved will become more soluble
as the solutions penetrate a more oxidized
environment and, therefore, will not be de-
posited. In contrast, Romberger (1982, 1983,



Geoscience Canada Volume 13, Number 1

‘sj1sodap
PaiDUIWBSSIP
pej|osiuod
-94n)3DJ4 - |INSaYy

“lejom punoib
BuIZIpI%XO MO||DYS
J0 JUSWEAJOAU]
PUD JJOIND BIINOS

‘UOISSNOSIP 10f 1x8) 8as ysod
-8p pioB pejeunwessp pezipixe Ayeied peyogUoo
-8JMpoByy JUBYNSE. (8) pue 'SielempuncsB pajeuss
-AX0 Jo JusuIIrROIOUe AG 8008 dBsp Jo o (p)
Srafem punolb moyeys woyy ebieyses pue spiny
0 vogeiBnu Bumoys Buumory AQ penedwoade
weipeil rewieyiool u eseesoul (9) 'Buuniosly ey
-8q S8NBI0A JO uoieIbIW pue uaipe1l BULIBYI0SE
uf aseeiou (q) ueipesb euseyiosls W aseesauy
8:0/0q &0Is wnugiinbe rediweys0el pue a16o.p
-Aly () susodep prob peeuiuessip jo ubuo ey
0y [BpOW JOBWBYIS PUB Pezifeiaues T eanBi4

"jusipo.b

jowleyjoed paspasaul
40 83uenyjui sepun
ugljoabiw pinjy desp
P9|101Ju03-84N}2014

'82.n0s D&Y
0 IJuen(|jul Jepun
S$IUSWIUOIIALE MO||DYS
ojul spin|y deap

40 Juawydooijdul

L
spin s
pinj4 \\\\\\«
eiod 21405 deaq B
\\\ \\\ \\\%
P A IS Aa
- = i i e > N
e \\\\ X =~ /\
ia2{Dp punoig o e g Ve U
paiouabixy mo|oyg - T
P 5% AN
T D




30

1984) has shown that oxidation is a very ef-
ficient mechanism for the deposition of goid
transported as bisulfide complexes (Figure 3)
and would apply equally as wel! ta the other
metals in solution as one sort of sulfide com-
plex. in addition, the same mechanism would
resultin the deposition of barite as the activity
of sultate increased during oxidation of sul-
fide. Figure 3 shows the solubility of gold as
a bisulfide complex in the heavy line as a
function of the activity of oxygen, increasing
to the right, for a solution at 250°C and pH
of 5. Neutra! pH at this temperature is 5.5,
and the relationships will not change signif-
icantly by assuming a higher pH. The other
assumed solution parameters are given. Also
shown are the ranges of oxidalion state over
which pyrrhotite (Po), pyrite, and iron oxides
or chlorite would be stable. The field of sta-
bility of graphite is shown as the hatchured
area, as are oxidation conditions under which
methane, carbon dioxide, reduced sulfide
(H.S) and sultate would predominate. The
diagram shows that once a solution passes
from the sulfide field to that of sulfate the
soubility of the gold bisulfide complex de-
creases quite rapidly. Therefore, gold would
be deposited¢ as a result of oxidation of so-
lutions saturated with this metal. The dia-
gram shows the path (labelled NZ) a solution
would take which was originally in equilibrium
with the mineral pait pyrrhotite and pyrite and
had a gold content of 0.004 ppb (Weissberg
et al., 1979). This solution would be under-
saturated with respect to gold originally, how-
ever, upon oxidation its composition would
pierce the solubility surface and gold would
precipitate, as shown. The solubility of gold
as the chloride complex is shown for com-
parison as the heavy dashed line. 1t is inter-
esting 1o note that the oxidation of a similar
solution containing methane would result in
the deposition of carbon.

Romberger {1984) also argued that most
hydrothermal solutions in equilibrium with
pyrite hever reach saturation with respect to
gold and the latter co-precipitates with sul-
fides. He based his arguments on the high
solubility of gold in bisulfide solutions (Se-
ward, 1973) and the intimate association be-
tween gold and pyrite in most primary ores
{Figure 3). The gold ends up either in solid
solution in the pyrite or other sulfides or as
blebs in or coatings on the grains. As hy-
drothermal activity proceeds, recrystalliza-
tion will result in the gold forming discrete
grains but still in association with the sulfides.
Later oxidation may remove the sulfides,
converting them 1o oxides, howevar, the gold
will remain because of its limited solubility in
oxidized solutions.

Summary

In summary, using the physical, hydrologic
and geochemical model proposed above it
is possible to explain both the structural var-
iations and geochemical similarities exhib-
ited by these deposils. Minor unexplained

features do occur, and subsegquent major
geologic events may mask the original en-
vironment. In addition, the behavior of trace
metals is presently anly conjectural and needs
to be strengthened by more work. However,
the model is strong enough lo withstand a
few unknowns. It is believed that further stud-
ies on these deposits and the contained
material will serve to strengthen it even more.
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