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Abstract
The Carmen Mine is lcx:ated 1
WashingtCTi.

south of the city of Wenatchee,

Tbe mine is hosted by lower to middle Eocene fluvial arkoses

of unknown correlation.

An unaltered rhyodacite done, dated at 43.2j^.8

Ma, bordered by perlite, intrudes the sediments and is separated frem the
orebody by a zone of sheared and faulted sediments.

The western border of

the orebody is a brecciated and weakly altered and mineralized andesite of
probable early Eocene age.

The structural geology of the mine area is

quite ccirplex and related to the formation of the Chiwaukum graben during
the middle Eocene.
^jdrothermal alteration consists dcminantly of pervasive
silicification of the sediments.

Argillically altered (chlorite-t-

kaolinite+smectite) eirkoses cap the silicified zones.

Gold occurs in

quartz-adularia-calcite veins vhich occupy 2 generations of fractures in
the silicified zones.

Ore minerals are pyrite, electrum, pyrargyrite,

tetrahedrite, chalcopyrite, and acanthite.
calcite, adularia, and clays.

Gangue minerals are quartz,

Post mineralizaticai shearing has disrupted

the silicified zones.
Fluid inclusions were studied in quartz and calcite veins frem the
silicified zones.

Fluid inclusions and textiares of veins and wall rocks

indicate that the fluid was boiling.
were identified in quartz;

Ihree types of fluid inclusions

2 phase, liquid-vapor, liquid rich, with

variable degree of filling; 2 phase L-V, vapor rich; and 3 phase, liquid—
vapor-solid.

The most ccnttKXi are L-V, liquid rich, with hemogenizatien

tenperatures ranging frem 58° C to over 400° C.

The mean honogenization

temperature is 285° C, except in late-stage, lew tanperature qucirtz.
Salinities are quite variable, ranging fretn 1.6 veight % to 23 wt. % IfeCl

i

equivalent, and averaging 8 wt. % NaCl equivavlent^

No ndcrothenranetry

was performed on the vapor-rich inclusions due to their opaque nature, Ixit
their occurrence together with liquid-rich inclusions suggests the system
was boiling.

Fare L-V-S inclusions contain an unidentified solid phase.

Ice melting temperatures as low as -33° C reveal a more ccrtplex system
than NaCl-H20, possibly NaCl-(Ca,Mg)Cl2“H20.

Calcite contains 2 phase, Lr-

V inclusions with consistent degrees of filling.

Hcmogenization

tenperatures range from 99° C to 220° C, averaging 185° C.

Salinities

range from 0.09 wt. % to 1.13 wt. % NaCl equiv., averaging 0.87 wt.. %.
Inclusions were decrepitated by stepwise heating.

Following each

step, leachates were analysed by ion chrcmatography, and the results
applied to chemical geothermcmeters, widely applied to the investigation
of active geothermal fields.

The most cotmoi cations are Mat eind K+, with

minor amounts of Ca^'*', Mg^'*’, Li+, and NH^t.
S04^", with lesser anounts of C1-.

The most cctmon anion is

The sulfate probably represents

original H2S, vhich was oxidized during sample preparaticai.
The Na-Ca-K geothermcmeter gave results consistent with fluid
inclusion geothermcmetry, while the Na-K geothermcmeters gave high but
generally consistent results.

The Na-Li geothermcmeter gave variable,

unusable results.
IhermDchQTdcal calculations and fluid inclusion results indicate that
gold was transported as a gold-bisulfide (thio) ccmplex rather than a
gold-chloride ccmplex, in dilute, high £S/C1- fluids.

The hydrothermal

fluids were probably undersaturated vdth respect to gold, and the gold
content of the source rocks was the limiting factor in the amount of gold
tTcinsported.

Gold was probably precipitated as the ascending hydrothermal

fluids encountered open space in the host rocks.

The sudden drop in

pressure allowed the fluids to devolatilize and boil, precipitating gold.

il

Tectonic activity related to the formation of the Qiiv/aukum graben
produced the fractures for the fluid to flow through.

Magmatic activity

coeval with graben formation provided a heat source for the circulation of
the hydrothermal fluids.
Hydrothermal activity and gold deposition took place in a near
surface environment similar to the boiling geothermal systems at The
Geysers, California, and Broadlands, N.Z.

Fluid inclusion evidence for

boiling fluids with a high£S/Cl- ratio may be an important, inexpensive
exploration tool for similcir types of gold deposits.

iii
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INTRODUCTION
Hie Carmen Mine is the second largest underground gold mine in the
United States and is located near Wenatchee, Chelan County, Washington, in
the Wenatchee Mining Districts

The orebodies were discovered in the late

1970's and early 1980's, and production ccrmenced in the middle of 1985.
Diamcmd drilliiig has delineated reserves in excess of 4.88 million tons
containing .26 oz/ton gold

(1988 figures).

The orebodies are hosted in

silicified Eocene feldspathic sandstones vhich have been intruded by
rhyodacites and andesites.

The purpose of this study is to provide a

model for gold transportaticn and deposition at the Carmon Mine, which may
be useful in future exploration for similar types of deposit.
Locaticn and Topography
The Cannon Mine is located oie kilcmeter south of the city of
Wenatchee, Washington (Fig. 1) at the mouth of Dry Gulch
R.20E.).
rail.

(Sec.l6,

T.22N.,

The area is served by numerous paved and unpaved roads, air and
The mine is at an elevation of 305 meters (1000 feet) in the

eastern foothills of the Cascade Mountains.
average annual rainfall of nine inches.

The climate is arid with an

Vegetaticn is sparse, with sage

and grasses dendnating.
Previous Geologic Work
The first reconnaissance mapping of the area surrounding Wenatchee
was done by Russell (1900).

Ehiith and Calkins (1904) made the first

observations about the geology at the mouth of Dry Gulch.

Chappell (1936)

did the first detailed mapping and description of the geology in the
Wenatchee Quadrangle.

Recent work on the general geology of the Wenatchee

area has been done by Laravie (1976), Gresens and others (1977), Tbbor and
others (1982),

and Gresens (1983).

The structural geology of the Wenatchee area and the Chiwaukum

1

EXPLANATiasr
Qd- Quatemairy to Recent flood deposits
Mb- Miocene basalts of the Columbia River Basalt Group

Cm- Oligocene Wenatchee Formation
Ec- Middle to Late Eocene Chumstick Formaticxi
Er- Middle to Late Eocene Roslyn Formation
Et- Middle to Late Eocene Teanavay Basalt
Es- Early to Middle Eocene Sv\Quk Formation
Ea- Arkosic sandstones of probable Eocene age and uncertain correlation in the
Wenatchee area
Ju- Jurassic ultramafic rocks of the Ingalls Cctiplex
pT- Pre-Teriary bedrock, ranging in age from Cretaceous to Precairibrian
Heavy diagonal lines in the southvrest comer are Teanaway basalts and minor
rhyolite, dikes in the northeast are Corlialey Canyon dikes.
C.M.-Cannon Mine

Figure 1. General geologic map of the Wenatchee area (after
Gresens, 1983).
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WASHINGTON

graben, a northwest trending fault-bounded basin, has been studied by
Willis (1958),

Gresens (1980,

1982a,b),

Johnson (1983),

and Evans (1987).

Silling (1979) did geophysical work in the etrea in an attempt to determine
the thickness of sediment in the Chiwaukum Graben.
The sedimentary rocks in the Wenatchee area, including the sediments
filling the Chiwaukum graben, were studied by Pongsapich (1970), Buza
(1977),

Frizzell (1979),

Whetten (1976) and Gresens and others (1981).

Igneous rocks in the area have been investigated by Coonbs (1952), who
described the rhyodacite done at the mouth of Dry Gulch, and Bayley
(1965), v^o examined the Horse Lake Mountain andesite canplex northwest of
Wenatchee.
Descriptions of the econcmic geology of the Wenatchee area deal
mostly with the Lovitt Mine, which was in operation fraxi 1949 until 1967.
The geology and economic geology of the Lovitt Mine

have been described

by Cocmbs (1950), Lovitt and McDowall (1954), Lovitt and Skerl (1958),
Moody (1958),

Guilbert (1963),

Patton (1967) and Patton and Cheney (1971).

Itoberts (pers. cctmu,

1987) is studying fluid inclusions and geochemistry

at the Lovitt Mine.

Margolis (1987) described altered volcanic rocks bo

the southeast of the Lovitt Mine at Wenatchee Heights.

Ott and others

(1986) described the geology and alteration at the Cannon Mine, and Ott
(1988) investigated the geology of the Wenatchee Mining District.
Mehlhom (pers. ccmn., 1988) is conducting studies of organic matter,
alteration and geochronology at the Cannon Mine.
Regional Geologic Setting
The regional geology of the Wenatchee area can be divided into three
main belts by the tvro faults bounding the Tertiary Chiwaukum graben (Fig.
1).

The Entiat fault, trending N30W,

is on the east side of the graben,

cind the Leavenworth fault zone, trending roughly N-S, marks the western
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boundary of the graben.

The Eagle Creek anticline is exposed in the

central part of the graben and may be the result of beds draped over a
horst blocK

The southern trace of the graben is covered by Miocene

basalt of the Columbia River Basalt Group.

Ihe Miocene Cloudy Pass

batholith (Johnson, 1983) intrudes the Entiat fault to the northeast of
Glacier Peak.

Further to the northwest, the fault has been traced by

Ewing (1980) and Tabor and others (1984) into the Straight Creek fault
neetr Marblemount, Washington.
Geology East of the Entiat Fault
East of the Ehtiat fault, basement consists of the pre-Late
Cretaceous (Gresens,
Carpi ex (Fig. 1).

1983) Swakane Biotite Gneiss and rocks of the Chelan

The Swakane Gheiss consists of

honogeneous biotite-

quartz-feldspar gneiss with minor aitphibolite and marble (Gresens,
The age and origin of the Swakane Biotite Gheiss are in dispute.
workers (sunmarized ^ Tabor and others,

1983).

Early

1982) favored a sedimentary

protolith with minor interbedded volcanics.

later workers (Hopson in

Mattinson, 1972) have suggested a silicic volcanic or volcaniclastic
protolith.

Zircons yield a U-Pb age of 1,650 Ma,

however, the age is

highly discordant and sane of the zirccais are rounded and may be detrital
(Mattinson,

1972).

Ibbor and others (1987) report a whole rock Rb/Sr

isochron of 690 Ma that may represent the original stratigraphic age of
the Swakane gneiss.

A Late Cretaceous age for the last regional

metamorphic event is inferred.
The Chelan Carpi ex is made up of migmatites and tonal ites with a
pre-Cretaceous zircon corponent, of Cretaceous to eeurliest Tertiary age
(Tabor and others,

1987), and crops out to the northwest of the S^rakane

Biotite Gneiss.
Geology West of the Leavenworth Ehult Zone
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To the vvest of the Leavenworth fault zone are the Late Jurassic
Ingalls Tectonic Ccrtplex, the Chiv/aukum Schist, the Cretaceous Mt. Stuart
batholith, the Eocene Swauk and Roslyn Formations, and Teanaway Basalt and
associated rhyolites (Fig. 1).

The Ingalls Tectcxiic Ccnplex includes

serpentinite, peridotite, gabbro, mafic to intermediate volcanics, and
metasedimentary rocks (Tabor and others, 1982, 1987).

Most of the

roetasedimentary rocks, volcanics, and gabbro occur as tectonic slices and
lenses.

According to Tabor and others (1982), the ccrtiplex consists of

ophiolitic and island arc rocks.

Radiolaria from a chert bed vathin the

ccrplex have a Late Jurassic age, in agreement with a U-Pb age of zircon
in a gabbro (Tabor and others,

1982).

The entire cctrplex has been

metamorphosed to the prehnite-punpel lyite and greenschist facies and
thermally overprinted by the intrusion of the Mt. Stuart batholith.
The Chiwaukum Schist crops out to the southeast of and is intruded by
the Mt. Stuart batholith. The Chiwaukum schist is a gamet-staurolitegraphite-biotite-quartz politic schist (Tabor and others,
probable metasedimentary origin.

1987) of

The protolith age of the Chiwaukum

schist is not well known, however, Macgloughlin (1986) infers a late
Triassic age.

The last metamorphic event coincided with the emplacement

of the Mt. Stuart batholith during the Late Cretaceous.
The Mount Stuart batholith is a large cotposite pluton composed
predcminantly of tonal ite with minor granodiorite and diorite phases
(Tabor and others,

1987). K-Ar dates from hornblende and fission track

ages frcm allanite yield an age of about 93 + 3 Ma (Tabor and others,
1987).
Tertiary sedimentary rocks west of the Leavenworth fault zone include
the early Eocene Swauk Formation, dated at 52 Ma by fission track dating
of zircon frcm interbedded volcanics (Tabor and others, 1982) and the
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middle to late Eocene Roslyn Pormation (Frizzell, 1979), dated at 45 Ma by
Tabor and others (1982).

Both formations are non-marine arkosic

sandstcaies, with shaly and conglomeratic facies.

The Swauk Formation has

a maximum thickness of 48(X) meters (Tabor and others, 1984) and the Eoslyn
FormatiOTi is at least 2000 meters thick (Tabor and others,

1984) In the

Silver Pass area, the Swauk Formation is interbedded with the Silver Pass
Volcanic Mearber (Tabor and others, 1984).

The &^auk

Formation has been

correlated with the Chuckcinut Formation in northwest Washingtcxi (Frizzell,
1979;

Johnson, 1983) and the Roslyn Formation is correlated with the

Chumstick Formaticn in the Chiwau3cum graben.
Ihe Teanaway Basalts unconformably overlie, and associated dikes
intrude, the Swauk Formation, and are conformably overlain by the Roslyn
Formation. The Teanaway Basalts include minor rhyodacitic to rhyolitic
meitibers.

Ihe rhyodacite dene at the mouth of Dry Gulch may be part of

Teanaway activity (Tabor and others, 1982).

Radiometric dates for the

Teanaway Basalts range frem 39 to 47 Ma (Tabor and others,

1982).

Geologic Units in the Chiwaukum Graben
Rocks in the Chiwaukum graben (Fig. 1) include the Swauk (?)
Formation and the Chumstick Formation, eis well as the Oligocene Wenatchee
Formation and the mafic and fel sic rocks of the Wenatchee Pinnacles. The
Chumstick Formation unconformably overlies the &i^uk (?) Formation.

Both

are non-meirine arkosic sandstones (Frizzell, 1979, Gresens and others,
1981).

The Chumstick Formaticn was deposited into the subsiding Chiwaukum

graben and may be up to 5800 meters thick (Gresens and others,

1981,

Gresens, 1983). The Wenatchee Formation unconformably overlies the
Chumstick Formation.

It is a chemically mature but texturally inmature

sandstone, consisting mostly of angular quartz grains.
meters thick.
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It is up to 275

The Swakane Biotite gneiss is also exposed in the graben in the core
of the Eagle Creek anticline, a structural high in the center of the
graben near Cashmere.

Sedimentary rocks interpreted as Swauk Formation by

Gresens (1983) crop out near Wenatchee cn strike with the Eagle Creek
structure.

However, the correlation of these rocks is in dispute (Tabor

and others, 1982).
Terticiry igneous rocks in the Chiwaukum graben include the 29 Ma
Horse Lake Mountain Andesite Ccrtplex (Bayley, 1965) and the rocks of the
Eocene Wenatchee Pinnacles.

Ihe Wenatchee Pinnacles igneous rocks can be

divided into intermediate and felsic maribers that are on strike with the
faults that bound the Chiwaukum graben and the Eagle Creek structure.

The

intermediate rocks are andesitic to dacitic, and the felsic rocks are
rhyodacitic with perlitic borders.

Dikes of Eocene gabbro are also

present in the area (Gresens, 1983), as are basalts of post-Eocene age.
Younger rocks in the vicinity of Wenatchee include Oligocene (?)
andesite and amygdaloidal basalt dikes cutting the Wenatchee Formation in
Dry Gulch (Gresens, 1983), the Miocene Oolurabia River Basalts to the south
and east, debris flew deposits cerposed of basalt, and Quaternary glacial
and fluvial deposits.
A belt of silicified rocks crops out roughly along strike of the
graben frem Wenatchee Heights in the southeast to the northwest side of
Number 2 Canyon (Fig. 2).
as reefs.

These silicified rocks are locally referred bo

Early miners named these rocks "bastard granite" and Coerribs

(1950) described the "granitization" of Swauk Formation at the lovitt Mine
("D' reef).

The large, iron stained outcrop of silicified rock cn the

northwest side of Squilchuck Canyon at the Lovitt Mine site was originally
thought to have been a dike (Lovitt and McDowall, 1954).
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The surface

Figure 2. Outcrops of silicified rock in the Wenatchee area
(after Ott, 1988)

9

expression of the silicified rocks at the Ccinnon Mine is known as "B" reef
(Fig. 2).
History of the Wenatchee Mining District
The exploraticn and mining history of the district has been described
by Lovitt and McDowall (1954), Lovitt and Skerl (1958), Ott and others
(1986) and in various unpublished Asamera Minerals reports.

A large iron

stained and well silicified outcrop in Squilchuck Canyon vas staked in
1885 as the Gold King claim ("D"-reef).
construction of a small mill.

Operations began in 1894 with the

Because of mining and milling problems,

production was only sporadic and ceased in 1911.

The claims were dormant

from 1911 until 1928, vhen various interests attempted unsucessfully to
mine the claims profitably.

In 1949, E.H. Lovitt and the Lovitt Mining

Ccmpany purchased the claims and determined how to mine and mill the ore
profitably.

Producticn from 1949 until operations ceased in 1967 was

approximatly 410,000 ounces of gold.
Exploration around the "D" and "B" -reef orebodies continued but it
was only in the mid 1970's when Cyprus Minerals Corp. discovered the "B"West orebody.

Additiaial diamond drilling in the area by Asamera Minerals

and joint venture partner Breakwater Resources in the early 1980's
confirmed reserves and led to the discovery of the high grade "B"-North
orebody.

Later drilling has identified the "B"-Neath,

"B"-Tween, and "B"-

4 zones. Production at the Cannon Mine ccmenced in mid 1985, with current
reserves of approximatly 4.88 mil lien tons grading .26 oz/toi gold.
Purpose and Scope of the Present Study
The purpose of this study is to conduct a detailed investigation of
fluid inclusions from vein quartz and carbonate at the Cannon Mine using
both non-destructive microthermcmetric analysis and destructive chemical
analysis of leachates.

This informaticn, oerribined with petrologic and

10

trace element geochemical data is used to construct a thermodymandc nxxlel
for gold transport and deposition mechanisms.

This model, combined with

structural data from the mine area, may provide a clearer understanding of
ore genesis at the Canncxi Mine and may be useful in defining exploration
targets for future seeirches of similcir types of deposits elsevAiere.
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MINE GEOLOGY
In the Cannon Mine area. Eocene fluvial sedimentary rocks are
intruded by hornblende andesites and porhyritic rhyodacites. The
sedimentary rocks have been folded cind faulted; and in the mineralized
areas they have been intensely hydrothermally altered.

Ihe geology of the

mine area is shown in Fig. 3 and available radiometric dates are summarized
in Table 1.
Sediments Hosting the Orebody
The Canncan Mine orebody is hosted by fluvial ly-deposited monotonous
sequence of feldspathic sandstones, siltstones, lacustrine shales, and
minor conglomerate of probable Early to Middle Eocene age (Fig. 3).
Conglomerate has been mapped at only cxie locality in the mine, tut is
present in drill core frcm many areas.

Carbonaceous material is locally

atxindant, especially in finer grained beds.

Mineralization in the mine

area appears to be confined between two thick mudstone layers.
The unaltered sediments are grey to light grey, and weather to tan or
brown.

Unaltered sediments are generally cemented with calcite, or have a

matrix of clays and biotite.

Because of the structural complexity and

lack of suitable marker beds, accurate estimation of thickness of the
sediments and correlation of beds in the mine area is difficult.
The sediments consist mostly of sandstones that are plagioclase
and quartz rich feldspathic arenites.

Potassium feldspar is a

minor component, and is absent frcm many samples in the mine area.
Biotite is the most common mafic mineral.

Lithic fragments are a minor

component, and are primarily raetamorphic and plutonic.
In the mine area, Ott and others (1986) have divided the sediments
that host the mineralization into 4 units based on lithologies, bedding,
and structures.

The package of sediments that host the mineralization is
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Table 1
Suitmary of radicnetric dates
Swauk Formation
Age (Ma)
50.4+2.7
51+5
53+5

Source

Method
Zircon fission track,

Frizzell (1979)

tuff bed

Horse Lake Mountain Andesite
29.4+2.1
28.2+3.2
34.2+3.2
24.9+0.4
29.8+6.6

K-Ar,

Gresens (1983)

biotite

Saddle Rock
50.9+3.5
38.5+2.5
33.5+2.0
38.1+2.4
37.5+4.1
73.6+5.8

Ott and others (1986)
Ott (1988)

K-Ar, vhole rock
K-Ar,plagioclase

K-Ar, hornblende

"C" Reef Andesite
40.1+^2.5

K-Ar, plagioclase

Ott (1988)

K-Ar, vyhole rock

Ott (1988)

Alkali Basalt
42.9+1.9
Wenatchee Dane
43.2j<).4
42.5+1.6
_
41.4+1.6

Tabor and others (1982)

K-Ar, biotite
II

II

It

K-Ar, biotite fron perlite

II

II

II

Ott and others (1986)

Rhyodacite East of Saddle Rock
45.0+1.8

Ott (1988)

K-Ar, biotite

B-Nbrth Orebody
44.2+1.9
K-Ar,

Ott and others (1986)

vein adularia
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bounded on the top and bottcm by thick beds of Ccirbonaceous mudstone, that
are locally sheared. Ifriit 1, at the tcp of the section, is a 10-12 m thick
sequence of evenly bedded sandstone and carbonaceous si It stone.

Ifriit 2 is

a sequence of thinly bedded silty sandstone with abundant soft sediment
deformational structures and is about 6-8 m thick.
sandstones and minor siltstones about

Massively bedded

10-12 m thick make up unit 3.

The

bottcm of the sequence is unit 4, vhich is at least 10 m thick and is
ccmposed of sandy siltstone and carbonaceous mudstone.

No distinctive

marker horizons occur in the section.
There is seme debate as to vAiether the formation that hosts the
orebody is the Swauk or Chumstick Formation, or a different, unnamed
formation.

Tabor and others (1984) mapped rocks in the mine area as

middle to late Eocene Chumstick Formation, however, they also state that
the rocks could be older than Middle Eocene.

Gresens (1981,1983) has

mapped the sediments in the mine area as early to middle Eocene Swauk
FormaticMi. He mapped the rocks as cropping out in the core of the Eagle
Creek anticline v^iich has been exposed by erosion (Fig. 1).

Ott (1988)

refers to the sediments as being of unknown age and correlation.

The

hornblende andesite whicdi intrudes the sediments yields a minimum K-Ar age
of 50.9 + 3.5 Ma (Ott and others, 1986), vhich is older than the Qiumstick
Formation.

Furthermore, folds in the mine have the same general trend as

folds in the S<i;auk Formation elsevvhere (Ott and others, 1986), and these
folds predate the Chiwaukum graben and hence, the Chumstick Formation.
Farther work involving stratigrajhic correlaticn, potassium-argon dating,
and pollai dating is being conducted to better determine the age and
correlation of the sediments (Mehlhom, pers. conru,

1988).

In

this study, following Ott (1988), the sediments will be refered to as
sediments of uncertain age.
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Hornblende Andesite
A hornblende andesite intrusion crops out for 3 km to the northwest
of the mine area and has been intersected by drilling along the northwest
margin of the orebody.

It is part of a northwest-southeast striking group

of intermediate to felsic intrusicais (Ta and Tr; Fig. 3), vAiich frctn north
to south include the intermediate intrusions (I^) at Castle Rock, Old
Butte, and Saddle Rock, all to the northwest of the mine.

Saddle Rock

yields a vvhole rock K-Ar age of 50.9+3.5 Ma (Ott and others,

1986).

Radicmetric dates from rocks in the vicinity of the area are sunmarized in
T^le 1.

Numerous dikes and sills and a large body of hornblende

andesite, the Horse Lake Mountain andesite complex (Bayley, 1965), crop
out to the west and northwest of the andesites near the mine.

Hrese

intrusions, v\hich have been dated by K-Ar on hornblende at an average 29.3
Ma (Gresens,

1983), are not related to the andesites in the mine area.

The andesites from Saddle Bock have plagioclase and hornblende
phenocrysts in a green aphanitic to glassy groundmass.
to a light rusty brown color.
samples.

Ihe rock weathers

Some flow foliation is evident in hand

Calcite veining is cannon, and many of the phenocrysts are

altered.
Plagioclase is arihedral to subhedral, ranges in composition from
cindesine to labradorite, and is the most abundant mineral phase.
Phenocrysts range in size fron 1 to 4 rrm, and locally form
glcmeroporphyritic aggregates with minor hornblende.

Resorption textures,

glass inclusicxis in phenocrysts and the fine grained groundmass indicate
rapid quenching of the magma.

Hornblende is present as light to dark

green euhedral to subhedral phenocrysts seme of vhich are partially
resorbed.

Euhedral magnetite crystals are comnon.

The groundmass

consists of plagioclase and minor pyroxene and glass with a pilotaxitic to
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txachytic texture.

Modal percentages, based on visual estimates of thin

sections, are plagioclase-20%, hornblende-5%, carbonate-2%,
devitrification products-12%, pyroxene-1%, opaques-2%, and qroundmass
(mostly microlites of plagioclase) 58%.
The andesite has been hydrothermal ly altered, vdth alteration
intensity increasing towards the contact with the orebody.

Plagioclase

has been altered to sericite, clays, and carbonate. Ccirbonate alteration
is locally intense (Fig. 4), replacing most of the groundmass and leaving
cxily isolated phenocrysts of plagioclase.

Carbonate has also filled the

interior of vugs, vAiich are lined with devitrified glass, clays, and
chlorite, and replacing hornblende.

Near the contact with the orebody, •

the andesite is brecciated, silicified, and has minor gold mineralization
(Ott and others, 1986).
Porphyritic Ehyodacite
Wenatchee Dome and Rooster Comb (Tr) to the southeast of the Cannon
Mine (Fig. 3) are hypabyssal felsic intrusions striking parallel to the
trend of the Chiwaukum graben.

Both have a pronounced flow banding that

in places is parallel to the outcrop surface.

Flow banding is at an

oblique angle to the contact along the eastern part of Wenatchee Dome
vhere it appears that part of the intrusion has been removed by faulting
(Gresens, 1983).

However, recent diamond drilling in the area shows that

the two bodies are separate intrusions.

Both Wenatchee Dane and Rooster

Comb are bordered by perlite, which forms the chilled margins of the
intrusions.

The contact between the rhyodacite and perlite is generally

gradational, with sections of rhyodacite grading into inter layered perlite
and rhyodacite to perlite, but locally is quite abrupt.

Biotite from

Wenatchee Dome and the bordering perlite have been dated by K-Ar at 43.2 +
0.4 Ma and 41.4 + 1.6 Ma, respectively (Ott and others,
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1986; Tabor and

Figure 4. Photomicrograph of hydrothermal ly altered andesite, with
corroded plagioclase phenocrysts and altered groundmass, and carbonate
alteration. Note hornblende phenpcryst in lower left comer. Crossed
polars, 36x.
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others, 1982).
In hand saitple the rhyodacite is gray-vhite, porphyritic, with
anhedral to subhedral phenocrysts of quartz, plagioclase, and biotite in
an aphanitic to glassy groundmass.

locally, especially near the contact

with the perlite, the rock is sheared and brecciated with glassy material
separating breccia fragments. The rhyodacite is unaltered, with only minor
weathering and iron staining near the surface.

Chemical analyses fron

Cbcmbs (1950) and Ott and others (1986) are shown in Ibble 2.

The rocks

are calc-alkaline. The perlite is depleted in silica, potassium, and
sodium relative to the rhyodacite.

This is probably the result of

devitrification and minor alteration of the glassy perlite rather than a
result of intense hydrothermal alteration (Ott, 1988).

The quality of the

analyses is low, as they do not sum close to 100%.
In thin section, quartz and plagioclase are the most abundant
phenocrysts (Fig. 5).

Quartz (13 modal percent) is ccmnonly clear,

anhedral, and embayed or fractured, and has even, non-undular extinction.
Plagioclase (10%) is zoned from oligoclase to andesine, is subhedral, and
ccnmcnly corroded or altered slightly to vhite mica.
glcmeroporphyritic clots.
to dark brown.

It occurs locally as

Biotite (8%) is anhedral and light green-brown

Dark green hornblende is rare as phenocrysts (3%) and

zircon is a minor phase (§1%).
abundant spherulites.

Ihe groundmass (62%) is glassy with

local microlites of plagioclase are seen with

pilotaxitic to trachytic texture.
glassy and aphanitic material.

Flew banding is evident frem layers of

The rhyodacite has not been extensively

altered but plagioclase is locally corroded and seriticized.

Minor

zeolite (§2%) is present along with seme minor (§1%) carbonate.

Other

minor phases are pyroxene (2%) and opaques (§1%).
The perlite bordering the rhyodacite is dark green, glassy and
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TABLE 2
Major Element Analyses for Wenatchee Dome and Saddle Rock

SiOp
Ti02
Al^On
F0oOo
FeO
MnO
MgO
CaO
Na^O
K2O
H,Ot

4

P2O5

-

TOTAL
1234567-

65.00
.41
13.60
5.77
3.62
.08
2.28
3.29
1.95
1.52
nd
nd

-- 2----- —3----- _4---80.00
81.90
70.90
.14
.15
.42
11.50
14.00
11.00
1.45
1.32
3.95
.76
1.70
4.43
.03
.06
.02
1.67
.25
.19
.89
.82
3.19
3.55
3.13
4.09
3.83
3.49
1.28
nd
nd
nd
nd
nd
nd

.01

.01

97.53

101.27

.01
106.87

77.30

.12
12.39
.57
.19
nd

.10
.68
3.14
4.36
nd
nd

.02

.02

98.87

95.75

.01
102.00

Homblende Andesite (Ott and others, 1986)
Homblende Andesite (Ott and others, 1986)
Rhyodacite (Ott and others, 1986)
Rhyodacite (Ott and others, 1986)
Rhyodacite (Coombs, 1952)
Perlite (Ott and others, 1986)
Perlite (Coombs, 1952)

20

-- 6------ 7---74.11
71.30
.16
.11
13.60
11.20
.52
3.35
.28
1.19
.05
nd
.23
1.36
2.16
1.88
3.17
2.24
1.04
.33
nd
nd
nd
nd

.02
92.56

Figure 5. Photxxrdcrograpii of rhyodacite fron Wenatchee Dane, showing
partially resorped quartz phenocrysts, biotite, and altered hornblende
phenocrysts, in aphanitic to glassy groundmass. Crossed polars, 36x.
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friable, and contains pbenocrysts of biotite (Fig. 6).
perlite are filled with a lighter material,
devitrification or hydration product.

\Ahich may be a

In thin section, the perlite is

^85% glass with characteristic perlitic cracks.
anhedral and onbayed phenocrysts (8%).

Fractures in

Quartz is present as

Feldspars include subhedral to

euhedral albitic plagioclase (5%) v^ich is commonly zoned and locally
eribayed, and sanidine (§1%), v\hich is present as embayed phenocrysts.
Fresh, unaltered biotite (2%) and minor (1%) subhedral orthopyroxene are
minor phases, and zircon is a minor accesory (§1%).
The perlite is generally unaltered in underground exposures,but is
strongly weathered at the surface.

Minor alteration occurs along cracks,

probably due to hydration and devitrification.

Pyroxenes are altered, and

most phenocrysts are embayed, rounded, or fractured.

Microbrecciation is

also evident in thin section, espiecially near the contact with the
rhyodacite.
Itydrothermally Altered Recks
Hydrothermal alteration at the Cannon Mine orebody consists
dominantly of intense silica flooding, vhich is associated with minor
adularia, pyrite, and calcite.

Argil lie alteration generally overlies and

surrounds silicified areas and locally occurs in brecciated areas of the
orebody.
Silicification of the sediments hosting the orebody is the most
cottmon and widespread type of hydrothermal alteration.

Early

silicification probably consolidated the sediments sufficiently to allow
for brittle deformation to occur.

Quartz occurs as fine-grained, banded,

white to grey-black veins, generally showing multiple periods of dilation,
brecciation and quartz deposition; and as a fine-grained phase replacing
the matrix.

Quartz occurs locally as clear, open-space-filling crystals.
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Figiare 6. Photcmicrograph of perlite, plane light (top) and crossed
polars (bottan). Note glassy groundmass vdth perlitic cracks and resorped
phenocrysts of quartz and plagioclase. Both photos 36x.
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cxjtinonly in the center of veins, deposited during a late stage in
hydrothermal activity.

Mineralogical effects of the silica flooding are

limited to minor crustiform quairtz overgrowths an clastic quartz grains
and lithic fragments (Fig. 7).

Feldspar in strongly silicified areas is

ccntnonly seriticized to veurying degrees.
hydrothermal activity.

This is probably the result of

However, because of the wide range of sources for

the sediment and the possibility of pre-depositional alteration, the
amount of seritization by the hydrothermal activity related to gold
mineralization is uncertain.
The major effects of silicification on the sediments has been to
indurate them and to reduce their porosity and permeability.

Samples

generally break through the clastic grains in the well-silicified areas,
instead of along grain boundaries.

Ott and others (1986) investigated the

changes in porosity and permeability that occured as a result of
silicification.

Tests were performed on altered and unaltered samples by

Qtmi Petroleum Services, Houston, Texas.

They found unaltered sandstones

had an average porosity of 13.65%, v^hereas porosities for silicified
sandstones averaged about 9.5%. They also conducted tests on the mudstones
confining the orebody.

The results indicate that porosities decreased

frcm 16-18% to 11%, as a result of silicification.

Fran the decrease in

porosity, they speculate that the mudstone beds effectively confined the
hydrothermal fluids eind mineralization to the more permeable sandstones.
Attempts to measure changes in permeability were unsuccessful.

However,

it would be expected that the permeability of the sediments would be
reduced if the porosities decreased by a sufficient amount.

A decrease

in the permeability of the sandstone may be cne factor in the cessation of
hydrothermal activity.
Mularia is associated with silicification and occurs intergrown with
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Figure 7. PhotottacrograESi of silicified and altered sediments, showing
replacement of original matrix by silica. Note slight clouding of
detrital plagioclase (upper left) and minor crustiform overgrowths on
detrital grains. Crossed polars, 40x.
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vein quartz.

It is fine grained, and is visible in many stained hand

sartples as crustiform stringers parallel to the vein walls, or as
brecciated fragments. It was identified in thin section on the basis of
rhcmbic form and low refractive indices.
overgrowths on detrital feldspars.

Mularia also occurs as

Ott and others (1986) state that up to

30% of the vein material is adularia below the 440 level.
Pyritization is associated with the silicification.

Pyrite is

present as euhedral cubes or pyritohedrons, replacing mafic minerals,
particularly biotite (Fig. 8).

Late-stage pyrite is also found between

brecciated fragments of vein quartz.
Extensive argil lie alteration is associated with, and overlies the
silicified areas.

Argil lie alteration is cenmon in areas topographically

higher than the "B" north orebody, but the contact between argil lie
alteration and silicification is not exposed.

Ott (1988) identified

sericite, chlorite, montmoril Ionite, and teiolinite by x-ray diffraction.
During the present study, illite, kaolinite, and smectite were tentatively
identified with x-ray diffraction.
Calcite, positively identified by x-ray analysis, is associated with
the hydrothermal quartz, adularia, and pyrite.

It occurs as early bladed

crystals vAiich grew into open space, vhich were later replaced by quartz
to varying degrees (Fig. 9), as open space filling (Fig. 10), or as late
veins vhich crosscut earlier quartz-adularia veins.

Calcite also occurs

as veinlets filling fractured detrital grains and vein minerals (Fig. 11),
textures vhich may indicate hydrofracturing as a result of indicating high
fluid pressures.

Vein carbenate is most cannon in the upper levels of the

mine, but it also present down to at least the 500 level in diminishing
quantities (Ott and others, 1986).

Carbonate was not seen in sanples frein

the 440 level, however; only 3 sections were examined.
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Figure 8. Photonicrograph of pyrite (opaque) replacing biotite (brown) in
matrix of altered sediments. Crossed polars, 40x.

Figure 9. Photcmicrograph of early calcite blades being replaced by
quartz. Note blade in lower left is ccmpletely replaced, and other
calcite blades have quartz overgrowths. Crossed polars, 40x.

Figure 10. Photonicrograph of late stage calcite filling open space in
area of quartz pseudcmorphs after calcite. Crossed polairs, 40x.
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Figijre 11. Photonicrograph of calcite filling fractures in detrital
grains. Crossed polars, 40x.
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Ore Mineralogy and Paragenesis
Ore minerals at the Cannon mine are pyrite, electrum (fig. 12),
pyrargyrite, tetrahedrite, chalcopyrite, marcasite and acanthite and
gangue minerals are quartz, adularia, and calcite.

A paragenesis diagram

of ore and gangue minerals, modified from Ott (1988) is shown in Fig. 13.
The pre-main stage alteration is dominated by pyrite and quartz. Most of
the ore minerals cire associated with fractures produced tsy normal faulting
diaring main-stage activity.

Electrum and pyrargyrite are the principal

ore minerals of economic importance and cottmonly occur along the margins
of quartz-adularia veins as fine, crustiform eirihedral crystals and
intergrowths.

Electrum also occurs as small, isolated anhedral crystals

in banded quartz veins.

Electrum ranges from 30 to 50 percent silver,

becoming whiter with increasing silver content.

Acanthite, identified

cxily by electron microprobe analysis, occurs between intergrown electrum
and pyrargyrite crystals (Ott,

1988).

chalcopyrite, pyrite, and electrum.

Tetrahedrite occurs intergrown with
The late-stage phase is dcminated by

calcite, clays, pyrite, and minor marcasite

vSiich replaces chalcopyrite

or is intergrown with or is replacing pyrite.
Structural Geology
The structural geology of the Canncn Mine area is quite complex and
is dcminated by ENE to NE trending asyrtmetic folds and the DX thn.ist, a
ENE trending, south dipping thrust fault.

Evidence exists for several

periods of brecciation, si 1 deification, folding, faulting, and fractiaring.
Folding and faulting occured in the area prior to, during, and after
mineralization.
Large-scale stiructures in the mine area include the Eiitiat fault, 3.2
km to the northeast, and the Eagle Creek anticline.

Hie orebody is on

strike with the southern trace of the anticline and associated structures.
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Figure 12. Photjcmicrograph of pyrite cind gold (electrum) in vein quartz.
Oil inmersion, reflected plane light on polished surface, 160x.
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EARLY STAGE

MAIN STAGE

LATE STAGE

Quartz
Adularia
Ca Icite
Sericite
Chlorite
K a o I inite
Mon t mor i 11 o n i te
Pyrite
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»

Figure 13. Paragenesis of ore and gangue minerals at the Cannon
Mine,
(after Ott, 1988)
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Large-scale post-mineralizaticn structures near the mine include the
Pitcher syncline to the south, and north-south trending strike-slip
faults, vhich also have seme dip-slip cotponent of motion.
Folding emd associated radial fractures are the deminant
structural elements in the mine area.

Fold orientations range frem N60E

to N90E (Ott and others, 1986) and cire broadly parallel to folds in the
type secticai of the Swauk Formation.

Ott and others (1986) estimate fold

amplitudes of up to 70 meters and note that folds are asynmetric and have
axial planes inclined 60°-80°, dipping to the scxith.
fold in the mine ctrea is the "B"-North anticline.

The nost prominent

This folding was

dcminantly pre-mineralization, but probably postdated early silicification
because without it the rocks may not have been coipetent enough to
maintain dilatent openings. Ott and others (1986) observed that the
sandstone and sandy siltstone beds, vhich are well-silicified, underwent
brittle deformaticn and maintained dilatent openings, \Ahile the
carbonaceous mud and siltsone layers show ductile deformation, such as
being squeezed into fold hinges.

This is probably related to the

permeability differences between the two rock types as described earlier.
Ihe DX thrust was probably formed coevally with folding along the roughly
E-W trending axes and is parallel to the south limb of the "B" North
anticline.
Deformation during mineralization is characterized by north to
northwest trending normal faults and fractures which dip to the northeast
at a high angle. Textural evidence within hydrothermal quartz veins
indicates several stages of movement followed by sealing.

These textures

include banded quartz veins with brecciated interiors, with breccia
fragments cemented by later quartz and pyrite; the crustiform interlayered
quartz-adularia veins with distinct growth bands; and brecciated wall rock
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fragments within veins and cemented by vein quartz.
Deformaticai during mineralization was coincident with the formation
of the Chiwaukum graben.

The graben was active fron 46 to 42 Ma (Gresens,

1983); adularia fron the "B" North orebody has been dated at 44.2+1.9 Ma
by K-Ar (Ott and others,

1986), and the intrusion of Wenatchee Dcme has

been dated at 43.2jj3.4 Ma.

The rhyodacite at Rooster Comb has not been

dated, but is assumed to be of similar age, due to its composition and
intrusive relationships.

This indicates that igneous activity,

hydrothermal activity and mineralisKition

were coeval with the development

of the graben vhich, according to Gresens (1983) and Johnson (1983), vas
formed in a transtensional or extensional regime.

Fractures associated

with fault movement during graben formation probably served as channels
for the passage of hydrothermal fluids, vvhich were circulated by heating
from coeval intrusive activity.
Post mineralization deformation includes the Pitcher syncline and
several north-south trending strike-slip faults, with minor amounts of
dip>-slip motion.

The Pitcher sync line was formed in px)st-01igocene time,

since rocks of the Wenatchee Formation have been affected by this fold.
The relaticxiship between this structure and the mineralized areas is not
clear, however, it may have caused shearing between the orebodies in the
"B" Reef complex.

The Pitcher syncline can be traced north from Stemilt

Canycn to Dry Gulch.

The contact between the western margin of the

orebody and the perlite and rhyodacite of Wenatchee Dcme is a shear that
has been traced to one of the north-south faults that offset the "D" Reef
orebody into at least 3 en-echelcxi blocks.

The amount of displacement an

the north-south faults is tens to hundreds (?) of meters.
of the rhyodacite was a post mineralization event.

The emplacement

Sheared beds of

sedimentary rocks cire juxtaposed between the orebody and the rhyodacite.
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TRACE ELEMENT GEOCHEMISTRY
IHree trace element geochonical studies were undertaken at the Cannon
Mine by Asamera Minerals (U.S.) Inc. to investigate any trends or patterns
in trace element zonaticn that might help in exploration. Ilie study was
carried out in three stages.

The initial study involved analysis of

samples from the "B" North orebody, in order to document trace elanent
variability and to determine if any vertical trend exists in trace
element content of veins.

The second study consisted of an investigation

of trace element distributions across contacts with intrusive rocks and
the orebody.

These tvo studies are discussed in detail by Ott (1988) and

will be coly surrmarized here.

Ihe third stage involved investigation of

vertical and lateral trends in trace element distribution in a long
section through the "B" Reef ccnplex.
up with a new exploration target.

This was done in an attempt to ccme

A related investigation was conducted

in the sunmer of 1988 to investigate hydrocarbon (orgeinic matter)
maturation in an attempt to define potential exploraticn targets.
Initial Study
A set of altered and mineralized wall rock sanples and veins was
analyzed by induced neutron activation analysis and directly coupled
plasma (DCP) emission spectroscopy for Au, Sb, As, Ba, Cd, Cr, Co, Hf,
La, Mo, Ni, Se, Ag, Na, Ta, Th, W, U, and Zn.

Ir,

This was done to determine

trace element concentration in the mineralized area, to see if ciny
correlaticns could be made between these elements, and to determine if any
vertical trends were present in the veins.
Because all sanples had Ir, Se, and Ta below detection limits, and Zn
had an insensitive lower detection limit, these elements could not be
used.

Ott (1988) ccsrpared the values fron this study with values for

"typical" sedimentary rocks and granites.
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He found the mineralized and

altered rocks in the mine area to be enriched in Ag, Sb, As, Mo, and Cd
and possibly in Ba, W, Cr, and Co.

He considers the anotialous

concentrations of Cr, Cb and possibly Cd may be related to the clastic
ccirponent frcm the Ingalls Tectonic Complex into the sediments, tut that
Ag, Sb, As, Mo, and W were probably added to the rocks during the
hydrothermal activity.

This type of corparison may not be valid because

the degree of enrichment depends cn trace element geochemistry of the
rocks being studied.

Ihe ccnparisons should have been done with regional

and local rocks, not ccmpared to average ccmpositions.

Positive

correlations (Table 3) were found between gold and arsenic (r=.53) and
gold and silver (r=.76, Ott, 1988) although in many sairples, the silver
concentration is below detection and the apparent correlation may be of
limited value.

He also noted a positive correlation between As and Sb, As

and Fe, and a negative correlation between Sb and Na.
Vein sanples were also analyzed to detect any enrichment or depletion
of trace elements in veins relative to wall rock, and to see if any
correlations between gold and other elements were present in the veins.
The veins analyzed were strongly enriched in Au, Ag, Sb, and Cd,
moderately in As, Cr, Mo, and W, and depleted in Na, Fe, La, Th, and Ba.
U, Co, and Hf concentrations remained relatively constant.
correlation of other elements with

No strong

gold were found, however, there is

strong correlation between Sb and Ag, vhich is to be expected because
pyreirgarite is a primary ore mineral, as well as As-Hg, As-Ca, As-Pb, SbCa, Sb-Pb, and Pb-Ca. (Table 3).
Vein sanples were also analyzed by DCP to see if any vertical
zcxiaticn existed in trace elements in veins.

Ott (1988) concluded that

the data set used is too small (46 samples) to show significant
statistical variaticn with depth.

However, he noted that Pb, Zn, Ni, Cr,
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Table 3
Correlation Coefficients for Selected Vein and Wall Rock Trace Elements
Wall Itock Sanples
Elements
Au-Sb
Au-As
Au-Ag
Au-Cr
As-Sb
Sb—Na

Correlation Coefficient (r)
0.36
0.53
0.76
0.38
0.59
-0.53

Vein Saitples
Elonents
Au-As
Au-Ag
Au-Fe
Au-Cr
Sb-Ag
Sb-Cr
As-Na
As-Fe

Correlation Coefficient (r)
-0.42
0.27
-0.47
0.34
0.98
0.75
0.60
-0.47

Data frcm Ott (1988)
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Sb, and Se do not appear to change with depth, Mn decreases with depth,
and Hg and Fe increase with depth.

This apparent increase of

with

depth was later shown to be the result of lateral, rather than vertical
changes.
Trace Elearient Distribution Across Contacts
The second stage of investigation involved the study of trace element
distributions across ccaitacts between the "B" North orebody and intrusive
rocks. The contact between the orebody and the rhyodacite was studied by
analyzing sets of 5 foot chip sartples taken for a miniinum of 50 feet on
each side of the ore-rhyodacite contact.

These were analyzed by emission

spectrography for As, Ba, Ca, Co, Cr, Cu, Fe, K, Mg, Na, Mn, Ni, Pb, Sb,
and Zn.

Trace element distributions across the ore-rhyodacite contact

show that the distributions of the elements in the ore are not influenced
by the distributiais in the rhyodacite and perlite

This, plus the

unaltered nature of the rhyodacite and perlite, suggest that erplacement
of the rhyodacite was post-mineralizaticn and did not affect mineralization.
The contact between the andesite and the oreboby vvQs investigated
in drill hole TAD lOE, vhich passed frcm ore into partially altered
sediments to altered andesite back into weakly altered sediments.

The

core was analyzed for Au, Ag, Pb, Ca, As, Sb, Hg, Se, and Te by atomic
absorption spectrophotometry.

Trace element concentrations in the weakly

altered andesite are lower than the weakly altered sedimentary rocks above
and belcw the andesite.

The andesite has been weakly mineralized, and has

anomalous concentrations of trace elements, indicating it was emplaced
prior to, or coeval with, the mineralizing event.

Ott (1988) states that

the andesite is generally not a suitable host for mineralization, perhaps
because of its lower porosity and permeability.
the northwest of the "B" complex,

However, at "A" Reef, to

andesite is silicified, veined, and
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carries up to .2 oz Au/ton.
Trace Element Zonation Along A Longitudinal Profile
The third stage of the trace elanent investigation involved the study
of lateral or vertical zonation of trace elements in a longitudinal
section through the orebodies of the "B" Peef complex in order to locate
exploration targets.

A Icxig section,

15.24 m (50 feet) wide, oriented

N25W, through the "B" North, "B" 4, "B" Reef and part of the "B" Neath
orebodies was investigated first.

The section covered elevations ranging

frctn 0 to approximatly 430 meters above sea level.

A 15.24 m (50 ft) wide

cross section, oriented N65E, covering elevations ranging from 50 meters
below sea level to 430 meters above sea level, is proposed to be studied
next.

This section gives better coverage to the "B" Neath orebody,

however, these results were not available at the time of writing.

The

sample sections were divided into 15.24 m cubes, and any drill core
passing through a cube was sampled.

All core in the cube was ccmposited

together, ground, and split, and then analyzed for Au, Ag, As, Sb, Eg, Cu,
Zn, Se, and Te by atomic absorption spectrophotcmetry.

All samples were

fire assayed for Au, and samples with more than 25 pprt Aq were fire
assayed for Ag (Ott, 1988).
Ott (1988) found strong correlations between Cu and Au, Au and Ag,
and Ag and Cu, and strong correlation of Sb Au, Ag, with Cu.

Values for

each element were contoured and superimposed on a geologic section to
detect halos or zonaticn patterns.

Gold values are generally concentrated

in silicified areas, with higher concentrations adjacent to the DK thrust.
Copper, silver, and antimony are ancmalously high throughout the ore zone,
and have highest concentrations in the hangingwall of the CK thrust.

Ott

(1988) notes that there is an apparent increase in pyrargyrite and
tetrahedrite with depth, and the trace eloment data bears this out, seen
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in the higher Ag:Au ratio of the "B" Neath zone (1.596 vs. 1.346 for the
"B" North).

Seleniun is present in the silicified zone with the highest

concentrations in the hangingv^ll of the DX thrust.

Tellurium is below

the analytical detection limit in most cases and was not plotted.

Merciary

forms a halo generally above the orebody, with lower concentrations in the
silicified zone and surrounding it.

A mercury halo above the orebody is

expected because mercury is a more volatile el orient, and will tend to
migrate outwards fron the 2aone of most intense alteration.

Arsenic is

associated with the silicified zone, and also forms a halo above the
orebody.

Arsenic is not present in sufficient quantities to form

arsenopyrite.

From this study,

it can be seen that mercury and arsenic

form halos around the gold mineralizaticm and may be useful for
exploration for hidden orebodies.

Anomalous concentrations of the other

trace elanents, including gold, are directly associated only with
silicified areas, and therefore cure not good geochemical exploration
guides in a regional exploration program.
Hydrocarbon Maturation Study
Itydrocarbons in the orebodies and in the surrounding sedimentary
rocks were studied in an attorpt to define an alteration halo based on the
thermal maturity of the hydrocarbons.

Ihis aj^roach has been sucessfully

used at the Alligator Ridge gold deposit in Nevada (Ilchik and others,
1984), where hydrocarbon maturaticn increases near the orebodies due to
hydrothermal activity.

Preliminary results for the Cannon Mine are

presented here.
Samples were selected from silicified, argillized, and unaltered
rocks in the mine area.

In order to define backround maturation levels,

sanples were selected from the Swauk Formation in the Swauk Creek area
near Blewett Pass, and from the Chumstick Formation south of Wenatchee

40

(M^lhom, pers. comm., 1988).
Samples were analyzed by pyrolysis, Vvbich consists of heating the
sanple and analyzing the volatiles vhich are driv^ off.

These volatiles

are produced during catagenesis, or the heating of the sediment during
diagenesis or hydrothermal activity.
as follows (Ilchik and others, 1984):

The heating steps in pyrolysis are
A 100 gram pulverized sample in a

metal crucible is heated in an electric oven in a nitrogen gas atmosphere.
The sample is heated to 300°C and held there for 3 minutes to measure the
release of free hydroccirbons, or the SI volatiles.

The volatiles are

carried out of the oven in the stream of nitrogen gas into a flame
ionization detector for analysis.
iig/gm of sample.

Volatile quantities are expressed in

The same sample is then heated in the same run to 600°C

at a rate of 25°/ndnute to measure the volatiles released from kerogen (S2
volatiles).

The S3 volatiles or OO2 are measured when heating during the

same run to 425°C, because carbonates volatilize above 500®C (Ilchik and
others, 1984).

Frcm these values, the oxygen and hydrogen values are

calculated as follows:

O.I.= 100 X (S3/T.0.C.)
H.I.= 100 X (S2/T.0.C.)
where T.0.C= Total Organic Carbon
Pesults frcm 19 samples are shown in Table 4 and Fig. 14.

The

hydrocarbon maturaticai data can be used to determine whether the organic
material had a continental or marine origin.

Organic matter of marine

origin is cheiracterized by a high hydrogen to carbon (H/C) ratio and a low
oxygen to carbon (O/C) ratio.

Organic material of marine origin is

classified as type I or II hydrocarbons.

Continental ly-derived organic

matter is characterized by low H/C ratios and high O/C ratios, and are
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TABLE

4

Hydrocarbon Maturation Data
Litholoqy

Sample

T.O.C.

H.I.

O.I.

Silicified Area Sanples
Ark/sltst
Sltst/ark

550x18.0
550x18.1
550x18.7
550x18.9
600d36.10
600d38.1
700d67.1

II

II

II

II

0.51
1.09
0.37
0.58
0.82
1.29
1.08

Sltst
It

Sltst/ark

22

20

20
6
22
12
12

43
56

7
9

91
70
119
83
48
197
171

22

35
38
24

Argillized and Unaltered Saitples
K88 Id 203-207
K88 le 195-200
K88 le 200-205
200x86.3
600d36.1
700d67.0
1444900n, 2001

0.64
0.54

Arg. Sltst
II

II

II

II

1.11

Sltst/ark
II

1.44
1.48
1.38
0.85

II

Mudst/sltst
Sltst/ark

17

10
10
5

8
14

Backround Samples
Swauk
Swauk
Swauk
Swauk
Swauk
Swauk

Cr.
Cr.
Cr.
Cr.
Cr.
Cr.

2
3
4
5
1
3a

0.32
1.33
2.53
1.75

Sltst
II
II
II

2.68
0.22

Log
Sltst/cirk
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59
3
41
12
118
6
190
20
16
20
Not pyrolized

Oxygen Index
Figure 14. Plot of hydrogen Index vs. oxygen index for Cannon
Mine hydrocarbon samples.
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classified as type III hydrocarbons.

Fran the saiiples low H/C ratio and

high O/C ratio, a continental origin (type III) for the hydroccirbons is
inferred.

This is in agreement with the continental, fluvial origin of

the sediments.

Organic matter maturation is characterized by production

of volatiles and a decrease in the H/C and O/C ratios in the kerogen.
Regarding the distinction between altered and unaltered sediments,
the results at this point are inconclusive.

Hydrogen indices are

lowest in silicified areas, but highest in argillized or unaltered rocks
in the mine area.

Oxygen indices are lower in both sample sets frcm the

mine area than the 0.1. fron the backround areas.

There is a wide range

of overlap in all values for the samples studied and specific target based
on hydrocarbcn maturation has not been identified to date.
A major problem is that because the formation hosting the orebody is
not known, and the stratigraphic position of the mineralized zones are not
known, accurate backround information cannot be obtained.

The nearest

backround sample vas taken over 3 km from the mine eirea, and the samples
from &^auk Creek were taken over 25 km from the ndne area.

No

stratigraphic control was used during sampling and this can lead to
problems in distinguishing the effects of hydrothermal maturation of the
hydrocarbons frcm diagenetic maturation.

This is a problem because

temperatures during diagenesis may have exceeded 170°C, the upper
temperature of catagenesis.

This problem may be offset by the relatively

short time the sediments were buried before uplift occurred.
Another possible reason for the problems encountered so far in this
study is the heterogeneous nature of the sediments.

Unlike the Alligator

Ridge deposit, vhich is hosted in homogenous black shales (Ilchik and
others, 1984), the mineralized zones at the Cannon Mine eire in a wide
range of heterogeneous sediments with widely variable hydrocarbon
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ccxitents.

Furthermore, permeability and porosity differences in the

sediments may also have an effect on the hydrotliermal maturation of
hydrocarbons and organic material in permeable arkoses may have been
heated more by hot fluids than carbonaceous material in less penreable
mudstones.
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FLUID INCLUSICai STUDIES
Saitples for fluid inclusion study were selected frcm imderground
workings at the Canncxi Mine as well as from available drill core.

Both

quartz and carbonate veins were sanpled, and suitable inclusions frcm each
were frozen and heated to determine the temperatures of phase changes.
Suitable samples were also crushed, leached, and analyzed by ion
chromatography. These studies were carried out in order to determine the
temperature, pressure, and compositicn of the hydrothermal fluids frcm
vhich the host minerals crystallized.
Methods and Sample Preparation
Quartz and carbcxiate veins were first examined petrographieslly to
determine their suitability for inclusion study.

Many of the samples came

frcm late-stage, vuggy quartz because the majority of the earlier qucirtz
is very fine grained and miilkyiand unsuitable for fluid inclusion studies.
Doubly polished quartz and calcite slabs were prepared frcm samples with
the best inclusions.

The criteria of Eoedder (1979) and Sheppard and

others (1985) were used to carefully
pseudosecondary inclusions.

distinguish primary, secondary, and

These included inclusion morphology and

occiarrence.
The fluid inclusions were analyzed on an SGE model IV heating
freezing stage with minor modifications made at Western Washington
University.

The heating-freezing stage was mounted cm a Leitz-Wetzlar

Qrtholux II Pol BK mdcroscope.

A 16x eyepiece and a 32x objective with a

long focal length were used, providing a total magnification of 512x.

Dry

nitrogen gas passed through a heat exchanger immersed in a vat of liquid
nitrogen was blown over the sample for freezing, and air blown through a
heating element and over the sample was used for heating.

A thermocouple

resting directly on the sample measured temperatures and served to hold
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the chip in place.
Prior to any ndcrothermarietric studies, the inclusions and their
contents were carefully sketched so that an inclusion could be located at
a later date for further stixiy. For each sairple, low tenperature phase
changes were observed first in order to minimize any problems with
decrepitation resulting frcm overheating.

All phase chcinges were observed

twice, except for those inclusions vhich decrepitated during the first
high temperature run.

In all cases, reproducibility was jjD.l^C for low

temperature phase changes and +3.0°C for final homogenization.
After the inclusions were frozen, they were slowly heated until the
ice began to melt.

This temperature of first melting (T^) was noted.

In

many cases, the first liquid formed vas very difficult, if not impossible
to discern, especially in liquid-vapor inclusions in calcite.

In order to

determine accurately the temperature of final ice melting (Tj^) the
following procedure was used..

Once the inclusion was frozen, the sample

was slowly heated until only a tiny piece of ice remained.

EV increasing

the temperature 0.1° and then dropping it rapidly, any ice romaining will
cause ice bo nucleate around it very quickly.

Repeated cycling of

incremental heating in steps of 0.1° and then freezing until the ice
ccmpletely melts allowed for an accurate determination of the temperature
of final ice melting (Tjj,).

Once the last ice melted, the inclusions were

heated until the inclusion hcmogenized or decrepitated.

The temperature

at which the solid phase in liquid-vapor-sol id inclusions in quartz melted
during heating runs was also noted.
E^alinities of liquid-vapor inclusions were calculated using the
following equation fron Potter and others (1978):
wt. % NaCl equiv.= 1.76958t-4.2384xl0"2t2+5.2778xl0"'^t^+0.0038
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v»^ere t= temperature of final ice melt in °C.
Salinities for liquid-sol id-vapor inclusions were determined using the
phase diagram for the syston H20-NaCl-CaCL2 (Fig. 15) from Sheppard and
others (1985).
Fluid Inclusion Descriprtiion
The fluid inclusions in hydrothermal crystals ranged in size frcm
about 0.004 mm to 0.08 mm (4/qto 80x,{^).

The minimum size studied was .01

urn (10^|) because of resolution problems.
sanple sites were studied (Appendix 2).
or rounded to prismatic and angular.

A total of 69 inclusions frcm 9
Inclusion shapes varied frcm oval

At least seme of the angular

inclusions appeared to have been trapped between two or more growing
quartz crystals.

Most suitable inclusions were found in coarse-grained

carbonate and late-stage, vuggy quartz.
Four types of fluid inclusions were identified and three were
analyzed by microthermcmetric analysis.

Type I inclusions are fouind in

calcite and consist of liquid and vapor phases in nearly constant
proportions (Fig. 16).

Type II inclusions are in quartz and contain

liquid and vapor phases in variable proportions (Fig. 17)
were too small to study microthermometrically.

however, many

Many of these were located

along growth planes in hydrothermal quartz, making them primary inclusions
(Fig. 18).

Type III inclusions were the least cormon.

They are

found in quartz and consist of liquid, vapor, and a solid phase.

Type IV

inclusions consist dominantly of vapor and are found only in quartz (Fig.
19).
Results
Most inclusions froze between -50 and -100°C.

Seme inclusions failed

to freeze even at -134°C, the lower limit of the system's thermocouple
resolution.

These inclusions generally have smooth walls possibly the
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H20

Figure 15. The H20-NaCl-CaCl2 system (after Sheppard and others,
1985). T is the temperature of final ice melting in type III
inclusions.
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Figure 16. Photanicrograph of type I, liquid-vapor inclusions in calcite.
Plane light, 400x.

Figure 17. Photanicrograph of type II, liquid-vapor inclusions in quartz.
Plane light, 400x.
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Figure 18. Photcndcrograph of priinary, type II? inclusions along growth
planes in quartz. Plane light, 400x.

Figure 19. Photctnicrograph of type IV, vapor-rich inclusions, and type
II, liquid-vapor inclusions, in quartz. Plane light, 400x.
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absence of irregularities prevented ice nucleation.

The temperature at

vsbich the first liquid formed (Tg^^) for type I and II inclusions was
between -20 and -21° C, indicating a sinple H20-NaCl systan (Fig. 20).
Type III inclusions had a T^ of between -40 and -50° C, and may be in a
more complex systan, such as H20-NaCl-CaCl2 (Fig. 14).
final ice melting ranged from as high as -0.]°
low as -33.2° C in type III inclusions.

The terrperature of

in type I inclusions to as

All inclusions homogenized by the

disappearance of the vapor bubble into the liquid phase, except for one
type I inclusion that homogenized by critical behavior.

Twenty-seven

percent of the inclusions, mainly type II inclusions, decrepitated.

Type

IV inclusions were not studied microthermcmetrical ly due to their opaque
nature, however, some were observed to decrepitate v\hile Vvorking with
other inclusions.

The decrepitation generally ocaarred at temperatures

greater them 300° C

Results of microthermometric studies are shown in

^^pendix 2.
In all types of inclusions, the liquid is dominantly an H20-NaCl
solution. Ihe vapor phase in type I, II, and III inclusions is H2O vapor.
No OO2 or CH4 was noted from freezing point depressions.

The vapor phase

in type IV inclusions is probably H2O, but it has not been identified
positively.

The solid phase in the type III inclusions also has not been

identified.
Type 1 Inclusions
Twenty-nine type I inclusions were analyzed.
determined for 19 of these (Fig. 21),
24 (Fig. 22)

Salinities were

and homogenization taitperatures for

The salinities for type I inclusions ranged from 0 (pure

water) to 9.1 weight % NaCl equivalent, but only two inclusions from the
same sample (BN10D47) had salinities greater than 1.].

All but two

inclusicms homogenized between 98.9°C to 219.9°C (Fig.

One of these
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22).

10

0

20
Weight Percent NaCI

Figure 20.

The H20-NaCl system, with the eutectic at -20.7°C

and 23 weight percent NaCl.
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Figure 22. Homogenization temperatures for type I (1-v) inclusions
in calcite.
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decrepitated at 358°C and the other hcmogenized by critical behavior at
386°C.

This means that the fluid is almost pure water, since the critical

point of pure water is 373°.

This is also seen in the freezing point

depressions for these inclusions, which are generally quite lev?.

A slight

positive correlation exists between salinity and homogenization
tarperature (Fig. 23).
Type II Inclusions
A total of 38 type II inclusions were examined.

Hcitiogenization

tenperatures were determined for 34 and salinities for nine (Fig. 21).
Salinities range frem 1.6 to 23.7 wt. % NaCl equiv., hemogenization
tenperatures fron 57.8° to 388.8° C, and decrepitation temperatures from
135° to 343.8°C.
temperatures;

Two distinct groupings are present in hemogenization

a lew temperature group ranging frem 57.8° to 107.8°C; and

a high temperature group ranging from 154.4° to 388.8°C (Fig. 24).
hemogenization by critical behavior was observed.

No

There is no apparent

relationship between salinity and hemogenization tenperature (Fig. 23).
Type III Inclusions
Only tvio type III inclusions were found.

The salinity v^as determined

for oily one (Fig. 15) and both inclusions decrepitated on heating.

Both

inclusions were in late-stage, vuggy quartz, and had a liquid, vapor, and
solid phase.

The solid phases, which could not be identified, were

different in both inclusions.

Both were anisotropic, and had a refractive

index greater than the inclusion liquid.
The first inclusion, 750D74.3#9, contained a cubic solid phase with
sharp edges. The solid phase melted at 180°C and at temperatures greater
than about 200°C, a new brewnish, acicular phase began to grow frem the
inclusion walls.
at 436°C

This new phase remained until the inclusioi decrepitated

Winters (1985) noted similar behavior in inclusions frem quartz

56

15

Calcite
+ Quartz

equiv.

10

+.

5

-

Wt.%

NaCI

+

+

Salinity

+
+
w.
0

100
Homogenization

200

300

—I

400

Temperature

Figure 23. Plot of homogenization temperature vs. salinity for
type I and II inclusions.
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Mean Th< 150“ = 90°
5 Inclusions
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Figure 24.
in quartz.

Homogenization temperatures for type II (1-v) inclusions
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in a breccia pipe.

He tentatively identified the phase as anhydrite based

on its orange color and crystal morphology.
melted at about 180°.

Upon cooling, this phase

Anhydrite may be the phase present.

Ihis new pAiase

did not melt before the inclusion decrepitated.
Only one type III inclusion was frozen and remelted (750D74#6).
solid phase in this inclusion was elongate with rounded edges.

The

It began

melting between -50° and -40°C and the last ice melted at -33.2°C

Based

oi the low freezing pxDint depression tenperature, a more ccmplex systam
than NaCl-H20 is indicated.
(Fig. 15).

Che possible such system is NaCl-CaCl2~H20

Using the ternary system in Sheppard and others (1985), a

ccnposition of 5% NaCl, 35% CaCl2 and 60% H2O is inferred.

The solid

phase did not melt before the inclusion decrepitated at 362° C.
Typie IV Inclusions
Typie IV inclusions are associated with typo II and III inclusions.
Ihey cire translucent but dark due to their low refractive indexes and for
this reason cire thought to be filled with gas.

A few of the typo IV

inclusions were observed to decrepitate upon heating, at tenperatures
greater than 300°.

No liquid or solid phases were observed in these

inclusions because of their dark nature.
Discussion
Three main poriods of hydrothermal activity have been recognized from
mineral paragenesis studies (see Fig. 13).
found in early stage mineralization.

No fluid inclusions have been

However, fluid inclusion evidence

indicates that main stage quartz was deposited frcxn boiling, dilute
solutions.

Evidence for boiling canes fran the variable degree of fill

and variable salinity in typie II inclusions, and the presence of vaporrich type IV inclusions.

No inclusions hanogenized to vapor, however, in

some type II inclusions the vapor bubble was observed to expand on
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heating, prior to decrepitation.

The variable salinities were probably

caused by boiling vhich resulted in local concentration of an originally
dilute solution.
NaCl equiv.

The average salinity for type II inclusions is 8 wt. %

Hctiiogeni2ation temperatures averaged 285° C for higher

temperature, type II inclusions.

These results will be used in a later

section.
Calcite was deposited later than, and possibly coeval with, main
stage quartz deposition^

It also may have been deposited prior to main-

stage mineralization, at a lower temperature.

Any fluid inclusion

evidence for this would have been destroyed by later, higher temperature
hydrothermal activity.

The majority of inclusions studied in calcite are

of lower temperature and salinity than main-stage quartz, and indicate
that it was deposited later.
mineralizaticn ceased.

Quartz was also deposited after main-stage

Quartz and calcite deposited during late-stage

muLneralization were deposited frcm very dilute fluids (less than 1 wt. %
NaCl equiv.) and at temperatuures of about 185° C.
Because the hydrothermal fluid was boiling and it vas dilute,
pressure-temperature conditions during main-stage mineralization were on
the vapor-pressure curve for water (Fig. 25).

Thus, the mean

hcmogenization temperature of 285° coincides with the mean trapping
temperature of the fluid, and the pressure of trapping can be determined
from Fig. 25 to be about 75 bars.

Assuming hydrostatic pressure and a

fluid density of .746 gm-cm“^ (calculated frcm Baas,

1976), a depth of

emplacement of 1 Km is calculated.
Assuming lithostatic conditions, and a rock density of 2.7 gm-cm
depth of emplacement of .276 km is calculated.

The geothermal gradient

under lithostatic pressure is thus over 1000°/km, unreasonably high for
this geologic environment.

Under hydrostatic conditions, the geothermal
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Figure 25. The vapor pressure curve for water, showing the inferred
pressure of mineralization.
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gradient is thus calculated to be 285®/km, a cctnparable geothermal
gradient to that observed at active geothermal systems such as The
Geysers, California (Goff and others,
and Mahon, 1977).

1977) and Broadlands, N.Z. (Ellis

During main stage mineralization, assuming hydrostatic

conditions, the system cooled frcm a geothermal gradient of 285°/>an to
less than 185*^/]^.
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LEACHATE ANALYSIS
Sanples frcm 14 lcx:alities (Fig. 26),
by microthermometric analysis,

including 8 of those analyzed

were analyzed by decrepitating the

inclusions cind analyzing the leachates by ion chroretography.

The results

of the analyses were used to calculate fluid temperatures using known
chemical geothermometers and to put constraints on hydrothermal fluid
coitposition.
Sample Preparation
A ccrmcn method used for sample preparation and analyses of crushed
and leached fluid inclusions is described by Eadington and Wilkins (1980),
Eastoe (1978), Olsen and Griffen (1984) and Patterson and others
(1981).and by Winters (1985).

This involves crushing the host mineral to

liberate the inclusions, leaching the fluids liberated, and analysis of
the leachates by standard analytical techniques.

This cnly allows ionic

ratios to be measured but determinaticn of the molal ccmposition
possible only if the total salinity of the hydrothermal fluid is known.
There are two major problem with standard crush-leach techniques.
The first involves selective adsorption of ions, particularly highly
charged ions, onto freshly created surfaces of the crushed mineral grains.
This can lead to serious errors in calculation of fluid composition.
Bottrell and Yardley (1988) and Dottrel 1 and others (1988) describe a new
method of sairple preparation and analysis which avoids problers of
contamination and adsorpticai associated with the crush-leach method
(Raedder, 1984).

Their method involves electrolytic cleaning, specific

leaching and analytical techniques for each element analysed, and the use
of adsorption inhibitors such as lanthanum chloride.

They report that

analysed compositions are in good agreement with predicted results based
on microthermcmetry.

63

Figure 26. Sample lcx:ations for leachate and microthermcmetric analyses.
All samples projected to the 700 level of the "B" North orebody. Samples
not shown are ASH41a 286, ASH4b 431, and 440AX2.
Number

1
2
3
4
5

6
7

8
9

10
11
12

Sample
XSOWest, 620 level ("B"-4 zone)
620.5, 620 level ("B"-4 zone)
X780, 780/785 level
700AX20.5, 700 level
700AX20.17, 700 level
BN10d33, 700 level
BN10d47, 700 level
BN4al24-125, 650 level
650D74.3, 650 level
650, 650 level
500TAD2, 500 level ("B"-Neath)
750D69.1, 750 level
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The second itajor problem with standard crush-leach cinalyses is that
all inclusions, including secondary inclusions, are released and analysed
(Poedder, 1984).

This is a particularly serious problem for samples with

many generaticais of inclusions.
In this study, a novel technique has been developed in order to
overcone the above problems.

The inclusions are decrepitated and leached

at incrementally higher temperatures.

This removes the necessity of fine

grinding and so overccmes the problem of adsorption since no new surfaces
are created during the liberation of inclusion fluids.

Furthermore,

specific groups of inclusions are decrepitated at each temperature.

The

temperatures used to decrepitate the inclusions were selected on the basis
of microthermcmetric results.

The cleaning technique was a modified

version of the technique described by Eadington and Wilkins (1980) and
Winters (1985).
Qucurtz and ceirbonate samples selected for leachate analyses include
the 8 already einalyzed microthermanetrical ly eind 6 other samples frcm
other peirts of the mine.

Sample locaticais represent most levels of the

"B"-Nbrth orebody and are shown in Fig 26.

The samples were prepared

using the following procedure:
1.

Samples were crushed to reduce grain size.

Grains were hand picked

and checked for impurities using a binocular microscope under 30x
magnificatic*!.

Grains less than about 0.5 mm and greater than about 0.1

mm were hand-selected for analysis.
2.

The quartz samples were cleaned by washing in 47—49% HBr, followed by

5% HN03*
water.

This was followed ty repeated washes with distilled, deionized
Final washes were treated ultrasonically.

washed repeatedly with distilled, deionized water.
treated ultrasonically.

Carbonate samples were
Final washes were

In all cases, blanks were prepared using the
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identical procedures, using distilled, deionized water.
3.

Quartz samples were heated at 200°C for 8 hours to decrepitate low

teitperature inclusions.

The quartz was then washed with deionized water

to remove the contents of inclusions that decrepitated.
the treated as per step 5.

The liquid was

The qucirtz was then rewashed in acid and

deionized water to remove any traces of OCTitaminaticai.

The samples were

thoi heated at a temperature of 400°C for 8 hours to decrepitate higher
temperature inclusions.

The quartz was rewashed in deionized water to

remove the contents of burst inclusions, and the cleaning procedure was
repeated.
4.

The leachate was then filtered (see step 5).

Between 4 and 6 grams of each sample then w/ere crushed in an agate

mortar under a small amount of deionized water to extract any remaining
inclusions.

Carbonate samples were also treated in this manner.

The

water and crushed mineral grains were transferred wath deionized water
into a centrifuge tube.

The samples were centrifuged and the liquid drawn

off and stored temporarily in plastic containers.
5.

The samples were filtered ty drawing the liquid into plastic syringes

and then forcing the liquid through a 0.2

m millipore filter with a

Leurlock fitting pressed onto the tip of the syringe.
again stored temporarily in plastic cups.

The liquid was

The syringes were then cleaned

wdth distilled, deionized water and the filtered liquid drawn back into
the syringe.

Samples were stored in the syringes, which were then used to

inject the liquid directly into the icn chranatograph.

Filtraticn is

important to avoid clogging the ion guard columns, and particulates vdll
jam the slide valves.

Using the same syringe for filtration and storage

of each sample reduces the chance for accidental contamunation.
Great care was taken to avoid contaminaticxi during sample preparation
and storage because as noted by Eadington and Wilkins (1980), the
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elements being analyzed are very crxrmon in the environment, especially cn
skin.
This sanple preparation method described above has several advantages
over traditional crush-leach methods.

The first is that adsorption is

minimized, except in the final crushing step, because of the decrepitation
method used to extract the fluids from the inclusions.
for ions to adhere to are created during decrepitation.

No new surfaces
The second major

advantage is that because of the incremental heating used to decrepitate
the inclusions, inclusions from a specific temperature range can be
analyzed.

This minimizes problems due bo contandnation of primary

inclusions by secondary inclusions.
There are, however, two possible problems with this method.

The

first is incomplete thermal deorepitaticn of the samples beoause
inclusions in the center of grains may not have decrepitated or if they
did, the ccsitents may not have reached the surface.

The second is that

small amounts of other minerals such as pyrite or adularia, may be present
at the surface of the grains, and give rise to contamination.

However,

all samples were checked for contamination under 30x magnification and the
HBr used during sample preparation would have dissolved any sufides
present on the surface of the grains.
Analytical Technique
Leachates were analyzed by icn chromatography using the Dionex 2010i
ion chromatograrh at the Western Washington t&iiversity Instrument Center.
The anions C1-, SO4-, F-, and NO3- were analysed using a Dionex AS-4a
anion column.

A itdxture of 0.0022 M Na2C03 and 0.0029 M N^C03 was used

as the eluent for anicxi separation, with 0.025 N H2SO4 used as a
regenerant in an AMMS membrane suppressor.
mL/min.

The eluent flow rate was 1.7

Divalent cations analysed were Ca++ and Mg++, using a Dionex CS-
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3 cation separation column.

0.08 M TBAOH (tetrabutylamnonium hydroxide)

was used as a regenerant, and 0.005 N HCl for the eluent, at a flow rate
of 1.0 mL/min.

Na"^, K^, Ld''’, and

were also analysed on the CS-3

column at a flow rate of 1.0 mL/min, using 0.005 N HCl for the eluent and
0.02 M tetramethylamnonium hydroxide for the regenerant.
chemical sujpressicn was in a CMMS membrane suppressor.
sanple loop has a volume of 500 microliters.

In all cases,
For all runs, the

Detection limits are

sunmarized in Table 5.
Results
Sample chrcmatograms are give in Figs. 27 - 29.

Results for all ions

separated aire given in Appendix IV and summarized in Figs. 30 through 33.
Anions clearly separated were Cl- and S0^2-.

Another anion present may be

CO22-, but since carbonate is part of the eluent, it cannot be
distinguished.

9
Ihe most ccnitoi anion is SO^ , which in all but 8 sanples

was present in greater concentration than C1-.

Sulfur in the inclusions

was probably present in the reduced form of HS- or H2S, since the
hydrothermal fluids were in equilibrium with graphite in the wall rocks,
and because of the abundant pyrite in the veins and wall rock.

Due to the

heating technique used, this reduced sulfur was oxidized to SO^ during
inclusion decrepitaticn and leaching.

Because of this, the SO^ 2-

concentration is actually total sulfur expressed as SO4.
The only divalent cations separated were Ca 2+ and Mg 2+.

Calcium

concentration was higher than magnesium in all but three samples.
Concentrations for both Ca and Mg were greatest in calcite, suggesting
that some contamination of the inclusicn leachates by the host mineral
occurred.

The highest values in quartz are frcxn the crushed samples,

suggesting that 400° C may not have been enough to completely decrepitate
all of the inclusions.
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Table

5

Minimum detection levels for Dicxiex 2010i ion chronatograph
Column

Ion

AS-4a

Cl-

Minimum Concentration
5 ppb

SO^^~

20 ppb
20 ppb

CS-3 Monovalents

Na+
K+
NH4+

10 ppb
10 ppb
10 ppb

CS-3 Divalents

Ca2+
Mg2+

20 ppb
20 ppb

* Note:

ic

These detection limits vary as a functio:i of machine noise and

operating conditions, and represent normal detection limits.
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Figure 27. Sample chromatogram for the AS 4a (anion) column.
Retention times are on the horizontal axis and deflection,
proportional to quantity, is on the vertical axis. Time is in
minutes.
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Figure 28. Sample chromatogram for the CS 3 monovalent cation
column. Parameters are the same as Figure 27.
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Figure 29.
Sample chromatogram for the CS 3 divalent cation
column. Parameters as per Figure 27.
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Numbers corresponding to sanples for Figures 30 through 35
Number

1
2
3
4
5

6
7

8
9

10
11
12
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Sanple
X780 CABBCmTE
BN4A125 CAFBCNATE
BN10D47 CARBONATE
X780,200
BN10D47,200
BN10D33,200
X80WEST,200
440AX2,200
500TAD2,200
700AX20.5,200
650069.1,200
620.5,200
650074.3,200
650055.5,200
700AX20.17,200
ASH21A286,200
650,200
X780,400
BN10047,400
BN10033,400
X80WEST,400
440AX2,400
500TA02,400
700AX20.5,400
650069.1,400
620.5,400
650074.3,400
650055.5,400
700AX20.17,400
ASH21A286,400
650,400
X780,CRUSH
BN10047,CRUSH
BN10033,CRUSH
X80WEST,CRUSH
440AX2,CRUSH
500TA02,CRUSH
700AX20.5,CRUSH
650069.1,CRUSH
620.5,CRUSH
650074.3,CRUSH
650055.5,CRUSH
700AX20.17,CRUSH
ASH21A286,CRUSH
650,CRUSH
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Sample

Figure 30. Results of ion chromatography for anions (top) and
divalent cations (below).
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The most cattnon monovalent cation separated v\as Na+ in the thermally
decrepitated samples and K+ in the crushed samples.

This suggests that K+

is present in higher quantities in inclusions that had a high (11400°)
trapping tenperature.

A more likely possibility is that potassium was

released in the leachate frcm the crushed samples v»hen adularia intergrown
with quartz was crushed.
amounts.

Li+ and NH^+ are also present in smaller

Li+ is a ccrnnOTi constituent of geothermal waters, and

also present in minor amounts in geothermal waters (Ellis and Mahon,
Goff and others,

may
1977:

1977).
Charge Balance of Leachate Analyses

Any chemical solution should be electrically balanced, that is, the
sum of the charges of positive ions should equal the sum of the charges of
the negative ions.

This is also a way of checking the accuracy of the

leachate analyses, using the formula:
?mj^ z+ =iiTij zvhere

m^^= molality of icn i
m•= molality of ion j
J

•

z+= charge of icxi i
z-= charge of ion j
The molalities of elements (m^) analysed were calculated in order to
calculate charge balances eind to estimate the amount of dilution of the
fluid that occurred during sanple preparation.

Molalities were calculated

using the following equation:
m(i)=

vhere:

mg/kg(i) x
1000 X GEW

1000
(1000 - mg/Kg)

mg/kg is the concentration of the ion of interest
mg/kg is the sum of ion concentration in solution
GEW is the gram formula weight of the ion of interest.

Charge balances were calculated by sunning cation and anion charges
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for crushed quartz and cal cite and for quartz decrepitated at 200° and
400°, and crushed (l^le 6).

This was done as a test of quality of the

leachate analyses. The charge balance for crushed calcite balanced to
within one order of mgnitxxle (4 x 10“^ for cations vs. 3.482 x 10“^ for
anions).

There are several reasons for this.

<>ie reason is due to the

inaccuracy of the analyses, vhich is a problem with all analyses.

The

itost probable reascxi for the excess of positive charge is seme
contamination by addition of excess calcium and magnesium from the
calcite, due to dissolution of the calcite during grinding.

This is a

problem because calcium and magnesium were analyzed, but carbonate, 033'^“,
was not distinguished as the AS-4a column uses sodium bicarbonate as the
eluent.

Another problem is preferential adsorbtion of certain ions onto

the fre^ surfaces created during crushing.

Carbonate may have been an

important oerponent of the hydrothermal system.
The charges for fluids leached frem quartz decrepiated at

200° balanced to within a factor of 2.2 (2.2 x 10“^ for the cations vs. 1
X 10“'^ for the anions.

This discrepancy may also be the result of

Ccirbonate in the fluid that was not analysed.
The charges for fluids leached frem quartz decrepitated at 400°
balanced to within a factor of 2.5 (1 x 10"^ for cations vs 4.4 x 10“^ for
anions).

Both of these are in fairly good agreement, and suggest that the

decrepitation method is a good method for fluid inclusion analysis.

The

discrepancy may be the result of unanalysed negatively charged ions, such
as carbonate,

that may have been present.

The charge balance was also applied to crushed queurtz.

Here, the

difference between cation and anion charge is about 2 (.0002 for cations
vs. .0004 for anions).

This suggests that for these samples,

method is also a viable means of decrepitating the inclusions.
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the crushing
However,

Table 6
Charge Balences for the Hydrothennal Fluid
z+

£nij z-

Difference

Calcite, crushed

4 x 10”^

3.48 x 10“^

Quartz, 200°*

2.2 x 10“^

1 x 10“'^

2.2

Quartz, 400°*

1 x 10“4

4.43 x 10“5

2.5

Quartz, crushed

2 x 10”^

4 x 10“^

2

13.5

200 and 400 are decrepitaticxi tanperatures in degrees Celcius
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it does not allow for analysis of fluid inclusions formed at different
tanperatures, like the thermal decrepitation method does.
Conposition of the Hydrothermal Fluid
The connposition of the hydrothermal fluid responsible for the
mineralization at the Gannon Mine can be calculated using leachate
analyses and average salinities determined by microthermonetry.

First,

the amount of dilution of the fluid that occurred during sample leaching
must be calculated.

This dilution factor can then be used with the

molalities of the leachates, to calculate the conposition of the
hydrothermal fluid.

This will be done for guartz decrepitated at 400° for

the mineralizing fluids; and for guartz decrepitated at 200° and calcite,
for the late stage fluids.
For the fluids responsible for mineralization at 285°, chemical data
fron quartz decrepitated at 400° will be used, along with the average
salinity calculated from microthermometry.
the previous section, or 1.37 m.

This is 8 weight percent, from

For quartz and calcite frctn the late

stage of mineralization that had homogenization terrperatures of less then
200°, the average salinity of calcite inclusions, 1 wt. %, or .15 m, was
used along with chonical data from calcite and low temperature (200°)
qucirtz leachates.

The molalities of the solution can be divided by the

molality of the leachate fluids to get the amount of dilution of the
hydrothermal fluid during sample preparation.

This is sunmarized in Table

7.
This dilution factor is then used to calculate the undiluted molality
and composition (in ppm) of the hydrothermal fluid.

This is done by

multiplying the average dilution factor by the average molality and
concentration of each ion (Table 8).

This information will be used in a

later section to calculate activities of each ion.
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Averages were used

Table 7
CalculatiCTi of dilution factors for the hydrothermal fluid
and for ions in solution

Salinity

Leachate Molality

Dilution

Calcite (crushed)

0.15

0.0003

1,500

Quartz (200°)

0.15

0.0003

4,400

Quartz (400°)

1.37

0.0002

38,000

v\here Diluticn= Salinity/Leachate Molality
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because the system is boiling, therefore, conditions in the system are
quite variable in different eireas.

The average gives an idea of the

system as a vvhole.
Discussion
The results of the leachate analyses suggest that the hydrothermal
fluids responsible for mineralization at the Cannon Mine were dilute
solutions composed predominantly of Na, K, Cl, and S, with a high^S/Clratio.

The of SO^ 2- in the inclusion leachates probably represents

reduced sulfur, oxidized during saitple preparation. The presence of
abundant pyrite and graphite in the wall rock danonstarate a reducing
environment for the Cannon Mine systan.
The ionic ratios from the leachate analyses, and the calculated
compositions, based on the leachate analyses, of the hi'drothermal fluid at
185° and 285° can be compared to known chanical analyses of geothermal
fields.

The Cannon Mine systan can be cctrpared to boiling geothermal

fields that occur in similar rock types, and have ccmprable temperatures.
Ihe Geysers, California, is a boiling geothermal field partially hosted in
clastic quartzofeldspathic sedimentary rocks (Goff and others,

1977);

Broadlands, N.Z. (Ellis and Mahon, 1977) is also a boiling system, hosted
in silicic volcanic rocks.

This is sunmarized in Table 9.

The Carmen Mine fluids are quite similar to the geothermal fluids in
terms of ionic ratios, with one exception.

That is the high sulfate to

chloride ratios that is found in Cannon Mine fluids.

This high sulfate

to chloride ratio does occur in one well in Ihe Geysers geothermal field
in California, vshere the Kelseyville Well has a sulfate to chloride ratio
of 3.89 (Goff and others,

1977),

coitparable to the results of this study.

Ihe high sulfur ccncentration in the inclusion fluids may have inportant
inplications for gold transport.

This will be discussed in detail in a
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Table 8
Average Cctnposition and Molality of the Hydrothermal Fluid
at Low and High Temperatures

Low Temperature (200°)
Calcite

molality

ppm

Na

1454

0.06

K

911

0.02

Mg

—

—

Cl

1656

0.05

SO4

1610

0.02

b]a

1442

0.06

K

479

0.01

Ca

370

0.01

74

0.00

Cl

1977

0.03

SO4

2903

0.03

Ca

Quartz

High Temperature (285°) Quartz
12184

0.53

K

4503

0.12

Ca

2383

0.06

Mg

768

0.03

Cl

5911

0.06

41832

0.42

Na

SO4
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TABLE 9
Catparison of Canncxi Mine Leachates and Geothermal Waters

Cannon Mine

Ihe Geysers (a)

Na/K

3.2

Na/Li

0.13

Ca/Mg

0.37

0.22

Na/Cl

2.07

1.14

6.16

Broadlands

6.2
99.5
11.4

0.68

Na/So4

0.22

1.90

25.8

CI/SO4

0.83

1.66

38.1

Ccnparison of Cannon Mine

and Geothermal Field

Ccnpositions in ppn
Canncn Mine

The Geysers (a)

12184

Na+

310

Broadlands
942
151

K+

4803

50.3

Ca2+

2383

37.1

2.5

1^2+

768

170.4

0.22

Cl-

.

’5911

271

> 41832

163

(a) - Goff and others. 1977
(b) - Ellis and Mahcai, 1977
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1389
36.5

later section.

The lower Na/K ratio in the leachates my be from minor

addition of potassium to the leachate fron adularia grains in the quartz.
Ihe difference in the Na/Li ratio is probably due to inaccurate analyses
of Li in the leachates.
Hie other min difference is that the Cannon Mine fluids are more
concentrated tlian the geotherml waters, especially the high tenperature
mine fluids, vy^ich have a salinity of about 8 wt. %, canpared to less than
1 % for geotherml waters (Ellis and Mahon, 1977).

The lower tenperature

fluids are more cotrprable to geotherml field salinities.
Geotherracmetry
The results of the leachate analyses can be used to calculate fluid
tearperatures based on anpirical chemical geothermcmeters originally
developed for geotlierml resource exploration. These geothemoneters
include the Na/K geothermcmeters developed by both Fournier and Truesdell
(Fournier and Truesdell, 1973), the Na/K/Ca geothermcmeter of Fournier and
Truesdell (1973) and the Na/Li geothermcmeter developed by Fouillac and
Michard (1981). The purpose of these calculations is to compare chemical
geothermcmeters with the temperature of trapping estimted by
microthermometry. The relationships for the chemical geothermcmeters are:

Na/K (Fournier)

T>

1217
-273.15
(log(Na/K)+1.483)
(Fournier and Trusdell, 1973)

Na/K (Truesdell)

T=

855.6
-273.15
(log(Na/K)+0.8572)

(Fournier and Trusdell, 1973)
-273.15
1647
{log(Na/K)+l/3L(log((Ca^l/2)/Na)+2.06J+2.47}
(Fournier and Trusdell, 1973)

Na/K/Ca

Na/Li =

T=

log(Na/Li)=1000/T -0.38

(Fouillac and Michard, 1981)
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All concentrations in mg/kg
The results of the chemical geothermcmetry are surtmeirized in Ihble 10
and Figs. 34 and 35.

The Na/Li (Fouillac and Michard,

1981)

geotherncmeter gives highly variable totally unrealistic results.

Frcn\

these results, it is evident that this geothermcmeter cannot be applied to
fluid inclusion leachates.

This may be due to inaccurate analyses for Li,

vshich causes the Na/Li ratio to be high, and unusable in the
geothermcmeter.
The Na/K geothermcmeters of both Fournier and Truesdell (Fournier and
Truesdell, 1973) give results for the crushed quartz sanples that are
quite Vcuriable and too high.
present in the quartz.

This may be because seme adularia was

Upon grinding, potassium frem the adularia may

have been taken into solution.

This excess potassium may cause the high

temperatures by decreasing the Na/K ratio.

However, temperatures obtained

using thermally decrepitated samples were also much higher than expected,
but are more consistent

The Na/K geothermcmeter of Truesdell gave high

tenperatures than the geothermcmeter of Fournier.

This suggests that

these geothermcmeters may not be useful for fluid inclusion leachates.
The Na/K/Ca gives the lowest and most consistent tenperatures, and
may be the most applicable to this type of study.

One reascxi for this is

that it is based on equilibrium between potassium feldspar and plagioclase
feldspar, rather than equilibriun between albite and potassium feldspar.
The host rocks have plagioclase of veirying cettposition, rather than pure
albite.
In order to further assess the application of the above
geothermcmeters to fluid inclusion leachates, the temperatures obtained by
the chemical geothermcmeters cure compared to fluid inclusion
hemogenizatien tarperatures obtained by microthermcmetry.
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Table 11 is a

TABLE 10
GEOTHERMOMETRY
SAMPLE NUMBER
X780 CARBONATE
BN4A125 CARBONATE
BN10D47 CARBOsiATE
X780,200
BN10D47,200
BN10D33,200
X80WEST,200
440AX2,200
500TAD2,200
700AX20.5,200
650069.1.200
620.5.200
650074.3.200
650055.5.200
700AX20.17,200
ASH21A286,200
650.200
500TA02,400
440AX2,400
700AX20.5,400
X780,400
X80WEST,400
650069.1.400
BN10047,400
ASH21A286,400
620.5.400
BNl0033,400
650074.3.400
700AX20.17,400
650055.5.400
650.400
700AX20.5,CRUSH
X780,CRUSH
700AX20.17,CRUSH
ASH21A286,CRUSH
650,CRUSH
650069.1,CRUSH
620.5,CRUSH
650074.3,CRUSH
650055.5, CRUSH
440AX2,CRUSH
X80WEST,CRUSH
BN10047,CRUSH
500TA02,CRUSH
BN10033,CRUSH

Na/K/Ca
Na/K (F) Na/K (T) Na/Li
185
1967
424
384
-10559
209
572
470
207
1181
601
485
163
5184
337
352
425
8996
384
ERR
223
525
-63226
137
1167
243
221
163
6192
299
301
1324
375
410
220
175
383
1901
357
184
313
5163
311
156
262
2068
274
160
1331
270
280
5542
160
250
265
255
32210
640
506
-4503
162
408
374
11397
192
359
384
-55741
355
339
200
242
7685
506
640
4102
192
390
362
204
5857
417
479
23388
169
278
268
185
397
3481
367
1531
479
589
ERR
-10296
362
344
202
171
-95874
298
300
154
-7548
247
263
218
2178
576
472
154
-17357
273
282
214
2632
487
422
169
287
292
2120
370
-43978
3419
1146
467
3510
25695
1575
389
1708
2738
878
327
33027
2007
943
3776
411
3556
1160
300
2019
665
1001
3650
393
2876
1083
1850
368
1988
939
1751
338
1497
824
4403
313
797
1401
206
1881
474
580
1571
284
885
619
273
878
4904
616
2538
190
487
422
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Temperature

Sample

i :;;i

Temperature

'Hi

Figure 34. Results of the Na/K geothermometers of Fournier (top)
and Truesdell (below).

90

a
j
\
/
\

3

OJ
•H
C
!-i
3
iw
O
(U
i
OJ
u
o
060)
n)
U

0>
W

ro

nJ
Z
0)
x:
M-i
o
cn
4J
iH
3
CO

•
60
CT\
iH
■

Pi
3
• -a
CO
m oj
3
3
H
in

3

60 T3

C
cd
r
L
j
CZt
cZ*
C'J

o
C-^
ajn^ejadujai

91

sunmary of average tenperatures obtained by microtbermcmetry and chemical
geothermcmet.ers for the eight sanples which have both sets of data
available.

The Na/Li geothemoneter gives tenperatures that are not

realistic ccmpared to the hcmogenizatiai tenperatures.

Both Na/K

geothermcmeters give tenperatures that are 1.2 to over tvo times the
honogenizatioi tenperature.

The Na/K/Ca geothermcmeter gives excellent

results cccipared to the hcitiogeni2ation tenperatures, especially for
calcite and quartz decrepitated at 400*^.

The number of homogenization

tenperatures frcm each sample ranges frcm 2 to 12.
The last caparison made was to take the average chemical coposition
of the leachates from crushed calcite, quartz at 200°, quartz at 400°, and
crushed quartz, and apply these to the chonical geothermcmeters, and then
compare these results to the average honogenization teperatures.
sutmarized in Table 12.

Ihis is

Because the system was boiling, using the

averages is a good way to approximate conditions.

This approach vorked

quite well for the Na/K/Ca geothermcmeter, vhich was generally in
excellent agreement with the homogenization tenperatures.

The Na/K

geothermcmeters gave higher tenperatures, as did the Na/Li geothermcmeter.
In sunmary, the Na/K/Ca geothermcmeter seems to give the most
ccansistent results, that are in good agreement with hcmogenization
tenperatures obtained by raicrothermcmetry.

Other geothermcmeters gave

results that were inconsistent and unuseable.
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Table 11
CciTiparison of Na/K and Na/K/Ca Geothermcmeters
and Microthermcmetric Hcmogenization Tenrperatures

Sample

Ma/K (F)

Na/K (T)

Na/K/Ca

Average Tv,

X780 Calcite
BN4al25 Calcite
BN10d47 Calcite

384
470
485

424
572
601

185
209
207

179
132
197

X780 Quartz
BN10d33 Quartz
700ax20.5 Quartz
650d69.1 Quartz
650d74.3 Quartz

337
263
362
367
472

352
247
390
397
576

163
154
192
185
218

90
230
238
278
317

Table 12
Teirperatures Ctotained Using Average Values Frcm Leachates
Ccrtpared to Average Homogenization Temperatures
Na/K (F)
Calcite
Qtz, 200
Qtz, 400
Qtz, crush

438
351
339
867

Na/K (T)
514
373
355
1719

Na/K/Ca (F+T)
198
184
294
331

94

Na/Li
1574
6873
5886
5409

Ave Tj^
185
90
285
—

Conditions of Mineralization
In order to better understand the mechcmisms of gold ccmplexing,
transport, and precipitation, and to determine the approximate conditions
under \diich mineralization occurred at the Cannon Mine, a thermochemical
model (pH-log f02 diagram) has been constructed.
account mineral equilibria,

This model takes into

fluid inclusion data, geothenrcmetiry,

information frctn leachate analyses, and geochemical data
geothermal fields.

frcxn active

Cn these bases, the activities of Na, K, Ca, Cl and

total sulfur and carbon have been estimated.

Oxygen fugacity and pH

conditions prevailing both during mineralization and after mineralization
occurred were calculated using the above data and the hydrothermal mineral
equilibria (Appendix V).

Frcm this model, gold solubilities can be

estimated, and speculations made about possible mechanisms of gold
transport and precipitation.
Tenperature
Temperatures of 285°C and 200° C were chosen to model the system.

A

tenperature of 285° was chosen to represent main-stage mineralization
because it was the mean homogenization tenperature (of homogenization
temperatures greater than 150°) of type II fluid inclusions, which are
thought to be representative of the main stage.

This temperature is also

within the range of tenperatures found in boiling geothermal systems such
as Broadlands, New Zealand (Ellis and Mahon,
California (Goff and others,

1977).

1977), and The Geysers,

t-todem geothermal systems such as

these are often used as analogs for epithermal-type gold deposits (Henley
and Ellis, 1983).

A temperature of 200° \<jas chosen to model the system at

a late stage, during calcite deposition, because it approximates the 185*^
mean honvogenization temperature of type I fluid inclusions in late-stage
calcite.
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V

The minerals in equilibrium with the hydrothermal fluid at 285° are
quartz, potassium feldspar (adularia), calcite gold (electrum),pyrite, and
chalcopyrite in veins, and graphite, quartz, potassium feldspar,
plagioclase, sericite, and pyrite in the wall rock. Solubility contours of
gold as a chloride and bisulfide cottplex are superimposed on the log f02 fii diagram.

At 200°, the minerals being deposited in equilibrium in veins

were quartz, calcite, and pyrite and marcasite, in the wall rocks minerals
in equilibrium are graphite, quartz, plagioclase, sericite, potassium
feldspar and pyrite and marcasite. Gold solubilities are also superimposed
on these stability fields.
Salinity
The salinity chosen for the model at 285° is 8.0 weight % NaCl
equivalent (1.37 m).

This is derived fran estimates frctn fluid inclusion

studies at the Cannon Mine, where the mean salinity of main stage (type
t

II) fluid inclusions is about 8

NaCl eqivalent. Although this is

higher than the mean salinities of geologically similar geothermal fields
(Ellis and Mahon, 1977; Goff and others, 1977), this value probably
represents an originally dilute solution that became concentrated by
boiling.

This concentrated fluid is considered representative of the

systan during boiling, vhen the majority of gold deposition occurred.
At 200° C, the salinity chosen to model the system ^,^as rounded off to
1 wt. % NaCl equivalent (.15 m), based on the .87 wt. % equivalent
estimated salinity of late stage calcite (type I) inclusions.

This

salinity is only slightly higher than geologically similar boiling
geothermal fields at The Geysers (Goff and others, 1977) and Broadlands
(Ellis and Mahon,

1977).

Determination of aK+, aCl-, aCa
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2+

, S, and

C

-

The activities of the ions of interest in solution (Na+, K+, Ca2+^
and C1-, as well as

S and

C) were calculated by estimating the

molalities of the ions from the values obtained in the leachate analyses
of quartz decrepitated at 400° and then calculating the activity
coefficient for each ion. This information is given in a previous section,
and only the results are summarized here.
Molalities at 285°:
icxi
Na
K
Cl
Ca

molality
0.530
0.096
0.155
0.076

For 200°, the molalities were calculated in a similar fashion, except for
Ca^"^, v\hic±i had unreliable results in leachate analyses due to
contamination by calcium in calcite.

The activity of calcium was

calculated by using the Na/K/Ca geothermcmeter of Fournier and Truesdell
(1973) below.

The calculated molalities for ions at 200° are:
molality
0.06

icxi
Na
K
Cl

0.02
0.05

Activities for each ion were calculated using the Debye-Huckel
equaticxi:
-log^T =

vthere

J
z

S
b
A and B

Az^/T
+bl
1+aB/l

is the activity product coefficient
is the ionic charge of the icn of interest
is the ion size parameter
is the deviatiCTi factor, equal to 0.05
are the Debye-Huckel coeffiecents equal to:
T
A
B
200
0.8099
0.3655
280
1.1238
0.03889

I is the ionic strength and is calculated as follows (Henley and others.
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1984):

I =
wiiere
Zj^

is the molality of each ion
is the ion charge of the ion of interest

Results for both temperatures are as follows:
T
200
285

I
0.105
0.542

Na
0.656
0.387

K
0.633
0.337

Cl
0.645
0.363

Ca
0.057

Activities for each ion were calculated by multiplying the molality by the
activity coefficient.
Tbtal sulfer was estimated in similar fashion as other ions in
solution.

The amount of sulfur (as total S) in the fluids at 200° is

10“^*^^, and at 285 it is 10“^®.
Ttotal carbon was estimated from chemical analyses of geothermal
waters frcm wells drilled into rocks of the Great Valley Sequence in The
t

Geysers-Clear Lake geothemal field, California (Goff and others,

1977).

These rocks are of similar lithology to the rocks hosting the Cannon Mine.
This value is estimated to be 10“*^.
The activity of calcium in calcite at 200° was calculated using the
following relationships:
(8)

F(T) =1647-2.24(14-273.15)
14-273.15
F(T)=log(Na/K)+log(Ca/Na).

(9)

These are based cn the Na/K/Ca geothermcmeter of Fournier and
Truesdell (1973).

At 200°, F(T) is 0.7108, and using values for the

activities of Na-i- and K4- (below), aCa2+ is calculated to be 0.178 (10"
0.75).

Results for all ions are:
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aNa
0.039
0.205

T

200
285

aK
0.013
0.032

aCl
0.032
0.056

aCa
0.178
0.004

C
0.199
0.199

S
0.417
0.0195

pH and log f02 Constraints
The pH and the oxygen fugacity of the systems are constrained by the
presence or absence of certain mineral phases.

Both systems are in the

large fields of insoluble calcite, reduced sulfur, and pyrite.

The

presence of graphite without methane or carbon dioxide, and the presence
of potassium feldspar and sericite define the fields of hydrothennal fluid
cotposition.
Ihe presence of adularia and sericite in the wall rocks constrains
the pH of the systaru

The activity of potassium (aK+) is known from

previous calculations and so the pH of the hydrothermal fluid can be
calculated frcm the following relationships:

2KAl3Si30j^Q(0H) 2+2H'^+3H2O3Al2Si205(0H)4+2K+
3KAlSi30Q+2H’*'=KAlSi303Q(0H) 2+6Si02+2K"^

(a)
(b)

Values for log K are interpolated from Helgeson (1969), and at 285°, the
values of log K for reaction (a) is 5.62 and for reaction (t) it is 6.63.
200°, the values are 7.04 and 8.49, respectively.
constrains the pH of the systaru
and 5.6.

Solving tliese reactions

At 285°, the pH is estimated to be between 4.3

The systan is neutral to slightly acidic at 285°C,

about 5.63 is neutral at this tenperature (Henley and others,
200°,

At

the pH is estimated to be between 5.4 and 6.3,

since a pH of
1984).

At

and the systan is

also near neutral.
The oxygen fugacity of the system is constrained by the presence or
absence of certain mineral phases.

At 285°, the main constraint on oxygen

fugacity is the presence of graphite (carbonaceous material) in the wall
rocks, with no evidence for carbon dioxide or methane in fluid inclusions.
Other constraints on the oxygen fugacity of the system are the presence of
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chalcopyrite. Hie oxygen fugacity of the system is about 10“

.

The constraints on the oxygen fugacity of the system at 200° are
similar to the system at 285°.

The main constraint is the presence of

carbonaceous material in the wall rocks, in equilibrium with the veins,
and the lack of carbon dioxide and methane in fluid inclusions.

This is

further ccaistrained chalcopyrite being replaced by pyrite. The oxygen
fugacity of the system is between 10“^^ and 10“^^, or slightly more
reducing than the system at 285°.
Hydrothermal Transport of Gold in Solution
Gold is transported in hydrothermal solution as ccnplexes with other
elements.

Helgeson and Garrels (1969) and Henley (1973) investigated the

solubility of gold in hydrothermal chloride solutions as a gold-chloride
corplex.

Seward (1973) investigated the solubility of gold as gold-

bisulfide (thio) complex.

Other complexes that have been suggested for

gold transportion are gold-arsenic, gold-antinony, and gold-tellurium
(Seward,

1973) and gold-carbonate (Kerrich and Fyfe, 1981).

These have

been proposed on the basis of mineral assariblages but no thermochemical
data exists regarding their stability at this time.

According to Kerrich

and Fyfe (1981), gold-carbonate complexes may be important in Archean
greenstone deposits.

Solubilities of gold—choride and gold—bisulfide

ccttplexes have been calculated can the basis of fluid inclusion and
leachate data, and published equilibrium constants.
Gold-chloride ocmplexing is governed by the equation given in Henley
(1973):
Au + 1/402 + 2C1-+ EH- = AuCl2 + 1/2 H2O
The equilibrium constant for this reactioi is -10.57 at 200° C and was
extrapolated at 285°

c bo -12.83 from Ifelgeson (1969).
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Gold soli±>ilities

were plotted cxi the log fD2-pH diagrams (Fig. 36 and 37) to determine if a
gold-choride cxirplex contributed to the mineralization at the Cannco Mine.
Fran Fig. 36,

it is seen that gold is not present in sufficient quantity

as a gold-chloride ccrnplex under the inferred conditions of mineralization
at 285°.

At 200° (Fig. 37),

gold-chloride coiplex.

even less gold can be transported as the

Gold-chloride complexes are favored by high oxygen

fugacities, low pH, and high aCl-.

Mineralizing conditions are inferred

to be reducing, near neutral to slightly acidic and having a highS^S/Cl-.
These conditions are similar to modem geothermal fields, and do not favor
transport of gold as the gold-chloride ccnplex.
Iftider these conditicns, a gold-bisulfide (thio) ccrnplex is proposed
to be the most efficient way to transport gold. According to Seward,
(1973), the dcminant reaction is:
Au + H2S + HS- + I/4O2 = Au(HS)2- + 1/2 H2O
Equilibrium constants at 200° are 3.3 in the H2S field and 19.36 in the
HS- field, and were extrapolated to 3.97 and 20.03, respectively, at 285°,
using the data of Seward (1973) and Casadevall and Chmoto (1977).
Solubilities were plotted cn the log f02-pH diagram at 285° (Fig. 36), and
they indicate that this is a very effective way to transport gold under
these conditions.

The field of inferred mineralizing conditions is

roughly bounded by the .1 and 1 mole contours, indicating Icurge amounts of
gold could be available in solution.

Under these conditions, the amount

of gold in the source rocks probably was the limiting factor in the
system.

At 200°, gold solubilities decrease by several orders of

magnitude (Fig. 37).

This indicates that the majority of the gold in the

system was transported at 285°, and the later, more dilute solutions were
barren of gold.
Mciny factors may cause gold to be precipitated from a gold-bisulfide
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pH
Figure 36.
The system at 285 C and 100 bars, representative of
main stage mineralization. Activities for each ion are summarized
on page 99. Hatchured area represents the area of ore solution
chemistry.

pH
Figure 37.

The system at 200°C and 100 bars, representative

of late stage conditions. Ion activities are summarized on page
99. Hatchured area represents solution chemistry.
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cxitplex. One of these is reduction of the ore solution (Fig.

36).

A

reduction of the oxygen fugacity of the system decreases the solubility of
gold, causing precipitation.

This may have occured as the hydrothermal

solutions encountered carbonaceous material in the sediments.

Oxidation

of the fluids may also cause gold to be precipitated (Fig. 36).

If the

solution chemistry changes fron the H2S or HS- fields to the HSO4- or

304^“ fields, oxidation of the fluids will precipitate gold, because the
solubility of gold decreases rapidly in ein oxidizing environment.
However, at the Canncxi Mine, no evidence exists for the presence of
oxidizing conditions, and these medianisms are considered unlikely.
Another possible mechanism may be the loss of H2S, causxng gold to
precipitate.

This may be a factor at the Cannon Mine, vhere pyrite is

seen replacing biotite.

A possible reaction for this may be;

H2S + biotite = pyrite + chlorite
This precipitation mechanism is ccaisidered unlikely because the
hydrothermal fluids were extremely sulfur rich, and undersaturated with
gold.

Also,

there is not enough iron in the rocks to "soak up" the

sulfur. One mechanism that probably played a role in gold deposition at
the Canncn Mine is a decrease in the tenperature of the fluid.

The

solubility of gold decreases with decreasing tarperature.
Under the conditions present at the Cannon Mine, the dcminant
precipitating mechanism was is boiling of the hydrothermal fluid.
drives off the volatile ccrtponents such as H2S, CO2, and CH4.

This

Gold is

precpitated because the total sulfer is reduced as H2S boils off (Fig 36).
At the Canncn Mine, carpel ling evidence for boiling cones fron fluid
inclusions and vein and wall rock textures.

As the acidic vapor ascended

into the rocks above the zone of boiling, the vapor condensed and reacted
with the rocks and formed the argillically altered cap above the
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orebodies, forming minerals such as kaolinite.

Volatile trace elements

such as mercury were also partitioned into the vapor phase, causing the
mercury halo around and above the orebodies. over the orebodies may be the
result of volatiles in the vapor phase reacting with unsilicified arkoses
above the locus of hydrothermal activity.
Suirmary of Mineralizaticxi
Gold vas deposited frcm dilute fluids with an unusually high
ratio.

These fluids were reducing and near neutral at 285° C.

S/Cl-

Gold was

transported as a bisulfide ccrnplex, and deposited in a near surface
environment (P less than 100 bars) in equilibriim with pyrite,
chalcopyrite, Ag sulfosalts, quartz, adularia, sericite, calcite and
graphite.

The fluids that deposited the gold were boiling.

The late

stages of the hydrothermal activity were characterized by lower
terperatures and more dilute fluids that were not as capable of leaching
and transporting gold.

These fluids may be the result of the hot

hydrothermal fluids mixing with cold, dilute meteoric vaters.
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Discussicxi
Econcmic gold mineralization at the Canncn Mine is the result of
several factors occurring at nearly the same time.
magmatic activity, the presence of favorable

Coeval tectonic and

source rocks for gold,

adequate channals for hydrothermal fluid flow, favorable solution
chemistry for gold transport, and extensive boiling led to the formation
of a deposit that contains more them one million onces of gold.
The formation of the Chiwaukum graben during a period of
transextensional stress during the Middle Eocene (46 to 40 Ma) was
probably the nost important event prior to the formation of the gold
deposit.

The formatico of the graben led to the development of

numerous folds, faults, and fractures in the district and surrounding
areas.

This tectonic activity continued during the mineralizing events,

as many quartz veins show multiple episodes of quartz deposition,
brecciaticai, and recementation.
mineralization

This may be the result of movement and

along a jog in a fault (Sibson, 1987, 1988).

Magmatic activity, coeval with the development of the Chiwaukum
graben, provided a heat source for the circulaticai of hydrothermal fluids.
The intrusive responsible for the mineralization at the Cannon Mine is not
known.

The 2 most likely candidates are the andesite of Saddle Rock and

related andesites, and the rhyodacite of Wenatchee Dane and related felsic
intrusives.

The andesite is clearly hydrothermally altered and locally

weakly mineralized, indicating pre- or synmineralization intrusion.
Padicmetric dating of the andesite yeilds a wide range of ages and is
considered unreliable.

However, mapping of the andesite by Ott (1988)

reveals brecciated contacts ard flow banding.

This led him to conclude

that the andesite may be a subaqueous or subareal flow with autobrecciated
textures, or a multiply injected intrusion, with later injections of magma
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brecciating and disrupting earlier magitia.

If indeed the andesite is a

flow, it is unlikely that it was the source of heat for the hydrothermal
system.
The rhyodacites underlie a large area neeir the mine.

The are fresh

and unaltered, and radicmetric dating shows that they are younger than
vein adularia in the "B" North orebody.

Because they are unaltered, they

were not directly involved with circulation of the fluids.

Any

relaticxiships, other than poorly constrained ages, have not been
demonstrated between the andesites and rhyodacites.

A larger body of

magma at depth may have provided a heat source for the hydrothermal
circulation.

The rhyodacites could have been emplaced as late-stage plugs

rising as a viscous magma after the end of hydrothermal activity.
Potential source rocks for the gold and sulfur in the area are
numerous and varied.

Both could have been leached f^cm the nearby S^akane

Biotite Qieiss, vhich has numerous quartz pods and stringers, some locally
gold bearing.

They could also have been leached fron the sediments in the

area, vhich had a number of source terranes, ranging frcm granodiorites to
ultramafic rocks.

Gold and sulfur may also have ccme frcm the magma body

that was the heat source for hydrothermal fluid circulation.

The

sediments, with local organic-rich beds and coal, could also have been the'
source of the sulfur.

Stable isotope studies to determine the source(s)

of sulfur are clearly needed in the Vfenatehee District.
The hydrothermal fluids have an unko\«aii origin, but it is possible to
speculate regarding their source.

Epithermal-type gold deposits etre

thought to be similar in many respects to modem geothermal fields.

In

geothermal fields, oxygen and hydrogen isotope studies reveal that much of
the water is of local meteoric origin.

This has also been documented at

several gold deposits such as Sunnyside, Colorado (Casadevall and Chmoto,
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1977) and Golden Cross, New Zealand (De Ronde and Blattner,

1988).

By

analogy with geothermal fields and other similcir epithermal deposits,
meteoric waters may be inferred to be the major constituent of the
hydrothermal fluids.

However, magmatic waters may have played seme role,

which could be the cause of seme of high salinities in fluid inclusions
from quartz.

Vfork with oxygen and hydrogen stable isotopes

is also

needed in the Wenatchee District.
A genetic model for the mineralization at the Cannon Mine may be
proposed cxi the basis of geology, structure, and geochemistry.

The

develofirent of the Qiiwaukum graben, began about 46 Ma and caused
extensive structural disrupticai of the rocks in the district.

Fractures

resulting from tectonic activity filled with water, probably of meteoric
origin.

The fracture system was quite extensive.

The waters probably

were originally oxidizing, but became reducing as a result of contact with
carbonaceous sediments.

Magmatic activity provided asource of heat for

the circulation of the fluids, which leached silica, potassium, gold and
other trace elements, aided by the high sulfur content of the water, frem
the country rocks.

Solution of gold and associated trace elements was

facilitated ty the high sulfur content of the hydrothermal fluid.

At an

eeirly stage, silica-rich fluids caused pervasive silicification of
permeable sediments, rendering them cempetent.
encountered open

fracture space.

fluids to devolatilize and boil.

Later hydrothermal fluids

The rapid drop in pressure caused the
The release of volatiles such as H2S

caused gold transported as a bisulfide complex bo precipitate.

The

chemistry of the fluids suggests that the gold content of the source rocks
was the factor limiting the amount of gold in solution.

Similar ages of

graben formation, igneous intrusion, and vein adularia deposition indicate
that these events were coeval.

The release of H2S and other volatile

108

cxxrponents created an argillically altered cap and mercury halo above the
orebody.

Fluid flow was controlled by structures developed in formerly

permeable stratigraphic horizons, rather than vertical flow.

The

mineralization is in effect stratabound between iirpermeable mudstone
horizons.

Post^raneralization shearing has disrupted the original

orientation of the orebodies.
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Conclusions
The most important conclusion of this study is that the dilute
solutions responsible for the mineralization at the Cannon Mine had high
S/Cl- ratios.

These high sulfur fluids easily leached gold from the

source rocks and transported it in solution.

The gold content of the

source rocks was the limiting factor in the amount of gold transported.
Boiling, indicated by fluid inclusions and wall rock and vein textures,
was probably induced by a rapid drop in the pressure of the hydrothermal
fluids, and caused the precipitation of gold.

A drop in temperature and

salinity with time may also have led to gold precipitation.

Fluid

inclusion studies indicate that the main stage of gold minerali2:ation
occurred at roughly 285°.

Thermochemical calculations indicate that gold

solubilities decrease by several orders of magnitude during late-stage
mineralization vhen tenperatures were lower and fluids more dilute.

These

cooler, more dilute fluids may be the result of dilution with meteoric
waters.
Fluid inclusions may be a useful exploration tool for similar types
of gold deposits.

Vapor-rich inclusions, rich in sulfur, may be present

in minerals formed above the zone of boiling.
drilling target below the vapor-rich zone.

This information provides a

A zone where coexisting liquid

and vapor rich inclusions eire present may be indicative of a boiling zone,
vhere gold would be concentrated in the system.

Lateral targets may exist

at similar depth, provided no post-mineralization structural disruption
has occured.
The presence of sulfur-rich fluids in a reducing environment indicate
cxanditions favorable for the solution and transport of gold.

Boiling,

indicated by the presence of coexisting liquid and vapor rich inclusions,
represents an efficient precipitating mechanism for this deposit.
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APPENDIX I
Descriptions of Sairples Used for Fluid Inclusion Analysis
Sanple locations shown in Fig. 26.
BN10D47'
BN underground core, "B"-Nbrth orebody.
calcite, in well-silicified siltstone.
chalcedonic.

C3uartz-adularia vein, with

Queirtz generally fine grained or

Inclusions found in vuggy quartz and calcite.

750D69.1
750 level.

Inclusions frcm vuggy quartz-adulcuria vein.

cannon, as are quartz pseudonorphs after calcite.

Calcite

Vein interior is vuggy,

lined by -banded chalcedonic quartz.
BN10D33'
BN underground core, "B"-North orebody.
well-silicified arhose.

Inclusions in veinlet in

Veinlet contains minor pyrite, calcite and

adularia.
X780
780 level.
pyrite.

Brecciated, banded qucirtz-adulciria-calcite vein with

Visible gold occurs along vein margins.

Vein cuts well-

silicified interbedded arkose and siltstcxie.
650D74.3
650 level.

Banded, unbrecciated quartz-adularia vein.

Quartz

generally fine grained, with a few rhanbs of adularia.
700AX20.5
700 level, alcaig 700AX20.
1 inch wide brecciated veins.
Calcite in brecciated areas.

Well-silicified curkose, cut by 2 parallel,
Cut by calcite veinlets and stringers.
Disseminated pyrite cotmon.

calcite and quartz.
BN4A124'-125'
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Inclusions in

K!J underground drill core, "B"-Nbrth orebody.
vein with minor quartz and adularia.

Coarse grained calcite

Inclusions in calcite.

silicified and brecciated arkose and siltstone.

Vein cuts

Calcite is cementing

breccia fragments.
ASH4B431'
Asamera surface hole 4B.

Blocky, coarse grained calcite vein in

silicified arkose.
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APPENDIX II
Fluid Inclusion Data
Sanple locations shown in Fig. 26.
Type ^ Inc 1 usions-Late stage Calcite
Sample

Est. Vol. %
vapor

BN10D47

18.9
17.4
16.8
15.9

12.6
15.4
18.0
15.9
21.4
10.4
10.5
4.4
700AX20.5b

19.0
16.4
14.1
15.6
29.1
16.6
17.3

Ice Melting

Salinity

Temperature
.35
.09
.26
.44
.44

-0.2
-0.1
-0.2
-0.3
-0.3
-3.9
-5.9

6.29
9.14

154
189
176
168
190
183

212

-0.3
-0.4
-0.5
-0.5
-0.5
-0.5
-0.3

.44
.7
.87
.87
.87
.87
.53

-0.5

.87

26.9

-0.6

1.05

1.2

1.2

2.6

194
198
198
213
218

147

3.2

109
99

BN4A125

55.1

358

ASH4B431

77.2
1.9

0.0

-1.9
0.5

1.13

386

0.0

100

Type II Inclusions-Main Stage Quartz, L-V, Liquid Rich
Sample

Est. Vol. %
vapor

700AX20.5b

L
L
L
L
L
L
L
L
L
L

L
L
L
L

194 L
220 L

16.8
2.0

190

191
190
191

20.0
BN4A124

Hanog. Tetp.*

Ice Melting

Salinity

Hancg.

Temperature

20.6
25.2

135
340
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750D69.1

23.7

324 D

37.8
31.4

373 L
-10.7
-8.4
-3.5

21.8
19.0
24.2

14.7

12.1
5.8

154 L
180 D
180 D

21.2
30.4
27.7 ,
25.4
32.6
BN10D33

-5.3
-4.1

6.6

-1.9

3.2

8.3
389 D
343 D
§388 D

19.1

296 L
159 L
204 L
§221 D

6.1
14.5
-5.1
-5.5
-1.0

20.8
7.4
11.5
24.6
6.5
X780

8.0
8.5

1.6

221 D
296 L
207 L

3.7
5.4
4.8

14.6
4.4
8.4

75
82
84
91
58
105
92
117
89
107

L
L
L
L
L
L
L
L
L
L

44.6
23.5
9.9
88.3
28.1
15.2
31.6

344
158
300
300
430
276
245

D
D
D
D
D
D
D

6.6
6.6
10.3

8.0

650D74.3

-21.5

23.7

Type III Inclusions-L-V-S Inclusions in Main Stage Quartz
Sanple

650D74.3

*

Est. vol

Ice Melting

% vapor

Teannperature

47.8
57.0

Salinity

Solid melt

180
-33.1

nsiM

-L=Hcmcxgenized to liquid
E^Decrepitated
C=Critical behavior
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T honog.

436 D
362 D

APPENDIX III
Descriptions of Samples Used for Leachate Analysis
Sanple locations shown in Fig.
BN10D47'
BN underground core, "B"-Nbrth oretody.
calcite, in well-silicified siltstone.
chalcedonic.

Quartz-adularia vein, with

Quartz generally fine grained or

Inclusions found in vuggy quartz and calcite.

BN10D33'
BN underground core, "B"-North orebady.
well-silicified arkose.

Inclusions in veinlet in

Veinlet contains minor pyrite, calcite and

adularia.
X780
780 level.
pyrite.

Brecciated, banded quartz-adularia-calcite vein with

Visible gold occurs along vein margins.

Vein cuts well-

silicified interbedded arkose and siltstCTie.
650D74.3
650 level.

Banded, unbrecciated quartz-adularia vein.

Queirtz

generally fine grained, with occasicnal rhcnibs of adularia.
700AX20.5
700 level, along 700AX20.
1 inch wide brecciated veins.
Calcite in brecciated areas.

Well-silicified arkose, cut by 2 parallel,
Cut by calcite veinlets and stringers.
Disseminated pyrite ccttmon.

Inclusions in

calcite and quartz.
BN4A124'-125'
BN underground drill core, "B"-Nbrth orebody.
vein with minor quartz and adularia.
silicified eirkose and siltstone.

Coarse grained calcite

Inclusions in calcite.

Vein cuts

Calcite is cementing breccia fragments.

ASH4B431'
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Asamera surface hole 4B.

Blocky, coarse grained calcite vein in

silicified eirkose.
X80WEST
X80WEST, 620 level, "B"-4 Zone.
minor adularia as rhcittos.

Milky vAiite quartz vein, banded,

Abundant small L-V inclusions.

Vein cuts

silicified arkose.
440AX2
440 level, "B"-Neath orebody.
brecciated.

Banded quartz-adularia vein,

Cuts silicified, brecciated arkose and siltstone.

500TAD2
500 level Tenneco access drift (”B"-Neath).
well-silicified arkose.

Quartz vein cutting

Top of the "B"-Neath orebody.

650D69.1
650 level, "B"-North orebody.

Banded quartz-adularia vein cutting

silicified arkose.
620.5
620 level, "B"-4 zone.

Grey-tan-v\Siite banded quartz vein in

silicified , brecciated arkose.
700AX20.17
700 level, "B"-Nbrth orebody.

3 inch wide banded quartz-adularia

vein with minor calcite cutting arkose.

Vein is brecciated, with abundant

pyrite.
ASH41A286'
Asamera surface hole 21A.

Quartz and calcite stringers in silicified

and brecciated arkose and siltstone, carbonaceous material cannon.

Quartz

after calcite pseudonorphs cannon.
650
650 level, "B"-North orebody.

Banded quartz-adularia vein in well-
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silicified arkose.
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i^pendix IV
Results for Leachate Analyses
Sarrple locations shown in Fig. 26
Values in ppm
Mg+2
SAMPLE NUMBER
X780 CARBONATE
BN4A125 carbonate
BN10D47 CARBONATE
X780,200
BN10D47,200
BN10D33,200
X8CWEST,200
440AX2,200
500TAD2,200
700AX20.5,200
650069.1,200
620.5,200
650074.3,200
650055.5,200
700AX20.17,200
ASH21A286,200
650,200
500TA02,400
440AX2,400
700AX20.5,400
X780,400
X80WEST,400
650069.1,400
BN10047,400
ASH21A286,400
620.5,400
BN10033,400
650074.3,400
700AX20.17,400
650055.5,400
650,400
700AX20.5,CRUSH
X780,CRUSH
700AX20.17,CRUSH
ASH21A286,CRUSH
650,CRUSH
650069.1,CRUSH
620.5,CRUSH
650074.3,CRUSH
650055.5,CRUSH
440AX2,CRUSH
X80WEST,CRUSH
BN10O47,CRUSH
500TA02,CRUSH
BN10033,CRUSH

Ca+2

CATIONS
Na+

0.43

1.92

0.82

0.1

1.68

0.6

0.06

1.5
0.08

0.41
0.13
0.14
0.41

0.02
0.004

0.01
0.02

0.09
0.3
0.06
0.06
0.24

0.03

0.01

0.01

0.05
0.09

0.01
0.02
0.008

0.06
0.004
0.008
0.004
0.008

0.01
0.02
0.07
0.03

0.01
0.02
0.01
0.02

0.02
0.02
0.02
0.06
0.06
0.06

0.008
0.04
0.004

0.01

0.01

0.07
0.004
0.03
0.06
0.03
0.008
0.04

0.62

0.02

0.06
0.05
1.04
0.07
0.3
0.24
0.64
0.36
0.45
8.75
0.53
0.47
2.74

0.1
0.12
0.21
0.04
0.05

0.22

0.39
0.03
0.03

0.1
0.03
0.04
2.76
0.18
0.19
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0.6
0.26

1.02
0.28
0.28
0.33
0.47
0.24
0.3
0.05
0.25
0.48
0.18
0.19

K+
0.35
0.42
0.31
0.04
0.06
0.25
0.08
0.06
0.41

0.43
0.43

0.2
0.2
0.38
0.67

0.02

0.2

0.09
0.15
0.15
0.07

0.49

0.11

0.63

1.02
0.2

0.43
0.26

0.13
0.08

1.12
1.21
0.8

0.2
0.26

0.1

0.69

0.21

0.61
1.79
0.14

0.07
0.06
0.09
0.04
0.25

0.21
0.15
0.34
1.4
0.55
0.24
0.46
0.26
0.42
0.36
0.49
1.16
0.59
0.56
1.03
0.94
1.65
1.04
0.64

Lit

0.11
0.11
0.32
0.09
0.17
0.09
0.14
0.09
1.52
3.27
3.09
1.79
2.41
1.58
3.62
4.97
2.46
1.42

0.8
1.59
1.04
0.34

1.2
0.32
0.26
0.34
1.5
0.26
0.08

1.02
3.44
1.79

0.2
1.26
0.26
0.34
0.91
0.61

1.2
1.32
0.73
0.79

1.2
1.14
0.67
0.91
0.79
0.67

1.2
0.61

X780 CARBOSIATE
BN4A125 CARBONATE
BN10D47 CAPBOIATE
X780, 200
BN10D47, 200
BN10D33, 200
X80WEST, 200
440AX2, 200
500TAD2, 200
700AX20.5, 200
650D69.1, 200
620.5, 200
650D74.3, 200
650D55.5, 200
700AX20.17, 200
ASH21A286, 200
650, 200
500TAD2, 200
440AX2, 400
700AX20.5, 400
X780, 400
X80WEST, 400
650D69.1, 400
BN10D47, 400
ASH21A286, 400
650.5, 400
BN10D33, 400
650D74.3, 400
700AX20.17, CRUSH
650D55.5, 400
650, 400
700AX20.5, CRUSH
X780, CRUSH
700AX20.17, CRUSH
ASH21A286, CRUSH
650, CRUSH
650D69.1, CRUSH
620.5, CRUSH
650D74.3, CRUSH
650D55.5, CRUSH
440AX2, CRUSH
X80WEST, CRUSH
BN10D47, CRUSH
500TAD2, CRUSH
BN10D33, CRUSH

0.88
0.65
0.52

0.11
0.11
0.47
0.32
0.07
0.94
0.16

0.21
0.14
0.36

0.12
0.11
0.14
0.23

0.21
0.07
0.07
0.09
0.46

0.12
0.08
0.14
0.42
0.31
0.14
0.33
0.09
0.25
0.24
0.32
0.38
0.42
0.30
1.42
0.50
2.73
1.29
0.30
1.40
2.03
0.29
0.39

1.44
0.47
0.32

0.22
0.27
0.35
0.42
1.24

0.68
0.35
0.63
0.65
0.52
0.32
0.91

0.6
0.55
1.06
2.07

1.01
1.72
1.57
1.03
0.75
1.24
11.51
1.31
1.77
1.29
5.78
1.62
0.35
0.58
1.35
0.48
0.44
0.62
1.51
1.32
0.55
0.60
0.60
0.25
0.60
0.25
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APPENDIX V
Selected Reactions and Equilibrium Constants Used
log K

200°

275°C

300°C

Source

2KAl3Si30io (2'^2H+‘'‘3H20=3Al2Si205 (OH) 4+2K+

7.04

5.78

5.44

1

3KAlSi30g+2H'''=KAl3Si303o (CH) 2+6Si02+2K'^

8.49

7.97

7.82

1

-8.12

2

-7.72

2

-7.06

1

H^+HS04~=H2&f202

-71.62 -57.68 -55.61

1

S04~^+2H'^=H2+202

-67.13 -51.1

-48.55

1

S04~2+h''’=HS“+202

-74.09 -58.95 -56.61

1

36.97

4

-8.86

1

35.77

3

HC03“=H^+C03“2

-10.73 -11.65 -11.83

3

CH4+202=H2003+H20

-86.87 -73.63

3

Ca003=Ca2'''-KX)3“

-11.37

H2S=H'^+HS“

-7.12

HS“=H^+S“2

-10.75

-7.96
-7.99

ft
HS04~=H‘*'+S04“2

-4.4

C+02^^^C02

42.8

H2C03=HC03“+H'*‘

-7.08

C+02+H20=H2C03

41.49

-8.52

-13.41

3

6.42

1

CaC03+2H^=Ca2+H2C03

6.7

2Fe304+l/202=3Fe304

18.95

14.98

14.35

2

2FeS2"^3/202~Fe203+S2

31.72

28.54

28.19

1

3FgS2*^“202“F©20^“H3S2

38.11

34.49

33.93

1

2FeS+S2=2FeS2

16.9

12.35

11.62

2

5CuF©S2+S2^4F©S2"^^UgF©S^

10.68

6.67

2

AuCl2"=Au'*’+2Cl“

-6.4

Au°+H2&fHS“=Au (HS) 2“+1/2H'^

4.1

-6.2

-6.2

1

-1.16

2

1-Helgeson, 1969; 2-Casadevall and Ohrroto, 1977; 3-Crercir and Barnes,
1976; 4-C*Tmoto and Kerrick, 1977
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