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INTRODUCTION
The Emery mining district was chosen for this 

investigation because the district may have potential 
for undiscovered resources such as a deep porphyry 
or stockwork deposit. Elliott and others (1993) gave 
the district a moderate potential for the occurrence of 
a porphyry or stockwork copper–molybdenum deposit 
based on favorable geologic conditions for the occur-
rence of undiscovered resources. Past mining pro-
duced gold, silver, copper, lead, and zinc from epith-
ermal/mesothermal quartz veins. From investigations 
of other mining districts, epithermal vein systems can 
be linked to porphyry systems such as those found in 
the Butte district and the Philippines (Chang and oth-
ers, 2011; Cooke and Bloom, 1990; Rusk and others, 
2008a; Sillitoe, 2010).

Exploration for new mineral deposits often re-
quires focusing on past producing mining districts 
such as the Emery mining district for overlooked 
mineral deposits and exploration targets. Overlooked 
mineral deposits and new exploration targets can be 
extensions of known mineral resources or related to 
mineralizing fl uid sources associated with, for exam-
ple, unrecognized deep porphyry systems. Locating 
extensions of known mineral deposits or mineralizing 
fl uid sources requires an understanding of the genesis 
of past and present producing mining districts.

The goal of investigating these mining districts 
is to update past studies with newly generated data. 
New data are generated by advanced investigative 
techniques including stable isotope geochemistry, 
trace element and whole rock geochemistry, age dat-
ing, identifying alteration sequences, mineralogy, fl uid 
inclusion studies, and if available, geophysical data. 
By using these techniques to expand the data gener-
ated from past investigations, it is possible to deter-
mine the origin of mineral resources with historic pro-
duction. From the data generated, an ore deposition 
model can be constructed for the mining district that 
can be used as an exploration tool to locate potential 
exploration targets.

METHODS
Methods used for this investigation consisted of 

sampling dumps and stockpiles of the existing mines 
and outcrops, because existing underground workings 
were caved and inaccessible. Samples were analyzed 
for alteration types, fl uid inclusions, stable isotopes, 
mineralogy, and trace element and whole-rock geo-
chemistry. A granodiorite intrusion was dated by 

U/Pb methods from zircon. Altered host rock was 
dated by 40Ar/39Ar methods from sericite. This informa-
tion was used to construct a geologic model for the 
district and assess the exploration potential for pos-
sible resources.

PREVIOUS INVESTIGATIONS
The geology and mines of the Emery mining 

district were fi rst described by Pardee and Schrader 
(1933). They visited the district in 1926, met with the 
mine operators, and entered some of the underground 
mines. After Pardee and Schrader (1933), several 
theses and professional reports were published. The 
fi rst was a thesis by Elliott (1939) on the geology and 
mineralogy of the Emery mine. Stejer (1948) com-
pleted a thesis on the Bonanza mine describing the 
geology, mineralogy, genesis, and economic future 
for the mine. Callaway (1950) investigated the miner-
alization of the Bonanza mine and expanded on the 
work completed by Stejer (1948) by examining the 
mineral paragenesis and recognizing diff erent miner-
alizing stages. Joyce (1951) described the mineral-
ogy, mineral paragenesis, and economic potential 
of the Black-Eyed May, Emma Darling, Argus, and 
Hidden Hand mines located in the northern part of the 
district. Robertson (1953) published a memoir on the 
geology and mineral deposits and additional data on 
the geology, mineralogy, genesis, and descriptions of 
all the major mines.

In the 1980s, a number of mining companies in-
vestigated the district for disseminated gold deposits. 
These investigations generated unpublished company 
reports, correspondence, and maps that are ar-
chived at the Montana Bureau of Mines and Geology 
(MBMG). During this same time, Al-Khirbash (1982) 
completed a M.S. thesis summarizing data he ob-
tained from a deep core hole, expanding upon the ge-
ology, alteration, mineralogy, and origin of the mineral-
ization. Derkey (1986) also completed a geologic map 
of the district and updated the geologic and structural 
interpretations. Zimmerman (2016) completed a thesis 
on the district, updating previous investigations with 
isotope, fl uid inclusion, and mineralogical data.

HISTORY
When fi rst established in the 1870s, the Emery 

district was known as the Zosell mining district. The 
district was originally named after W.T. Zosel, who 
located the Bonanza lode (plate 1), and was a promi-
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nent rancher and homesteader living in the area. 
Because of a misspelling of the Zosel name, “Emery 
Mine” was also used as an early name on the basis of 
the Emery mine being the largest mine in the district. 
Emery became the preferred district name (Derkey, 
1986).

Mining activity began in 1872 with the discovery of 
placer gold in Rocker gulch (plate 1) by H.L. Hoff man 
(Callaway, 1950). After this discovery, placer opera-
tions were also carried out in Spring and Deep Gulch-
es and a small tributary of Little Cottonwood Creek 
(Robertson, 1953). Total placer mining production is 
reported by Robertson (1953) to be about 3,628 oz, 
or $75,000 (based on the late 1800s gold price of 
$20.67). Placer mining led to the discovery of lode 
deposits by the late 1800s (Callaway, 1950).

Joe Peterson discovered the fi rst lode deposit in 
1887 at the site of the Hidden Hand claim (Derkey, 
1986). A year later, John Renault discovered what 
became the Emery lode, which was later staked as 
the Carbonate Hill lode by W.C. Emery. During the 
early years, between 1891 and 1905, there was a 
high rate of development and production. W.T. Zo-
sel discovered the Bonanza lode in 1895, one of the 
largest veins in the district. By 1905, all the principal 
lode deposits were discovered, including the Blue 
Eyed Maggie, Argus, and Emma Darling (plate 1; and 
Robertson, 1953).

Activity slackened from 1908 to 1909, with little 
mining taking place until the late 1930s (Robertson, 
1953). The second stage of mining activity was inter-
rupted by World War II. Gold mining was shut down 
during the war years because gold mining did not 
support the war eff ort, and mining equipment became 
unobtainable for gold mines (Robertson, 1953). After 
the war, the high price of lead kept the mines in pro-
duction until the recession of 1949 started driving up 
the cost of labor and materials. By 1950, the operating 
mines started closing, and by 1951 all mining ended. 
The Hidden Hand was the last mine to close (Robert-
son, 1953).

Emery Mine
Most of the known early mining history centers 

on events at the Emery mine, one of the most impor-
tant mines and the largest past producer. After W.C. 
Emery staked the Emery mine, he developed the vein 
to a depth of 100 ft on a decline and sold the prop-
erty to Conrad Kohrs and others in 1890 (Robertson, 
1953; Elliott, 1939). Three years after acquiring the 
mine, Kohrs patented the Carbonate Hill claim and 
adjacent claims. The mine was successfully operated 

until 1902 when Kohrs sold it to the Emery Mining 
Company. Under the direction of the Emery Mining 
Company, operations continued producing gold, silver, 
and lead for the next 5 years, with a total reported 
value of $90,000. Deer Lodge Consolidated Mines 
Company Limited gained control of the mine in 1907. 
To gain better access to the underground workings, 
the new owners engaged in extensive development 
that included sinking a vertical shaft north of the 
decline. The new development of the underground 
mine workings, in conjunction with insuffi  cient produc-
tion, bankrupted the Deer Lodge Consolidated Mining 
Company (Robertson, 1953).

From 1908 to 1910, the property was inactive 
until the previous Emery Mining Company formed a 
new company named the Emery Consolidated Mining 
Company and took control of the property (Robertson, 
1953; Elliott, 1939). In 1923, electricity was bought 
to the mine and a 70 ton-per-day fl otation mill was 
constructed. In spite of these eff orts, there was little 
production until 1935, when 12,000 tons of ore was 
processed. From 1936 to 1939, mining activity was 
limited to additional development and ore was hand 
sorted for shipment. In 1945, John B. White construct-
ed a 100-ton-per-day fl otation mill, which was oper-
ated by the Deer Lodge Mining Company for the next 
3 to 4 years. The mill treated 8,968 tons of ore over a 
2-year period. By 1950, the Emery mine was closed
due to the high cost of labor and materials (Robert-
son, 1953).

District Production 
McClernan (1976) reported on production from 

1902 and ending in 1966 (table 1). There are no ac-
curate production records prior to 1902. After 1951, 
when the last mine closed, a minor amount of ore was 
produced, consisting of 106 tons that yielded 4 oz 
gold, 1,382 oz silver, 14,700 pounds lead, and 3,100 
pounds zinc. Because all the mines were closed after 
1951, limited production from 1952 to 1966 was from 
stockpiled ore and handpicked from dumps. 
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Production in the district peaked from 1947 to 1948 
when the Bonanza mine shipped 1,853 tons of ore 
that yielded 686 oz of gold and 3,569 oz of silver, with 
a calculated grade of 0.37 oz/t gold and 1.9 oz/t silver. 
The Bonanza mine also shipped 71 tons of lead ore 
that yielded 8 oz gold, 1,800 oz silver, 141 lbs copper, 
36,630 lbs lead, and 7,684 lbs zinc (Derkey, 1986). 
Calculated grade for the 71 tons of ore from the Bo-
nanza mine was 0.11 oz/t gold, 25 oz/t silver, 0.09% 
copper, 26% lead, and 5.4% zinc. Based on total pro-
duction records, the average grade calculated for ore 
shipped from the district was 0.33 oz/t gold, 9.1 oz/t 
silver, 1.3% lead, 0.36% zinc, and 0.02% copper.

Recent Exploration History
After the 1950s, most activity in the Emery mining 

district centered on exploration by a number of min-
ing companies searching for shallow, large-tonnage, 
precious metals deposits or for deep-seated por-
phyry–copper deposits. The following summary of 
exploration activity starting in the 1960s is taken from 
unpublished company reports and correspondence 
archived at the MBMG.

In 1969, Placer Amex Corporation drilled two core 
holes and 20 rotary holes in the northern part of the 
district, searching for a shallow gold deposit that could 
be mined by open-pit methods. Placer Amex Corpora-
tion did not continue with their exploration program 
and left the area by the 1970s.

Gulf Mineral Resources drilled two holes in the 
northern part of the district searching for a deep-seat-
ed porphyry deposit. The fi rst hole was drilled in 1976 
near the Hidden Hand mine and reached a total depth 
of 2,903 ft. In 1978, another hole was drilled to a total 
depth of 1,965 ft, east of the Emma Darling patented 
claim. Al-Khirbash (1982) logged and described the 
deeper hole and reported the results as part of his 
Master of Science thesis.

After Gulf Mineral Resources’ drilling eff orts, 
Lacana Corporation started an exploration program 
in the vicinity of the Hidden Hand and Argus mines in 
1982. Their exploration eff orts consisted of a surface 
sampling and drilling program. The fi rst phase was 
an exploration geochemistry program consisting of 
296 rock samples, 50 dump samples, and 47 soil 
samples. In the early 1980s, the underground work-
ings of the Argus and Hidden Hand mines were still 
accessible, allowing 48 rock samples to be taken from 
these workings. Following the exploration geochemis-
try program, a drilling program commenced consisting 
of eight rotary holes. Lacana concluded that potential 
economic gold resources are present in the Hidden 

Hand vein and continue to the Bonanza mine to the 
south. They also determined the dumps of the Argus 
and Hidden Hand mines have economic potential for 
gold recovery. 

While Lacana Corporation was engaged in their 
exploration program, there was renewed activity at the 
Emery mine. Derkey (1986) reported that Emery Min-
ing Associates constructed a 200 ton-per-day mill in 
the early 1980s at the site of the lower vertical shaft. 
The mill produced approximately 100 tons of concen-
trate using ore from the Emery mine that was later 
shipped to the East Helena smelter. Even though the 
mill operated successfully, low metals prices caused 
it to close. In 2016, the mill is still present but remains 
closed.

Exxon Corporation took an interest in the dis-
trict in 1985 and began searching for a shallow gold 
resource that could be mined by open-pit methods. 
Exxon explored the district using surface sampling, 
a geophysical survey, and a drilling program. The 
geophysical survey was conducted from 1985 to 1986 
and consisted of induced polarization (IP) and spec-
tral polarization (SP) in selected areas. Geophysical 
and surface sampling anomalies were tested by a 
drilling program that consisted of 14 reverse circula-
tion and 4 core holes. Four drill holes revealed poten-
tial for a gold resource that was fl at-lying and could 
be exploited by open-pit mining. After this discovery, 
Exxon Corporation began seeking to joint venture the 
project.

Freeport-McMoRan Corporation (FMC) joint 
ventured with Exxon Corporation in 1986 and contin-
ued the exploration program. At the same time, FMC 
included Montana Precision Mining, Ltd. (formerly   
Emery Mining Associates) and Hiko-Bell in the joint 
venture agreement. FMC started their exploration pro-
gram in 1986 with a geophysical survey consisting of 
ground magnetics, regional aerial magnetics, very low 
frequency-ground magnetometer (VLF), IP, and SP. 
By 1987, FMC was conducting a surface sampling, 
geophysical, and drilling program in the northern half 
of the district and in the vicinity of the Bonanza mine. 
Most work centered on exploring the Hidden Hand, 
Emma Darling, and Bonanza veins. Exploration con-
sisted of 72 core and 17 reverse circulation holes, two 
trenches, and a VLF survey. In 1989, FMC defi ned 
potential for a 150,000 oz gold resource in the north-
ern area of the district and 50,000 oz of gold in the 
Bonanza area.    

 During the joint venture with FMC, Montana Pre-
cision Mining was doing exploration on their property 
in the southern part of the district. From 1985 to 1986, 
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an SP and IP geophysical survey was conducted 
in the Carbonate Hill area, which encompassed the 
Emery mine. Montana Precision Mining also conduct-
ed exploration activities to defi ne a low-grade gold 
deposit in the vicinity of the Bonanza mine and the 
Bell patented mining claim. The exploration activities 
included a trenching program, a reverse circulation 
drilling program, and a geophysical survey. Results of 
this exploration program delineated an indicated gold 
resource of 218,000 tons containing 28,262 oz of gold 
and 366,714 oz of silver. At the Emery mine, 57,941 
tons of ore is inferred to remain in the underground 
workings, which might contain 21,553 oz of gold and 
891,711 oz of silver. The dumps at the Emery mine 
are estimated to have 35,859 tons of ore, which con-
tains 4,303 oz of gold and 153,476 oz of silver.

FMC judged the gold resource too small to be 
profi table and ended the joint venture agreement in 
1989. U.S. Minerals Exploration Co. acquired the 
FMC properties in 1990 and entered into a three-
way joint venture agreement with Montana Precision 
Mining and Hecla Mining Corporation. From 1991 to 
1992, Hecla drilled a total of 82 holes and completed 
the ground magnetics survey started by FMC. This 
exploration activity took place in the vicinity of the 
Hidden Hand and Bonanza mines and other potential 
resource areas. Results of this exploration eff ort fur-
ther defi ned the Bonanza deposit, which is estimated 
to have 207,000 tons of ore containing 27,000 oz of 
gold with a grade of 0.132 oz gold per ton and a cutoff  
grade of 0.050 oz gold per ton.

Hecla ended the project in the 1990s and Mon-
tana Precision Mining started looking for another joint 
venture partner. Most exploration and mining activity 
in the district ended at this time and the district re-
mained idle. Some of the patented claims were sold 
as potential house lots. Montana Precision Mining 
planned to renew mining activity in 2014 by evaluat-
ing the remaining mine dumps and stockpiled ore at 
the Emery and Bonanza mine sites as a possible gold 
and silver resource (F. Foster, oral commun., 2014).

REGIONAL GEOLOGY
Precious metal ore deposits formed throughout 

the western United States during Mesozoic assembly 
of the North American Cordillera (Hildebrand, 2013). 
Numerous plutons were intruded into an evolving 
thrust wedge in northern Idaho and western Montana 
(summary in Lageson and others, 2001). The Boulder 
Batholith, and co-magmatic Elkhorn Mountains Volca-
nics (EMV), represent an exceptionally well preserved 

and voluminous example of Cordillera arc magmatism 
in western Montana (Rutland and others, 1989).

 Field relationships indicate the Boulder Batho-
lith was emplaced into EMV lavas and ignimbrites 
between 85 and 76 Ma (Tilling and others, 1968; 
Mahoney and others, 2015). U/Pb zircon ages for 
the Butte Granite, the main pluton by volume of the 
Boulder Batholith, are 74.5 ± 0.9 Ma (Lund and oth-
ers, 2002) and 76.28 ± 0.14 Ma (Martin and others, 
1999). Olson and others (2016) report 40Ar/39Ar ages 
that range from 84.7 to 83.7 Ma for a 950-m section of 
EMV ignimbrites south of Boulder, Montana.

The Boulder Batholith crystallized at a depth of 
6 to 9 km (3.7 to 5.6 mi), based on aluminum-in-
hornblende barometry studies from the Butte mining 
district (Houston and Dilles, 2013). The EMV formed a 
volcanic plateau 4.6 km (2.06 mi) thick over the batho-
lith (Smedes, 1966). Exhumation and erosion of the 
continental magma system occurred in response to 
extensional collapse of the Cordilleran Foreland Fold 
and Thrust Belt (Constenius, 1996) from 49 to 20 Ma, 
followed by Basin and Range block faulting since 15 
Ma (Reynolds, 1979).

DISTRICT GEOLOGY
Polymetallic veins in the Emery mining district 

occur in basalt–andesite lavas of the lower member 
of the EMV on the west fl ank of the Boulder Batholith 
(plate 1). Most vein-host lavas are altered and diffi  cult 
to classify. Pardee and Schrader (1933) described 
vein host lavas as andesites, and Derkey (1986) 
mapped them as dark gray, porphyritic basalt with pla-
gioclase phenocrysts, and medium green, porphyritic 
basalt with pyroxene phenocrysts. Major and trace el-
ement geochemistry of less altered lavas shows they 
are high-K, basalt ̶ andesites   and andesites (Scar-
berry, 2016). Vein networks may, in part, have formed 
along vesicular rubble zones in lower member lavas 
(Robertson, 1953; Derkey, 1986) and/or are aligned 
with N–S-striking thrust fault systems (Ruppel, 1961) 
and related steeply dipping E–W-striking tear faults 
(Robertson, 1953).

Lower member andesites formed during fi ssure 
eruptions (Klepper and others, 1957) that fi lled and 
overfl owed the edges of a broad N. 35° E.-trending, 
regional synclines (Smedes, 1966). EMV rocks south 
of the Emery mining district (plate 1) include fi ssure 
dikes, breccia, and lava fl ows (Scarberry, 2016), simi-
lar in texture and mineralogy to lavas described by 
previous studies in the Emery mining district (Derkey, 
1986).
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 Five kilometers (3.1 mi) south of the district 400 
m of middle member EMV rhyolite ignimbrite and 
intercalated tuff  breccia is banked into lower EMV 
basalt–andesite lavas. The ignimbrite is essentially 
missing and <5 m thick where exposed in the Emery 
mining district. The disparity in thickness of the middle 
member EMV rhyolite ignimbrite over a short distance 
led Scarberry (2016) to map its contact with EMV ba-
salt–andesite lavas as a caldera wall (see plate 1 and 
cross section). 

The intrusive contact between Butte granite and 
the lower EMV basalt–andesite lavas is essentially 
concordant near the Emery mining district (Robertson, 
1953; Scarberry, 2016). Emplacement of the Butte 
granite thermally metamorphosed and deformed EMV 
basalt–andesite lavas. The lavas are locally cooked 
to hornfels, and cut by a network of quartz veins near 
their contact with Butte granite in the southern part of 
the Sugarloaf Mountain 7.5’ quadrangle (Scarberry, 
2016). The lavas exhibit gentle, open folds that plunge 
15° northeast (Scarberry, 2016). Emplacement of the 
granite may have formed fl exure in the basalt–andes-
ite lavas that provided channel ways for ore-bearing 
solutions (Robertson, 1953). 

Granodiorite intrusions of uncertain origin oc-
cur in the district. A granodiorite intrusion was mapped 
near the Hidden Hand mine in 1983 for Lacana Min-
ing Inc. and was reported in an unpublished company 
report by U.S. Minerals Exploration Co. archived at 
the MBMG. A sample for thin sections and age dating 
of the granodiorite was collected from a trench exca-
vated along the intrusion. Petrographic examination 
reveals the presence of biotite and plagioclase pheno-
crysts with a fi ne-grained groundmass of quartz and 
plagioclase. Magnetite and zircon occur as accessory 
minerals. The granodiorite was partially altered, with 
sericite replacing plagioclase along fractures and 
chlorite replacing biotite. Granodiorite described by 
Scarberry (2016) is within vertically oriented beds of 
Cretaceous metasedimentary rocks in a steeply dip-
ping shear zone in the Sugarloaf Mountain 7.5’ quad-
rangle. 

GEOCHRONOLOGY
Zircons from the granodiorite exposed in the Em-

ery mining district and volcanic rocks from the Sug-
arloaf Mountain quadrangle were dated at the Boise 
State University Isotope Geology Laboratory. Con-
ventional density and magnetic methods were used 
to separate the zircon crystals from the granodiorite 
hand sample. The zircon separate was annealed in 

a muffl  e furnace at 900oC for 60 h. After annealing, 
individual zircon crystals were selected, mounted, 
polished, and imaged by cathodoluminescence (CL) 
on a scanning electron microscope. From the CL im-
ages, 41 locations for spot analysis by laser ablation-
inductively coupled plasma mass spectrometry (LA-
ICP-MS) were selected. LA-ICP-MS analysis utilized 
an X-Series II quadrupole ICP-MS and New WaUp-
213 Nd:YAG UV (213 nm) laser ablation system. An 
external standard AUSZ2 was used during the analyti-
cal session (Rivera and others, 2013; Kennedy and 
others, 2014). 

Zircons extracted from the granodiorite are equant 
to elongated, weakly luminescent and oscillatory 
zoned (fi g. 1). Many crystals have a thin (a few mi-
crometers thick), highly luminescent rim that could be 
a cryptic record of minor recrystallization. The 41 spot 
analysis yielded a normal distribution with a weighted 
mean 207Pb/206Pb date of 1,777 ± 8 (20) Ma. Excluding 
ten analyses with discordance >5%, and equivalent 
weighted mean 206Pb/238U date of 1,771 ± 17 (25) Ma 
is obtained. Results suggest a Paleoproterozoic crys-
tallization age for the zircons that are therefore shown 
to be xenocrysts in the granodiorite. 

Veins in the Butte mining district, epithermal veins 
of the Cruse (Belmont) mine, and skarn/replacements 
of the New World mining district appear to be geneti-
cally related to porphyry systems and range in age 
from Late Cretaceous through Eocene (Foster and 
Childs, 1993; Houston and Dilles, 2013). Scarberry 
(2016) mapped Eocene dikes that appeared to follow 
N–S-trending Cretaceous faults (diorite in fault is 79.8 
Ma and is deformed). Zircons from one diorite dike 
and two EMV samples were dated by U-Pb methods 
and give an age of 77.4 ± 0.8 (1.7) and 78.5 ± 1.6 
(2.2) Ma for EMV and 79.8 ± 1.1 (1.9) Ma for diorite. 
Results of the zircon dates are in table 2; sample 
descriptions are in appendix A.

Granodiorite adjacent to the vein extension from 
the Hidden Hand mine (sample point 14 on plate 1) 
was sericiticly altered at the same time as the volcanic 
rocks. Sericite from granodiorite altered during vein 
development yielded an 40Ar/39Ar date of 77.93 ± 0.30 
Ma with an error of <0.10 Ma. Analysis of the sample 
was conducted at the Oregon State University Argon 
Geochronology Laboratory, Corvallis, Oregon. Analy-
sis was completed by standard incremental heating at 
77-s intervals using an Argus-VI-D instrument yielding
a weighted plateau of 77.93 ± 0.20 Ma. This date is
equivalent to the Cretaceous age dates from the EMV
rhyolite ash fl ow tuff  units and diorite intrusion.
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 STRUCTURE
The volcanic rocks of the Emery mining district 

were subject to regional compressive deformation 
during the Laramide orogeny that lasted approxi-
mately 75 to 55 Ma (Houston and Dilles, 2013). Thrust 
faulting took place in an eastward direction during 
regional compressive deformation. Laramide com-
pression evolved into an extensional event, which 
resulted in a period of normal faulting. This period of 
normal faulting is suggested to be synchronous with 
the eruption of the 53 to 48 Ma Lowland Creek Volca-
nics (Houston and Dilles, 2013). 

After thrust faulting occurred, there was a period 
of bedding plane and normal faulting. The earlier 
bedding plane and normal faults in the district are 
occupied by polymetallic veins. Later normal fault-
ing structures are un-mineralized, cutting and off set-
ting the mineralized veins. The mineralized veins are 
hosted by two sets of faults trending north–south and 
east–west. A major north–south-trending vein, approx-
imately 1.5 km or 0.9 mi in length, extending from the 
Argus mine in the north to the Bonanza mine in the 
south, was mapped by Derkey (1986; also plate 1). 
This vein has a variable shallow dip ranging from 5o to 
40o to the east and follows the amygdaloidal zones in 
the basalt–andesite fl ows. In steeper dipping sections, 
the vein cuts the amygdaloidal zones and volcanic 
fl ows. Robertson (1953) describes these shallow dip-
ping mineralized faults as bedding plane faults or low-
angle reverse faults. These faults most likely formed 
in planes of weakness in the volcanic rocks during the 
fi nal episode of Laramide compression. 

A number of east–west-striking normal 
faults hosting the veins were mapped by Derkey 

(1986; also plate 1). These faults are perpendicular 
to the major north–south reverse fault cutting across 
the district, have 80o to vertical dips, and can reach 
up to 1.5 km (0.9 mi) in length. Development of these 
normal faults took place prior to the mineralizing event 
and could be related to the development of the north–
south reverse fault. These normal faults are described 
by Derkey (1986) to be tear faults that developed 
during the thrusting event that developed the north–
south reverse fault. They may have developed during 
a Laramide extensional event after the reverse fault-
ing event. Veins occupying the normal faults are just 
as mineralized as veins occupying the reverse fault; 
Robertson (1953) reported these veins to have a high 
gold and silver content.

Later, non-mineralized normal faults off set the 
older mineralized faults (Derkey, 1986) and occur 
throughout the district (plate 1). There are two sets of 
faults: earlier developed, northeasterly trending 
structures and later, northwesterly trending faults. The 
older, northeasterly trending fractures do not off set the 
veins to any extent and are described as tight shears 
by Robertson (1953). Later, northwesterly trending, 
post-mineralization faults have large displacements 
off setting some of the veins. The Black Rock fault, in 
the southern part of the district, is described by 
Robertson (1953) as having from N. 70o to 75o W. 
strike and displaces the Emery vein on a horizontal 
plane by 500–1,000 ft, causing the south side of the 
vein to be off set to the west (plate 1). North of Baggs 
Creek on the north edge of the district is a fault that 
strikes N. 80o W. and off sets the westerly dipping 
basalt ̶ andesite fl ows nearly 2,000 ft (Robertson, 
1953). This fault has a surface expression that ex-
tends for 6.5 km (4 mi).

N
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GEOPHYSICS
Investigations conducted by FMC from 1986 to 

1989 indicated the volcanic rocks in the northern part 
of the district are domed into an asymmetric anti-
cline. Brannon (1989) suggested that the doming was 
caused by intrusion of a laccolith under the volcanic 
rocks. Geophysical evidence published by the United 
States Geological Survey (USGS) consisting of a 
magnetic low suggests the presence of a deep-seated 
intrusion in this region. In 1994, the USGS published 
the results of a gravity and aeromagnetic survey for 
the Butte 1o x 2o quadrangle that included the Emery 
mining district. The aeromagnetic survey defi ned a 
magnetic low in the northern part of the district, north 
of Baggs Creek, and a magnetic low east of the dis-
trict under Sugarloaf Mountain (plate 1). These mag-
netic lows are interpreted by Hanna and others (1994) 
to be strongly altered intrusions. A similar magnetic 
low is present under the Butte district and is inter-
preted to be pervasive alteration of the Butte granite 
(Hanna and others, 1994). A gravity high extending 
into the district is interpreted to be related to the Elk-
horn Mountains Volcanics (Hanna and others, 1994).

WALL-ROCK ALTERATION
Alteration of the volcanic rocks is widespread 

throughout the Emery mining district and took place 
during vein development. The alteration types parallel 
and grade outward from the veins. Silicic and car-
bonate alteration is found adjacent to the veins and 
grades outward to sericitic alteration, which grades 
into argillic alteration. Propylitic alteration is found the 
farthest from the veins, and most volcanic rocks in the 
district are propylitically altered.

Eighteen samples of altered volcanic rocks were 
taken from 10 mining properties throughout the dis-
trict. These samples were examined in thin section 
(fi g. 2) to identify the various hydrothermal alteration 
types, history, and chemical changes. Zimmerman 
(2016) examined these samples using a PANalytical 
TerraSpec Halo mineral analyzer, identifying fi ve types 
of alteration: propylitic, sericitic, argillic, carbonic, and 
silicic. 

  Propylitic Alteration
Propylitic alteration is widespread throughout the 

district and is characterized by the presence of Fe-Mg 
chlorite, Mg-illite, epidote, clinozoisite/zoisite, calcite, 
siderite, kaolinite, and pyrite (Zimmerman, 2016). 
Propylitic alteration was identifi ed in the granodiorite 

intrusion and basalt–andesite that is most distal from 
the veins. In the granodiorite, biotite was replaced by 
chlorite, with minor hydrothermal muscovite (sericite) 
replacing plagioclase along fractures and on crys-
tal margins. In the basalt–andesite, original crystal 
shapes are preserved consisting of pyroxene and 
plagioclase phenocrysts and plagioclase laths in the 
groundmass (fi g. 2A). Plagioclase was altered to Mg-
illite, calcite, and quartz while pyroxenes were altered 
to Fe-Mg chlorite, epidote, clinozoisite/zoisite, and py-
rite. Ferrihydrite and vermiculite are recent weathering 
products that can be present in propylitically altered 
basalt–andesite. 

Sericitic Alteration
Sericitic alteration is characterized by the pres-

ence of sericite, phengite, K-illite, quartz, and pyrite 
(Zimmerman, 2016). Sericitic alteration is found adja-
cent to the veins and envelops silicic alteration. The 
basalt–andesite groundmass is replaced by fi ne-
grained quartz and muscovite, with plagioclase and 
pyroxene being replaced by muscovite and K-illite (fi g. 
2B). Excess iron was incorporated into subhedral to 
euhedral pyrite cubes and pyritohedron. The grano-
diorite intrusion was likewise highly altered by sericitic 
alteration.

Argillic Alteration
Argillic alteration is present throughout most of 

the volcanic rocks in the district. Argillic alteration is 
characterized by K-illite, montmorillonite, sepiolite 
(identifi ed by TeraSpec analysis), and quartz (Zimmer-
man, 2016). The groundmass is replaced by K-illite 
and quartz intergrowths and patches of dolomite and 
ankerite (fi gs. 2E, 2F). The presence of carbonate 
alteration suggests argillic and carbonate alteration 
overlap in time and space. Argillic alteration was 
subject to recent weathering, indicated by pyrite and 
Fe-bearing minerals being replaced by goethite and 
ferrihydrite.

Carbonic Alteration
This stage is characterized by the carbonate min-

erals: ankerite, calcite, dolomite, kutnohorite, and rho-
dochrosite. These were identifi ed by X-ray diff raction 
analysis and SEM EDS at the Center for Advanced 
Metallurgical Processing (CAMP), Montana Tech. 
Carbonate minerals replace volcanic wall rock; the 
most common minerals are ankerite, calcite, and high 
iron dolomite (fi g. 2C). These carbonate minerals fi ll 
fractures and open spaces in brecciated volcanic wall 
rocks and completely to partially replace breccia frag-
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Figure 2. Alteration types in thin section. (A) Propylitically altered basalt–andesite. Plagioclase and pyroxene altered to 
chlorite with quartz, illite, and siderite matrix. Image in plane polarized light (PPL). (B) Sericitic alteration, plagioclase, and 
groundmass altered to sericite and fi ne-grained quartz. Image in crossed polarized light (XPL). (C) Carbonic alteration 
in XPL, groundmass altered to carbonate and iron minerals replaced by pyrite. (D) Silicic alteration in XPL, groundmass 
replaced by fi ne-grained quartz, coarse-grained quartz fi lling open spaces and minor replaced carbonate remaining. (E) 
Argillic alteration in PPL, showing remains of altered plagioclase. (F) Argillic alteration in XPL with plagioclase altered to 
sericite and groundmass altered to clays, quartz, and carbonate. 

A B

C D

E F
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ments. Plagioclase and pyroxene in the groundmass 
are replaced by carbonate minerals. Zimmerman 
(2016) identifi ed two clay minerals, palygorskite and 
beidellite, from TerrSpec Halo analysis. Palygorskite 
is an alteration product of Mg-silicates, and beidellite 
is an Al-rich variety of montmorillonite. These minerals 
may represent the alteration of Mg-illite and chlorite, 
and occur along the rims of breccia clasts (Zimmer-
man, 2016).

Silicic Alteration
Silicic alteration is recognized as wall-rock re-

placement by quartz and microcrystalline silica and 
is found on the vein margins. Brecciation and fractur-
ing took place in the wall rock adjacent to the veins 
opening channel ways for hydrothermal fl uid invasion. 
These fractures are fi lled with coarse-grained quartz 
and they cut earlier dolomite veins (fi g. 2D). Breccia 
fragments are partially to totally replaced by quartz 
leaving a gray, fi ne-grained, quartz groundmass. 
Quartz veins show replacement along contacts with 
early dolomite veins. Some quartz veins have minor 
sericite inclusions and sericite occurs along the mar-
gins. Coarse-grained quartz fi lls open spaces. Fine-
grained quartz partially to completely replaces the 
carbonate groundmass and sericite. Silicic alteration 
grades outward from the veins into sericitic alteration 
(Stejer, 1948).

ALTERATION LITHOGEOCHEMISTRY
Each alteration type was analyzed by whole-rock 

methods from 16 samples. Whole-rock analysis was 
performed by ALS Minerals Laboratory. ALS code ME-
ICP06 procedure was applied, which uses a lithium 
borate fusion followed by acid digestion and induc-
tively coupled plasma-atomic emission spectrometry 
(ICP-AES) fi nish. Element oxide results are reported 
in weight percent and are shown in appendix B.

To delineate the lithogeochemistry, the Ishikawa 
alteration index (AI) and chlorite–carbonate–pyrite in-
dex (CCPI) were determined for each alteration type. 
The AI defi nes the intensity of sericite and chlorite al-
teration and the ratios principal rock-forming elements 
gained during sericite and chlorite alteration (MgO + 
K2O) over the elements lost and gained (Na2O + CaO 
+ MgO + K2O) (Large and others, 2001). For hydro-
thermally altered rocks, the AI is between 50 and 100,
with 100 representing a complete replacement of
feldspars by sericite and/or chlorite (Large and oth-
ers, 2001). Because silicic and carbonic altered rocks
do not have an abundance of sericite or chlorite, they

would have an AI below 50 but are still hydrothermally 
altered. The CCPI measures the degree of chlorite 
alteration by measuring the increase in MgO and FeO 
and the loss of Na2O and K2O from replacement of al-
bite, K-feldspar, and sericite (Large and others, 2001). 
Large and others (2001) also determined the CCPI is 
positively aff ected by Mg-Fe carbonate alteration and 
pyrite, magnetite, or hematite enrichment. The CCPI 
is strongly aff ected by magmatic fractionation and pri-
mary composition variations of volcanic rocks (Large 
and others, 2001), which can result in diff erent values 
for granodiorite and basalt–andesite.

The values and corresponding alteration types for 
the AI and CCPI are shown in table 3 and are plotted 
on an alteration box diagram (fi g. 3). By plotting the AI 
and CCPI against each other, diff erent alteration types 
cluster in distinctive fi elds on the box diagram, refl ect-
ing a unique lithogeochemistry. For example, silicic 
alteration lacks sericite and carbonate, has the lowest 
AI (36.6) and CCPI (31.6), and plots in the lower left 
fi eld on the box diagram. In contrast, sericitic altera-
tion, which has a variable chlorite–pyrite content, has 
the highest AI (83.3 average) with a variable CCPI 
(43.1–75.7), and plots in a fi eld on the right side of the 
diagram between 100% sericite and 100% chlorite–
pyrite alteration. Carbonate alteration has the highest 
average CCPI (80.15) but a low average AI (40.4) 
and plots in a fi eld near the top of the diagram, ap-
proaching complete dolomite and ankerite alteration. 
Argillic alteration, which lacks sericite but has variable 
carbonate, pyrite, and chlorite, has a lower aver-
age AI (54.4) and elevated average CCPI (72.8) and 
plots in a fi eld near the top-central part of the dia-
gram. Of all the alteration types (with the exception of 
silicic), propylitic alteration has the lowest average AI 
(42.7) and a variable CCPI, plotting near the center of 
the diagram. The variable CCPI (54.0–5.8) is a re-
fl ection of the variable carbonate, chlorite, and pyrite 
composition found in propylitic alteration. The variable 
compositions of argillic and propylitic alteration cause 
the two fi elds to partially overlap. Because propylitic 
alteration and amygdaloidal basalt–andesite could 
have a high concentration of carbonate minerals, they 
will have a high CCPI nearing the carbonic fi eld.

Oxide averages that show the most variation due 
to alteration (MgO, Fe2O3, Na2O, K2O, CaO, and SiO2) 
are plotted against each alteration type (fi g. 4). The 
plots show unique variations in oxide composition 
for each alteration type. Each alteration type is also 
plotted against the average AI and CCPI and likewise 
demonstrate unique variations (fi g. 4).

Silicic alteration shows the most depletion in 
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CaO, K2O, MgO, and Fe2O3 of all the alteration types, 
caused by the replacement of the original host rock by 
quartz (fi g. 4). Silicic alteration has the highest Na2O 
wt% of all the alteration types, caused by albitization. 

Silicic alteration also has the low-
est AI and CCPI, refl ecting the lack 
of sericite, carbonate, chlorite, and 
pyrite (fi g. 4).

In contrast to silicic alteration, 
carbonate alteration shows a de-
pletion in Na2O and SiO2, with little 
change in K2O and an enrichment 
in CaO, MgO, and Fe2O3 caused 
by the development of carbonate 
minerals replacing plagioclase 
and pyroxene. Carbonate altera-
tion has the highest average CCPI 
compared to the other alteration 
types and a slight increase in the 
AI compared to silicic alteration.

Sericitic alteration has the 
highest enrichment of K2O com-
pared to the other alteration types 
and highest AI, caused by sericite 
replacing feldspars, micas, and 
pyroxenes of the original basalt–
andesite (fi g. 4). Sericitic alteration 
is characterized by the depletion of 
MgO, CaO, and Na2O, and an en-
richment in SiO2. There is a slight 
depletion in Fe2O3 between ser-
icitic and carbonic alteration. The 
average CCPI is lower than car-
bonate and argillic alteration due 
to the lack of chlorite, carbonate, 
and pyrite in sericitic alteration.  

Argillic alteration has the high-
est average MgO wt% of all the 
alteration types and the second 
highest average CCPI, caused 
by the generation of magnesium-
enriched clays montmorillonite 
and sepiolite and the presence 
of pyrite (fi g. 4). Compared to 
sericitic alteration, argillic altera-
tion shows a minor change in K2O 
being slightly decreased, refl ecting 
the generation of K-illite from the 
replacement of orthoclase. The 
generation of montmorillonite is 
refl ected in the increase in CaO 
and Na2O compared to sericitic 

alteration. The Fe2O3 wt% is similar 
to sericite, with a slight decrease from the replace-
ment of pyroxene minerals and primary magnetite. 
Compared to sericitic alteration, there is a decrease 

Note.
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in SiO2, and compared to propylitic alteration, SiO2 is 
similar. Because propylitic alteration partially overlaps 
argillic alteration (fi g. 4), SiO2, CaO, and Fe2O3 will 
have similar wt% values. 

Propylitic alteration is enriched in Na2O and Fe2O3, 
with CaO and K2O being similar to argillic alteration 
and a depletion in MgO refl ecting the generation of 
epidote, chlorite, clinozoisite-zoisite, Mg-illite, carbon-
ate minerals, and pyrite (fi g. 4). Compared to argillic 
alteration, propylitic alteration has a similar average 
K2O wt% caused by illite generation. Because pro-
pylitic alteration contains little sericite, it will have a 
low AI but will have an elevated CCPI on account of 
the presence of chlorite, carbonates, and pyrite. The 
CCPI and AI is variable (fi g. 4) because of variations 
in chlorite, carbonate, and pyrite concentrations and 
diff erent degrees of alteration. 

VEIN MINERALOGY
Twenty-three polished sections and 14 thin sec-

tions examined for this study confi rmed some of the 
fi ndings of early investigations, and new data were 

added to the known mineralogy. SEM-backscatter 
emission (BSE) for polished sections from the Emery 
mine are shown in fi gure 5 (from Zimmerman, 2016). 
This study was not confi ned to one mine but covered 
all the known mines and veins throughout the district. 
Minerals identifi ed from this study and those reported 
by past investigations are reported in table 4.

Sulfi des and Sulfosalts 
Sulfi des and sulfosalts are the most economi-

cally important vein minerals listed in table 4. Ten of 
these minerals were identifi ed from polished sections 
and polished thin sections using refl ected light and 
transmitted light microscopy, and scanning electron 
microscope-energy dispersive spectrum (SEM-EDS) 
techniques. The SEM-EDS analysis was performed 
at CAMP. Minerals were also identifi ed from examina-
tions of hand specimens. Two previously identifi ed 
sulfi de minerals not found in this study are molyb-
denite, reported by Freeport-McMoRan from three 
drill holes (Brannon, 1989), and millerite, reported by 
Robertson (1953) from the Argus Mine.

Figure 3. Alteration box diagram from Large and others (2001) showing fi elds for diff erent al-
teration types. AI, Ishikawa alteration index. CCPI, chlorite—carbonate—pyrite alteration index.
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Native Element
Electrum, a gold–silver solid solution, is the only 

occurrence of native metal identifi ed during this 
investigation. Elliott (1939) reported on a gold par-
ticle he etched from an ankerite vein collected from 
the Emery mine. Electrum was identifi ed here in a 
polished section using SEM-EDS techniques, which 
yielded Au/Au+Ag = 0.62 wt%—a high silver content. 
In SEM-backscatter images, electrum was observed 
as rounded grains included in freibergite. A rounded 
electrum grain was observed to occur in the contact 
between Ag-rich tetrahedrite and sphalerite (fi g. 5B).

Quartz
Quartz is a common gangue mineral found in all 

the veins and altered rocks. Vein quartz fi lls open 
spaces and is found as comb, massive, zoned struc-
tures and colloform. Zoning in quartz consists of alter-
nating layers of milky to clear gray crystals. Colloform 
quartz was initially an amorphous gel that recrystal-
lized (Dong and others, 1995). Quartz is present in 
every paragenetic stage and can be delineated by 
fl uid inclusion and sulfi de assemblages. Stage 2 

quartz has type 1 and type 2 and CO2-enriched fl uid 
inclusion assemblages and is associated with arse-
nopyrite and pyrite, while stage 3 quartz is associated 
with Pb-sulfi de/sulfosalts and has type 1 fl uid inclu-
sions. Late-stage quartz is associated with late-stage 
carbonate mineralization.

 Carbonates
Carbonate minerals are found throughout the 

veins and altered host rocks. Four carbonate miner-
als reported by past investigators identifi ed these 
minerals from thin sections, microchemical tests, and 
physical properties. Carbonate minerals were iden-
tifi ed using SEM-EDS and X-ray diff raction (XRD) 
analysis at CAMP. Ankerite is the most common car-
bonate mineral and is intergrown with dolomite occur-
ring as patches in the carbonate replacement stage. 
Fine-grained sulfi des are disseminated in dolomite 
(fi gs. 5C, 5D). Calcite was one of the last hypogene 
minerals to be deposited and occurs in the matrix 
of carbonate breccia and late-stage, cross-cutting 
carbonate veins. Kutnohorite and rhodochrosite were 
deposited during early vein development and contin-
ued with the precipitation of arsenopyrite and pyrite. 

Figure 4. Plot of alteration types showing depletions and enrichments of oxide averages and changes in alteration 
index (AI) and chlorite–carbonate–pyrite alteration index (CCPI) with respect to alteration types.
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A B

C D

Figure 5. SEM-BSE images of ore minerals from the Emery mine. (A) Euhedral arsenopyrite (aspy) partially enclosed by 
galena (gal), meneghinite (mene), and bournonite (bnn) in quartz (qtz) matrix. Gal is partially replaced by bnn and mene. 
(B) Rounded electrum (elec) grain included in Ag-rich tetrahedrite (Ag-tet) along sphalerite (sph) grain margin. (C) An-
hedral grain of gal and associated boulangerite (blg) in a dolomite (dol) matrix. Anhedral Ag-tet grain partially enclosing
freibergite (fre) grain, subhedral blg grain partially enclosed by Ag-tet and fre. (D) Anhedral to euhedral blg grains in a dol
matrix fi lling open space between qtz crystals. Rounded blg grains showing dissolution.
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VEIN PARAGENESIS
Using data presented from past investigations 

by Derkey (1986) and Al-Khirbash (1982) with new 
observations, we ascertained a reinterpreted para-
genetic sequence (fi g. 6) that includes four mineral-
izing stages. These four stages were determined 
from polished and thin section petrography, electron 
microprobe analysis (EMPA), SEM-EDX, and XRD. 
EMPA was performed at Washington State Universi-
ty’s GeoAnalytical Lab (Zimmerman, 2016). The vein 
mineralogy was found to be similar to that reported in 
previous investigations.

Stage 1
Stage 1 is dominated by carbonate and quartz 

mineralization and began with the introduction of 
CO2-rich fl uids. Quartz, dolomite, calcite, and ankerite 
replaces plagioclase and fi lls fractures in the basalt–
andesite host rock along with minor disseminated 
pyrite. Near the close of stage 1, minor sulfi dation of 
mafi c minerals occurred, resulting in the formation 
of disseminated pyrite. Many of the early carbonate 
minerals were replaced during development of stages 
2 and 3, making the original mineralogy diffi  cult to 
interpret.

 Stage 2
The second mineralizing stage was the beginning 

of metal deposition and is characterized by carbonate 
minerals, quartz, pyrrhotite, arsenopyrite, and pyrite. 
Carbonate mineralization was followed by silicifi ca-
tion, causing the partial replacement of carbonate 
minerals with quartz (fi g. 2D). During silicifi cation, 
quartz-fi lled fractures developed, cross-cutting ear-
lier carbonate minerals; pyrrhotite, arsenopyrite and 
pyrite were being crystallized. Pyrrhotite is found as 
inclusions in pyrite and most likely formed under early 
high-temperature and low-sulfur fugacity conditions 
needed for stabilization. Arsenopyrite can contain 
submicrometer gold particles identifi ed by EMPA; fi re 
assays by Elliott (1939) confi rm the EMPA results 
(Zimmerman, 2016). Textures show open-space fi lling 
by euhedral comb quartz and euhedral arsenopyrite. 
Additional carbonate minerals and quartz were depos-
ited near the close of this stage, enclosing arsenopy-
rite crystals in vugs and fractures.

 Stage 3
Most of the base metals and silver were depos-

ited during the third mineralizing stage. This stage 
is characterized by quartz, carbonate, sulfi de and 
sulfosalt minerals, and electrum. All of the minerals 

Note:
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are intergrown, replacing, or included in others, mak-
ing it diffi  cult to determine the mineralizing sequence 
(fi g. 5). The beginning of the third mineralizing stage 
(fi g. 6) overlaps the second stage, with sphalerite and 
galena enclosing arsenopyrite and early stage pyrite. 
When sphalerite and pyrite were being deposited, 
boulangerite and galena started crystallizing simulta-
neously, overlapping and intergrowing with sphalerite 
and pyrite. At the same time, minor dolomite and an-
kerite were introduced, replacing boulangerite along 
grain margins and fi lling open spaces (fi gs. 5C, 5D). 
Galena and boulangerite were partially replaced on 
grain margins by later crystallized sphalerite. Chalco-

pyrite fi lls open spaces and partially replaces sphal-
erite on grain margins and is included in sphalerite 
along cleavage planes. The placement of bournonite 
and meneghinite in the paragenetic sequence is dif-
fi cult because these minerals were only found in one 
polished section. Bournonite and meneghinite replace 
galena on grain boundaries, indicating development 
after galena, possibly late in the paragenetic se-
quence (fi g. 5A). Sphalerite was the last sulfi de min-
eral to crystallize during the third mineralizing stage.

Silver was introduced during stage 3 mineraliza-
tion and three minerals formed: Ag-rich tetrahedrite, 
freibergite, and electrum (fi gs. 5B, 5C). Electrum 

Figure 6. Vein paragenesis and mineralizing stages. Solid lines represent certainty and dashed lines
represent relative uncertainty due to replacement textures.
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occurs as rounded grains included in freibergite and 
along the margin between Ag-rich tetrahedrite and 
sphalerite. Tetrahedrite and freibergite are the prin-
cipal silver-bearing minerals and crystallized in open 
spaces with other sulfi de minerals. Both minerals can 
partially replace sphalerite on grain margins and most 
likely developed late in the paragenetic sequence.

Quartz occurs in a variety of forms, resulting from 
replacement of earlier crystallized phases and cyclic 
periods of brecciation and crystallization (fi g. 7A). At 
the beginning of the third mineralizing stage, massive, 
white, fi ne to coarsely crystallized quartz fi lled open 
spaces in fault breccia along with sulfi de minerals 
(fi g. 7B). In addition, white, fi nely crystallized quartz 
replaced host rock breccia fragments within the faults. 
A second quartz generation fi lls fractures and open 
spaces in the earlier deposited quartz and sulfi de 
minerals. Quartz from this second generation is milky 
to clear, coarsely crystallized, and forms comb struc-
tures in open spaces. This second quartz generation 
was later brecciated and fractured and a third quartz 
generation was deposited. This third quartz genera-
tion fi lled open spaces and fractures with clear, fi nely 
crystallized crusts.   

Stage 4
The fourth stage is characterized by quartz and 

carbonate minerals: ankerite, calcite, and dolomite.  
Quartz is the most dominant mineral relative to car-
bonate. Quartz in stage 4 is in the form of chalcedony; 
clear, fi nely crystallized quartz occurs as crystal crusts 
lining open spaces as a fi nal mineralizing event.

 Hydrostatic pressures exceeding lithostatic pres-
sure will cause the confi ning rocks to rupture and 
brecciate (Nelson and Giles, 1985; Burnham, 1985; 
Sillitoe, 1985). The developing veins experienced 
periods of hydrostatic over-pressuring, causing brec-
ciation and microfracturing. Evidence for hydrostatic 
over-pressuring is shown in mineralizing stages 1–4 
as microfractures and puzzle breccias (fi g. 7).

FLUID INCLUSIONS
Fluid inclusions were selected from quartz sam-

ples collected from the Emery, Hidden Hand, Blue-
Eyed Maggie, Paymaster, Elizabeth, and Argus mine 
dumps. Most of the inclusions analyzed came from 
low-angle veins with the exception of the Paymaster 
vein, which is a high-angle vein. The low-angle veins 
had the largest inclusions and populations of primary 
inclusions, while the high-angle veins had small, 
abundant inclusions and were not conducive to analy-

sis. Microthermometry experiments were conducted 
by Zimmerman (2016) on a Fluid Inc.-adapted USGS 
gas-fl ow heating/freezing stage at the Geological En-
gineering Department, Montana Tech. Salinities were 
determined as wt% NaCl equivalent. MicroRaman 
spectroscopy was used to qualitatively identify the 
presence of CO2 in the fl uid inclusions (Zimmerman, 
2016). Raman spectroscopic analysis was performed 
using a Renishaw in Via Raman Microscope at Mon-
tana Tech. Fluid inclusions were classifi ed as primary 
or secondary using the textural classifi cation by Roed-
der (1984). 

Preliminary examination of 171 fl uid inclusions 
showed a variety of inclusion types representing two 
distinct groups, aqueous and CO2-rich, confi rmed 
by laser MicroRaman (Zimmerman, 2016). Aqueous 
inclusions can be divided into type I and type II (fi gs. 
8C, 8D). Type I inclusions contain a liquid-rich phase 
with a vapor bubble. Type II consist of a liquid and 
vapor phase, where the volume of the vapor phase 
exceeds that of the liquid phase. These two inclusion 
types are the most common, and are either primary 
or secondary, with the vapor phase homogenizing to 
brine. Daughter minerals are rare, but when present, 
are fi brous needles tentatively identifi ed as dawsonite 
in carbon-dioxide-rich inclusions (fi g. 8A). Zimmer-
man (2016) reported fi nding one type I inclusion with 
a halite daughter mineral and a type I inclusion with a 
dawsonite daughter mineral. Inclusions containing all 
vapor or liquid were also observed. Three phase fl uid 
inclusions with liquid CO2, water, and vapor and inclu-
sions with liquid CO2 and brine are present in some 
samples (fi g. 8B). Secondary fl uid inclusions consist-
ing of two phase inclusions, all liquid and all vapor, 
occur along healed fractures. Groups of primary inclu-
sions showing evidence of boiling occur as type I and 
type II along with all vapor and liquid inclusions.

Homogenization temperatures (Th) and wt% 
NaCl equivalent are summarized in table 5 and fi gure 
9. The complete fl uid inclusion dataset is shown in
appendix C. Homogenization temperatures were
determined for 138 fl uid inclusions from the Emery,
Hidden Hand, Paymaster, and Blue-Eyed Maggie
mines. Primary type I and type II inclusions show no
diff erences in Th for the diff erent inclusion types. Fluid
salinities using melting temperatures (Tm) of ice were
determined from 80 inclusions. Melting temperatures
of ice were determined by freezing and thawing, then
recording Tm when the last ice crystal melted. From
the Tm, fl uid salinity was calculated using the meth-
ods by Roedder (1984) and are expressed as wt%
NaCl equivalent.
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Figure 7. Photographs of cut slabs from vein sections. (A) Bonanza mine vein section showing two brecciation events. 
Basalt andesite wall rock was silicifi ed (Si) and later brecciated. Stage 2 mineralization consisting of pyrite (py) and 
arsenopyrite (aspy) enclosing Si wall rock fragments was followed by a second brecciation event. Following the second 
brecciation event, stage 3 mineralization consisting of fi ne-grained galena, sphalerite, and gray quartz fi lling open spaces 
between the Si wall rock and stage 2 py breccia fragments. (B) Hidden Hand vein section showing mineralizing stages 
2 and 3 and multiple quartz generations. Stage 2 mineralization with aspy, py, and dark to light gray quartz stringers and 
grains. Stage 3 mineralization consists of py and sphalerite (sph) with white quartz veins and brecciated stage 2 gray 
quartz with dark gray quartz stringers between breccia fragments.

A

B
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Figure 8. Photomicrographs of fl uid inclusions. (A) Aqueous inclusion with CO2 liquid and vapor bubble and dawsonite 
daughter mineral. (B) Liquid CO2 bubble in aqueous inclusion. (C) Group of type I inclusions. (D) Type II inclusion. 

Note.

A B

C D
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Figure 9. Cumulative frequency plots for fl uid inclusion homogenization temperatures (Th°C) and salinity. 
Mineralizing stages 2–4 shown on homogenization temperature plot (top). Carbon dioxide (CO2)-enriched 
fl uid inclusions and aqueous inclusions with brine are shown on salinity plot (bottom).
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The temperature cumulative frequency plot (fi g. 
9) shows three distinct fl uid inclusion populations
with peaks at 190oC, 260oC, and 310oC. The three
populations represent mineralizing stages from the
fi rst sulfi de stage to the fi nal carbonate-quartz stage.
Most sulfi de mineralization took place during stages 2
and 3, which is where the highest Th was measured
(table 5). Average salinities between the three stages
show minor diff erences. For stage 2 the average
Th is 310oC and average salinity is 5.8 wt% NaCl
equivalent. Stage 3 mineralization represents a lower
temperature with a Th of 260oC and an increase in
salinity to an average 6.3 wt% NaCl equivalent. The
fi nal mineralizing stage has a decrease in temperature
to an average Th of 218oC and a decrease in aver-
age salinity to 5.5 wt% NaCl equivalent. The average
temperature changes between the mineralizing stages
show decreasing temperatures as the veins evolved.
Salinities likewise changed during vein evolution. The
fi rst mineralizing fl uids introduced at the beginning of
stage 2 were infl uenced by CO2, giving them a lower
average salinity than stage 3 fl uids. As the fl uids lost
CO2, they became more NaCl enriched, shown by an
increase in average salinity for stage 3 mineralization
(table 5). During stage 4, salinities decreased, with an
increase in dissolved CO2 causing carbonate minerals
to become stable.

A total of 97 salinities from Tm ice plus Tm clath-
rate measurements are shown on a cumulative 
frequency plot (fi g. 9). There are two salinity popu-
lations, a peak at 0–1 representing CO2-enriched 
inclusions with a salinity that varies from 0 to 2.9 wt% 

NaCl equivalent, and a peak at 7–8 representing CO2-
depleted fl uids that are NaCl enriched with a salinity 
that varies from 3.1 to 10.9 wt% NaCl equivalent. 
The inclusions from Tm ice measurements represent-
ing NaCl-enriched fl uids have a general bell-shaped 
curve, implying the veins developed from a single fl uid 
that was initially enriched in CO2.   

Eight inclusions from stage 2 consisted of water 
with carbon dioxide vapor and liquid. During heating 
experiments, the liquid and vapor CO2 homogenized 
to vapor at a temperature range of 19.4oC to 28.9oC 
(table 6). Freezing experiments yielded a Tm for CO2 
(S) ranging from -55.8o to -58.5oC. An attempt was
made to determine Th for liquid CO2 and brine inclu-
sions, but they decrepitated upon heating. A fi brous
daughter mineral, dawsonite, was observed in some
of the three phase inclusions. The identifi cation was
based on the fi brous physical characteristic, high
birefringence (Zimmerman, 2016) and the association
with CO2-rich brines (Coveney and Kelly, 1971).

During the freezing runs of 25 inclusions, carbon 
dioxide hydrate or clathrate formed in the water or 
brine. From the 25 inclusions that developed clath-
rate, only four met the criteria used for salinity or 
NaCl wt% equivalent calculations (table 6). Salinity 
calculations are restricted to three phase inclusions, 
with both gas and liquid CO2 in brine and Tmclathrate de-
composition temperatures needing to be below 10oC 
(Collins, 1979). Salinities were calculated using the 
equation from Diamond (1992) by using Tmclathrate data 
for four inclusions with both liquid and vapor CO2, and 
brine. From the calculations, salinities were deter-

Note.
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mined to be 0.2 to 2.9 wt% NaCl equivalent and aver-
aged 1.4 wt% NaCl equivalent (table 6).

Experimental observations and a phase diagram 
developed by Collins (1979) indicate for Tmclathrate tem-
peratures above 10oC the mass % NaCl in solution 
will be zero. Twelve inclusions had Tmclathrate tempera-
tures above 10oC trapping NaCl free water with CO2 
liquid and vapor or dissolved carbon dioxide. Nine 
inclusions developed clathrate upon freezing with Tm 
temperatures below 10oC but did not have CO2 liquid 
or vapor bubbles and therefore could not be used for 
salinity calculations (Collins, 1979). Upon heating, Th 
for 15 inclusions that did not decrepitate varied from 
293oC to 341oC.       

SULFUR ISOTOPES
Sulfur isotope compositions for 100 samples were 

analyzed at the stable isotope laboratory of the U.S. 
Geological Survey Crustal Geophysics and Geochem-
istry Science Center in Denver, Colorado. Analysis of 
sulfur isotopes was done by vacuum-line conversion 
to SO2 followed by an elemental analyzer using a 
Thermo Delta Plus XP mass spectrometer. Samples 
were extracted under a microscope from cut slabs us-
ing a Dremel tool and diamond bit or were extracted 
by hand picking from specimens. All measured sulfur 
isotope values are reported in the standard δ34S‰ 
notation (in per mil, ‰) relative to the Canyon Dia-
blo troilite (CDT) standard. The complete data set is 
shown in appendix D.

The cumulative frequency plots (fi g. 10) show 
trends in the isotopic signatures within each mineral-
izing stage. Stage 2 pyrite had the highest detected 
δ34S signature (8.7‰; fi g. 10, table 7) and stage 3 
galena had the lowest detected δ34S signature (1.0‰; 
fi g. 10, table 7). A trend shows pyrite that crystallized 
with arsenopyrite in stage 2 has a higher δ34S signa-
ture than later pyrite that crystallized with sphalerite 
and galena in stage 3. Arsenopyrite and sphalerite 
crystallization overlap between stages and show simi-
lar δ34S signatures (table 7). Galena has the lowest 
sulfur isotope signature.

Geothermometry was determined for isotope pairs 
from stage 3 mineralization using methods described 
by Ding and others (2003). Pyrite–galena pairs were 
not used for sulfur isotope geothermometry because 
pyrite precipitated over a wide range of the parage-
netic sequence, overlapping mineralizing stages. Rye 
and Ohmoto (1974) noted pyrite and galena pairs 
seldom give reliable temperatures because pyrite 
precipitates throughout the paragenetic sequence. 

Sphalerite–galena pairs, showing co-genetic relation-
ships and physical evidence of them being in equilib-
rium, were selected for geothermometry calculations. 
Isotopes from 15 diff erent sphalerite–galena pairs 
representing most of the major veins in the district 
were used in the calculations and are summarized in 
appendix E. Results showed equilibrium temperatures 
ranged from 230oC to 476oC and averaged 340oC, 
overlapping fl uid inclusion temperatures ranging from 
127oC to 353oC. 

DISCUSSION
Fluid inclusion and sulfur isotope data suggest 

the veins developed from an evolving hydrothermal 
fl uid with a magmatic origin and were infl uenced by 
Proterozoic Belt Supergroup rocks. Sulfur isotopic 
compositions exceeding 8‰ are found in the Emery 
veins, but sulfur derived from a magmatic source 
such as a mantle-sourced basaltic magma would 
be expected to have an initial isotopic composition 
of 3‰ and for acidic igneous rocks to have 0 ± 3‰ 
(Ohmoto and Rye, 1979). To exceed the 3‰ sulfur 
isotopic composition, the magmatic fl uid source needs 
to be enriched in δ34S from assimilated crustal rocks. 
Magmatic assimilation of isotopically heavy marine 
evaporite sulfate would cause a δ34S enrichment of 
a source magma (Field and others, 2005). Investiga-
tions by Claypool and others (1980) show Proterozoic 
and Phanerozoic marine evaporates are enriched in 
δ34S ranging from 10‰ to 35‰, and could be a crustal 
source for heavy sulfur. 

Sedimentary sulfi de and/or evaporites from the 
middle Proterozoic Belt Supergroup were most likely 
the source of magmatic contamination through which 
the Boulder Batholith was emplaced (Harrison, 1972) 
and related intrusions. Evidence for Belt rocks be-
ing contaminants in intrusions underlying the Emery 
mining district is found in a granodiorite dike exposed 
in the district. Age dating of zircon from the granodio-
rite by U-Pb methods yielded a Proterozoic age of 
1.77 Ga. The zircons are rimmed, indicating possible 
recrystallization when the granodiorite was intruded, 
but the rims are too narrow for age-dating analysis. In 
comparison, zircon from quartz porphyry dikes found 
in the Butte mining district also yield a Proterozoic 
age (1.5 to 2.5 Ga) and have narrow, Late Cretaceous 
rims (Lund and others, 2002; Field and others, 2005). 
The zircon ages from the quartz porphyry dikes at 
Butte are interpreted to be sourced from Belt rock be-
ing assimilated into the dikes (Field and others, 2005). 
The source intrusion for the granodiorite dike in the 
Emery mining district may have likewise assimilated 
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Figure 10. Cumulative frequency plots of sulfur isotope values (‰ relative to CDT standard) for sulfi des from mineralizing 
stages 2 and 3. Complete data set is listed in appendix D.
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Belt rock, yielding Proterozoic zircon ages.
The Belt Missoula Group includes red bed silt-

stones and mudstones with salt casts, indicating a 
shallow marine to supratidal depositional environment 
(Smith and Barnes, 1966). Evaporite sulfate has not 
been found in Belt rocks, but the presence of salt 
casts in the Missoula Group suggests these supratidal 
deposits contained gypsum (Field and others, 2005). 
Barite with δ34S of 13.6‰, 14.4‰, and 18.3‰ found 
in the Newland Formation is inferred to have replaced 
primary evaporitic gypsum and anhydrite (Strauss and 
Schieber, 1990). Diagenetic pyrite found in the New-
land Formation has δ34S values ranging from -8.7‰ 
to 36.7‰ with an average of 7.6‰ (Lyons and others, 
2000). Isotopically heavy sulfur is found in sulfi des 
from the Cu-Ag deposits, which are hosted by the Belt 
Supergroup located at Spar Lake. These deposits 
developed after early diagenesis when Cu-Ag-bearing 
hydrothermal fl uids encountered reduced siltstones 
of the Revett Formation, causing the precipitation of 
Cu and Cu-Fe sulfi des. The sulfi des from this deposit 
have δ34S values ranging from 3‰ to 23‰ (Hayes 
and Einaudi, 1986; Hayes and others, 1989).

Regional extent of the Belt Supergroup 
shows a relationship with the Boulder Batholith (Har-
rison, 1972) and could serve as potential contami-
nants for the Butte quartz porphyry magma (Field and 
others, 2005). Field and others (2005) suggests a Belt 
source for isotopically heavy sulfur would be suffi  cient 
to raise δ34SΣS from a mantle value of 0‰ to a mag-
matic value of 10‰ when assimilated Belt Supergroup 
sulfur is combined and equilibrated with a subequal or 
lesser amount of magmatic sulfur. The same Belt Su-
pergroup sulfur source may have caused the enrich-
ment of the δ34S values found in the Emery veins.

Mineralization took place from a hydrothermal fl uid 
of two contrasting compositions: (1) those enriched in 
CO2 with low salinities and (2) those lacking CO2 en-
richment with increased salinities. These two diff erent 
types of hydrothermal fl uids may have evolved from a 
single parental magmatic-derived fl uid similar to that 
proposed by Reed and others (2013) for the Butte 
mining district.

 Reed and others (2013) suggest the Butte min-
ing district veins developed from a single parental 
magmatic-derived fl uid of constant initial composition 
that underwent cooling, depressurization, wall-rock 
reactions, and fl uid unmixing. Deep drilling of quartz 
veins in the Butte district revealed fl uid inclusions with 
from 2 to 5 wt% NaCl and 2 to 8 mol percent CO2 
trapped at temperatures between 575oC and 650oC at 
a depth of 6 and 9 km. As these fl uids ascended, they 

cooled and formed dark micaceous veins at moder-
ate depths, pressures between 60 and 90 MPa, and 
at temperatures of about 600oC. At shallower depths, 
pale green sericite veins formed as the same fl uid 
cooled to about 475oC with pressures between 50 and 
70 MPa, unmixed, and reacted with wall rock (Rusk 
and others, 2008a).

Separation of a parental magmatic fl uid into two 
fl uid types can be caused by boiling or reactions with 
wall rock causing mineralization. Because evidence 
for boiling or eff ervescence was only found in stage 
2 fl uid inclusions and not found in stage 3 mineraliza-
tion, phase separation caused by boiling or eff erves-
cence would be limited. Boiling will only take place 
when the veins fractured and brecciated from hydro-
static over-pressuring, thus limiting phase separation 
by this one event.

 The change of a CO2-enriched hydrothermal fl uid 
to a fl uid defi cient in CO2 results in a pH change from 
acidic to alkali (Reed and Palandri, 2006). The initial 
magmatic-derived fl uids were enriched in CO2 and 
would have an acidic pH. When these acidic hydro-
thermal fl uids came in contact with host rock feldspar, 
they reacted, producing carbonate minerals and 
resulting in the loss of CO2 and shifting the pH to al-
kaline (Reed and Palandri, 2006). Reed and Palandri 
(2006) further suggest a loss of CO2 from boiling or 
eff ervescence will likewise result in a pH shift from 
acidic to alkaline.    

As the fi rst hydrothermal, low-salinity, CO2-
enriched fl uid exsolved from a crystallizing pluton, it 
invaded fractures and faults, reacting with the basalt–
andesite host rock, losing dissolved CO2 and increas-
ing in salinity. Temperature and pressure changes 
also caused the fl uids to give up dissolved CO2 along 
with wall-rock reactions. As a result of these physical 
changes, fl uid unmixing took place, generating the 
moderate salinity hydrothermal fl uids that created the 
polymetallic veins.

 Pressure and Depth of Mineralization
The Emery veins are hosted by the lowest mem-

ber of the Elkhorn Mountains Volcanics, which is 
estimated to be 4.6 km (2.9 mi) thick (Smedes, 1966). 
At this depth, the lithostatic pressure would be ap-
proximately 1.3 kilo bars (kbars) assuming a geobaric 
gradient of 3.5 km per kbar (Zimmerman, 2016). 

Lithostatic pressure and depth of mineralization is 
estimated from the presence of three phase CO2 in-
clusions. Most of the CO2 inclusions homogenized to 
liquid CO2 and had a density near 0.6 g/cm3, with one 
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exception of 0.8 g/cm3, and inclusions that homog-
enized to vapor CO2 had a density that varied from 
0.1 g/cm3 to 0.3 g/cm3 (Zimmerman, 2016). Zimmer-
man (2016) estimated the volume for homogenized 
CO2 to occupy 40% to 70% of the total fl uid inclusion 
volume. By plotting the fi nal homogenization tempera-
ture and homogenized CO2 volume on a diagram for 
a CO2 density of 0.6 g/cm3 and 0 wt% NaCl equiva-
lent from Brown and Lamb (1989), a pressure range 
of 1.2 kbars to 1.7 kbars was obtained (Zimmerman, 
2016). The trapping pressure estimate for the CO2 
inclusions straddles the pressure estimate 1.3 kbars 
for the thickness of the Elkhorn Mountain Volcanics. 
Fluid pressures exceeding lithostatic pressure could 
form low-angle veins by lifting the overlying rock along 
planes of weakness (Zimmerman, 2016). Hydrostatic 
pressures exceeding lithostatic pressures could also 
brecciate the host rock and early mineralizing stages 
during vein development, causing brecciation textures 
shown in fi gure 7A. 

Pressure estimates were determined from aque-
ous fl uid inclusions as well as CO2 inclusions. Zim-
merman (2016) used an average homogenization 
temperature of 264oC for aqueous inclusions and an 
average temperature of 340oC for isotope geother-
mometry of sphalerite–galena pairs. These tempera-
tures were applied to a diagram by van den Kerkhof 
(2011) for a salinity of 5 wt% NaCl equivalent that 
yielded pressures of 1.1–1.2 kbars (Zimmerman, 
2016). These pressures are close to the estimated 
lithostatic pressure based on the Elkhorn Mountains 
Volcanic thickness.

Temperature of Vein Formation
Average sulfur isotope geothermometry tempera-

ture (340oC) is 80oC higher than the average fl uid 
inclusion temperature (260oC) for stage 3 mineraliza-
tion. There is no evidence of boiling in stage 3 min-
eralization and all inclusions homogenized to liquid, 
indicating trapping above the liquid–vapor curve in the 
one phase fi eld. Diff erences in sulfur isotope geother-
mometry and fl uid inclusion homogenization tempera-
tures could be attributed to lack of boiling in stage 3 
mineralization.

To obtain the true fl uid inclusion trapping tem-
perature, an isochoric correction will need to be 
applied to the homogenization temperatures. From 
CO2-enriched inclusions, stage 2 mineralization was 
determined to take place at pressures similar to 
stage 3 (Zimmerman, 2016), and the same temper-
ature correction can be applied to both stages. The 
upper pressure limit is set by the total thickness of 

the Elkhorn Mountains Volcanics at 1.3 kbars. A fl uid 
density of 0.75 g/cm3 was determined from average 
salinity and Th for stage two mineralization (Roed-
der, 1984). By applying the lithostatic pressure and 
fl uid density to a pressure temperature diagram from 
Fisher (1976), a temperature correction of 60oC was 
determined from the average sulfur isotope geother-
mometry temperature (340oC). Applying the 60oC cor-
rection to stage 2 fl uid inclusions yielded an inferred 
trapping temperature ranging from 342oC to 414oC, 
with an average of 370oC, and stage 3 fl uid inclusions 
yielded an inferred trapping temperature ranging from 
283oC to 338oC, averaging 320oC. 

 Vein Genesis
From the fl uid inclusion and isotopic data, it ap-

pears the veins developed from a single hydrothermal 
fl uid that underwent chemical changes resulting from 
fl uctuating temperatures, pressures, and host rock 
reactions. Pressure-corrected fl uid inclusion data 
indicate the hydrothermal system ranged in tempera-
ture from 127oC to 476oC, with the upper tempera-
tures from 353oC to 401oC being dominated by CO2-
enriched inclusions. Aqueous inclusions were found 
across the entire temperature range. Salinities ranged 
from 0.0 to 8.8 wt% NaCl equivalent for the aqueous 
inclusions and 0.0 to 2.9 wt% NaCl equivalent for the 
CO2-enriched inclusions. As the early CO2-enriched 
inclusions lost CO2 they evolved into a denser brine 
solution.

The presence of low-salinity, carbon-dioxide-bear-
ing inclusions is usually an indication of a magmatic-
derived single-phase hydrothermal fl uid (Rusk and 
others, 2008a). For the Emery mining district, carbon 
dioxide, low-salinity inclusions suggest a single-phase 
hydrothermal fl uid was derived from a magmatic 
source at temperatures exceeding 400oC and a litho-
static pressure of 1.3 kbars and hydrostatic pressure 
up to 1.7 kbars. 

Temperature and pressure variations, wall-rock 
reactions, and vein precipitation caused the fl uids 
to evolve and chemically change (Rusk and others, 
2008a). Ascending hydrothermal fl uids invading frac-
tures and faults reacted with the basalt–andesite wall 
rocks developing sericitic, argillic, carbonic, and silicic 
alteration. Wall-rock reactions in conjunction with 
physical changes caused the hydrothermal fl uids to 
lose CO2, increasing in salinity and evolving into fl uids 
that became metal- and sulfur-enriched, transporting 
metals away from a magmatic source. 
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GEOLOGIC MODEL
A geologic model for the development of the 

polymetallic veins was derived from fl uid inclusion, 
sulfur isotope, geophysical, and geologic data ob-
tained from this investigation. The Emery mining 
district developed during continental arc magmatism 
that erupted the EMV. The EMV erupted in two cycles: 
an early eff usive, dominantly andesite cone phase 
followed by a later, explosive, dominantly rhyolite, 
caldera phase. Age dating of the alteration related 
to the Emery veins shows a relationship with the 
later rhyolite caldera phase of the EMV. Sericite from 
altered granodiorite yielded a 40Ar/39Ar date of 77.93 ± 
0.30 Ma; zircon from the EMV yielded U-Pb ages of 
77.4 ± 0.8 Ma and 78.5 ± 1.6 Ma. A diorite intrusion 
hosted by Cretaceous sedimentary rocks within the 
EMV yielded a zircon U-Pb age of 79.8 ± 1.1 Ma. The 
ages of the youngest EMV formation (77.4 ± 0.8 Ma) 
and vein-related alteration (77.93 ± 0.30 Ma) suggest 
the Emery mining district formed near the close of the 
EMV eruption event.

Mineralization took place elsewhere in the Boulder 
Batholith during the same time period as the Emery 
mining district. At the Golden Sunlight mine, located 
in the southeast part of the batholith, an age ranging 
from 76.9 ± 0.5 Ma to 84.4 ± 2.1 Ma is reported by 
Oyer and others (2014) and DeWitt and others (1996) 
for the emplacement of the Golden Sunlight breccia 
pipe. This age range suggests the Golden Sunlight 
breccia pipe was emplaced during Elkhorn Mountains 
volcanism at the same time the Emery mining district 
was developed. Emplacement of the Golden Sunlight 
breccia pipe is related to alkali-calcic rhyolite of the 
EMV derived from deep crustal sources (DeWitt and 
others, 1996). Lamprophyre dikes cutting the breccia 
pipe are related to the EMV and were derived from a 
mantle source (Dewitt and others, 1996).  

The veins in the Emery mining district developed 
on the margin of a caldera that erupted the EMV for-
mations (plate 1). Near the close of volcanism, calde-
ras are resurgently domed, with magmatic intrusions 
following the fi nal eruptive cycles (Hayba and others, 
1985; Lipman and others, 1976). These intrusions 
occur within the caldera or outside the caldera ring 
fracture. They provide the heat and fl uids to drive a 
geothermal system that will lead to the development 
of hydrothermal veins (Hedenquist and others, 2000). 
The Emery mining district veins had a magmatic 
origin, and may have developed from the cooling and 
releasing of volatile components from an intrusive 
body adjacent to the district.

Monzodiorite and diorite intrusions with 40Ar/39Ar 
ages from 81 to 79 Ma were intruded into the low-
est member of the EMV volcanic suite on the Ratio 
Mountain and Wilson Park 7.5’ quadrangles (Olson 
and others, 2016). Adjacent to the Emery mining 
district, a similar intrusion could have been emplaced 
at depth into the EMV during the close of volcanism 
and caldera development. This intrusion could have 
served as a source of heat and hydrothermal fl u-
ids that drove the Emery mining district geothermal 
system. The intrusion could have originated from 
a magma chamber underlain by a mafi c magmatic 
source that originated from the mantle (DeBari and 
Coleman, 1989). As the pluton was being emplaced, 
it assimilated crustal rocks consisting of Proterozoic 
Belt Supergroup lithologies. Crustal rocks assimilated 
into a mafi c pluton could be a source of carbon diox-
ide, metals, and sulfur for hydrothermal fl uids being 
expulsed from a cooling intrusive (Robertson and 
others, 2015). 

Underlying the district and EMV is the younger 
74.5 ± 0.9 Ma Butte granite of the Boulder Batholith 
(Lund and others, 2002). Emplacement of the Butte 
granite truncated the EMV caldera and intrusion that 
drove the Emery mining district geothermal system. 
The top of the intrusion remains and is inferred by 
two magnetic lows (Hanna and others, 1994; also 
plate 1). The altered top of the intrusion and adjacent 
host rock may have mineralized from hydrothermal 
fl uids exsolving from the lower portions of the cooling 
intrusion and mafi c magma source. This could be an 
exploration target.

EXPLORATION POTENTIAL
The Emery mining district may have exploration 

potential for a deep-seated porphyry or stockwork 
vein system. Based on the results from this study, the 
veins in the Emery mining district can be classifi ed 
as deep epithermal or mesothermal (Ridge, 1972) 
and are related to a magmatic source. This magmatic 
source supplied the metals that developed the veins 
and is speculated to be a deep-seated porphyry or 
stockwork vein system adjacent to the district. Geo-
physical evidence consisting of two magnetic lows 
underlying the east and west margins of the district 
are interpreted to be altered intrusions by Hanna and 
others (1994); they describe the magnetic lows as be-
ing similar to those found in the Butte mining district. 
However, the magnetic lows in the Emery mining 
district cover half the area of those in the Butte mining 
district (25 km2 vs. 50 km2). If the magnetic lows are 
related to a porphyry, the porphyry would most likely 
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be smaller than in the Butte mining district.  
Epithermal veins and, in deep systems, meso-

thermal veins are known to be related to porphyry 
systems (Chang and others, 2011; Cook and Bloom, 
1990; Sillitoe, 2010). The relationship of the Butte 
mining district porphyry system to vein systems is 
well documented (Rusk and others, 2008a,b; Reed 
and others, 2013, and Houston and Dilles, 2013). The 
veins in the Emery mining district could likewise be 
related to a deep porphyry or stockwork vein system, 
but this still needs to be proven with deep drilling and 
detailed geophysical surveys. 

Past drilling in the 1980s did not encounter a por-
phyry system or intrusive body because drilling was 
not to suffi  cient depth. Exploration was for shallow 
disseminated gold deposits hosted by near-surface 
altered rocks that can be mined by open pit methods. 
One deep drill hole extending to approximately 2,900 
ft bottomed in andesite and was not drilled to suf-
fi cient depth to explore for a deep porphyry system 
(Al-Khirbash, 1982). In addition, this hole was collared 
between the two magnetic-low anomalies identifi ed by 
Hanna and others (1994). Exploring for a deep por-
phyry system in the Emery mining district will require 
targeting the magnetic anomalies with more detailed 
geophysical surveys followed by deeper drilling than 
the early attempt of 2,900 ft. To test the hypothesis 
of a porphyry system or intrusion being related to the 
polymetallic veins will require drilling to depths ex-
ceeding 4,000 ft.
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Description of Samples Used for U-Pb Zircon Dating 

KCS-13-44—EMV rhyolitic ash fl ow tuff : CL-imaging of the zircons extracted from the tuff  revealed predom-
inantly luminescent crystals with only weak oscillatory and sector zoning, typical of volcanic zircons. A minor-
ity containing irregular non-luminescent cores were avoided in subsequent analysis. LA-ICP-MS affi  rmed the 
unimodal population of zircon and the lack of signifi cant crystal inheritance; spot analyses of all 69 analyzed 
crystals yielded a normal distribution with a weighted mean 206Pb/238U date of 77.4 ± 0.8 (1.7) Ma (MSWD = 
1.6).

KCS-13-28—EMV rhyolitic ash fl ow tuff  (plate 1): Similar to sample KCS-13-44, CL-imaging of the zircons 
extracted from the tuff  revealed predominantly luminescent crystals with only weak oscillatory and sector zon-
ing, typical of volcanic zircons. In stark contrast to the other tuff , nearly every crystal from KCS-13-28 contains 
an irregular low-luminescent core. LA-ICP-MS analysis confi rmed the ubiquity of inherited Proterozoic cores 
in these crystals. Twenty-eight spot analyses were rejected as biased by inherited cores on the basis of CL 
imagery and high within-run variance in U content and Pb/U ratio. The remaining 21 spot analyses yielded a 
normal distribution with a weighted mean 206Pb/238U date of 78.5 ± 1.6 (2.2) Ma (MSWD = 2.1). This result is 
within analytical error of sample KCS-13-44, suggesting that these are co-genetic magmatic products of the 
same caldera complex.

KCS-13-12—Diorite in fault zone: CL-imaging of the zircons extracted from the diorite revealed predomi-
nantly equant, weakly luminescent, oscillatory and sector-zoned crystals, with a minority of highly luminescent 
grains. LA-ICP-MS analysis confi rmed that the luminescent crystals are Proterozoic. Ten spot analyses were 
rejected as biased by inherited cores on the basis of CL imagery and high within-run variance in U content and 
Pb/U ratio. The remaining 31 spot analyses yielded a normal distribution with a weighted mean 206Pb/238U date 
of 79.8 ± 1.1 (1.9) Ma (MSWD = 2.0).

E-25—Granodiorite dike from prospect trench in Emery mining district (plate 1): CL-imaging of the zircons
extracted from this granodiorite revealed equant to elongate, relatively large, predominantly weakly lumi-
nescent, oscillatory-zoned crystals (fi g. 2). Many crystals are decorated by a very thin (just few micrometer 
thickness), highly luminescent rim. All 41 spot analyses yielded a normal distribution with a weighted mean 
207Pb/206Pb date of 1,777 ± 8(20) Ma (MSWD = 3.8). Excluding 10 analyses with discordance >5%, an equiva-
lent weighted mean 206Pb/238U date of 1,771 ± 17 (25) Ma (MSWD = 2.0) was obtained. This result suggests a 
Paleoproterozoic crystallization age for this granodiorite. The very bright rims on the crystals may be a cryptic 
record of minor recrystallization of this granodiorite, but these domains are not accessible for analysis.
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Whole-Rock Analysis of Alteration Types 

Analytical results are given in percent and normalized to 100%. Results do not add to 100% due to round-
ing. Altered rock types are basaltic andesite except for samples E-25 and E-26, which is granodiorite. Samples 
KCS-13-18, KCS-13-22, and KCS-13-24 are from Scarberry’s (2016) investigation of the Sugarloaf Mountain 
quadrangle. Samples R-1 to R-5 are from Robinson (1953). Dashed lines are oxides that were not analyzed.
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Summary of Fluid Inclusion Data
ThCO2, average temperature of CO2 homogenizing to vapor; ThCO2l, average temperature of CO2 homoge-

nizing to liquid; Tmclathrate, average melting temperature for clathrate; Tmice, average melting temperature for ice; 
salinity given as wt % NaCl equivalent; Th, vapor to liquid homogenization temperature. All temperatures given 
in oC. Some CO2-enriched inclusions formed both clathrate and ice. Data set from Zimmerman (2016).
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APPENDIX D
Summary of Sulfur Isotope Data 

Sulfur isotope results are reported in the standard notation δ34S‰ relative to the Canyon Diablo Troilite 
standard.
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Isotope pairs used for equilibrium temperature calculations using methods described by Ding and others 
(2003).






