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Abstract
The Golden Chest Au-W Mine has been intermittently mined since the 1880’s.
Mineralized quartz veins have been deposited into the Upper Prichard Formation of the
Proterozoic Belt Supergroup. The Golden Chest is located in the Summit Mining District within
the Murray Gold Belt region of the greater Coeur d’Alene (CdA) Mining District. A modern
geochemical study of the Golden Chest has never been conducted at the Golden Chest.
This thesis investigates, with the collaboration of New Jersey Mining Company (NJMC),
the paragenesis of ore forming minerals, the mineralogy of the deposit and the genesis of the ore
forming processes. A discussion of lead isotope data compiled from literature and from NJMC
records is also provided in this thesis. Ore compositions were identified using SEM-EDS and
reflected and transmitted light microscopy at Montana Tech. Sulfur isotope analyses of pyrite,
galena and sphalerite were performed at the University of Nevada-Reno, whereas oxygen isotope
analysis of quartz and scheelite separates were performed at the University of Oregon.
Analyses of 35 gold/electrum grains gave an average of 78 ± 22 wt% Au. Gold grains
were found in quartz vein material with pyrite, galena, arsenopyrite and low iron sphalerite
(0.81±0.42 wt% Fe) in most samples. Pyrite is the earliest deposited sulfide and a strong
correlation was found between gold and galena. Gangue mineralogy is dominated by milky
quartz with lesser amounts of potassium feldspar and carbonates such as calcite, ankerite and
ferroan dolomite. Several monzonite to lamprophyre dikes that previous workers have
associated with mineralization were examined via SEM and showed widespread alteration of
primary minerals. No gold and only minor sulfides were found associated with these intrusions.
Hydrothermal alteration of the Prichard Fm. next to quartz veins tended to be weak, with
chloritic, sericitic and silicic alteration assemblages.
A study of fluid inclusions in mineralized quartz and scheelite veins produced an average
homogenization temperature of 195±45ºC. Low salinities of 0.3±0.26 wt% NaCl were
estimated. Stable isotopes of GO and δ34S provided independent geothermometry estimates for
isotopic fractionation of quartz-scheelite and pyrite-galena respectively. The result of the
analysis yielded average temperature estimates of 332ºC for quartz-scheelite and 324ºC for
pyrite-galena. Combining the fluid inclusion and stable isotope data results in an estimated
pressure range of 1.1 to 3.5 kbars and a depth range (assuming lithostatic conditions) of 3.8 to
12.2 km. This range in P-T conditions is consistent with vein formation in an orogenic gold
system near the brittle-ductile transition zone.
Stable-isotope studies gave similar results to previous work on veins of the Couer
d’Alene mining district. GO values range from 11.6 to 14.7‰ for quartz and +6.0 to +7.0‰
for scheelite. These minerals formed from a vein-forming fluid (+7.5 ± 1.2‰) with either a
magmatic or metamorphic origin that underwent extensive fluid-rock interaction. Analyses of
δ34S isotopes produced results (-0.1 to 6.7‰) that cannot be used to distinguish between a
sedimentary or magmatic origin of sulfur. Lead isotopes from the Golden Chest are consistent
with deposition of “young” lead that is also found in the Cretaceous-Tertiary Bitterroot Lobe of
the Idaho Batholith (48-66 Ma) and the nearby Gem Stocks (110-118 Ma). Golden Chest lead
isotopes are dissimilar to “old” (Precambrian) lead found in the Ag-Pb-Zn deposits of CdA.
Keywords: Coeur d’Alene mining district, orogenic gold, scheelite, sulfur isotopes, fluid
inclusions, lead isotopes
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1. Introduction
1.1.

Purpose of Study

The purpose of this master’s thesis is to describe the geology, geochemistry, and
paragenesis of the Golden Chest Au-W veins within the Murray Gold Belt in the Summit Mining
District, Shoshone County, Idaho. Specifically, the nature of the ore forming fluids will be
examined through fluid inclusion investigations, stable isotope analyses, and detailed
mineralogical studies. The results will be used to classify the Golden Chest deposit and to build
an overall district model that will provide new ideas for exploration at the mine scale and at the
district scale.

1.2.

Geologic Setting
Regional Belt Rocks

The Golden Chest gold mine is located in the Murray District of Murray, Idaho, a historic
mining community 30 kilometers north of Wallace and the famous Coeur d’Alene (CdA) Mining
District. The deposit is hosted in the Prichard Formation which is the lowest unit in the Middle
Proterozoic Belt Supergroup. The rocks of the Belt Basin/Purcell Basin crop out over
approximately 200,000 km2 in portions of northwestern Montana, central and northern Idaho,
eastern Washington and a small portion of British Columbia and Alberta. Figure 1 shows the
approximate outline of the Belt Basin. The sediment sequence is an incredibly thick (15-20 km)
siliclastic and carbonate sequence that was deposited during a relatively short period of time,
between 1470 Ma to 1400 Ma (Evans et al., 2000). In northern Idaho, the Belt Supergroup has
been divided into, from oldest to youngest, the Prichard Fm., the Ravalli Group (including the
Burke, Revett and St Regis Fms.), the Wallace Fm. (also known as the Middle Belt Carbonate)
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and the Missoula Group (Striped Peak, Libby and Pilcher Fms.). A simplified stratigraphic
column is provided in Figure 2.

Figure 1: Map of the Belt-Purcell Basin, showing the location of the Golden Chest Mine and other major
metal mines and deposits (modified from Lydon, 2007).

Sedimentation in the Belt Basin is interpreted to have begun as a thick marine turbidite
sequence during the Prichard time (Cressman, 1989) which transitioned to a fluvial deltaic
complex in the Ravalli Group, which gave way to a marine or lacustrine carbonate (Wallace
Fm.), and returned to a fluvial setting for the Missoula Group (Box et al., 2012).

The lower

Prichard Fm. unconformably overlies the 2.65 Ga Hauser Lake Gneiss (Doughty et al., 1998).
Locally, basalt sills (Purcell Sills) intruded the Prichard Formation before the sediment was
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completely lithified. Several of these units have been dated to 1468 ± 2 Ma and provide
minimum ages for the Prichard Fm. (Anderson & Davis, 1995).

Figure 2: Simplified stratigraphic column for the Belt Supergroup in northern Idaho adapted from
Hobbs et al. (1965) and Lydon, (2007). Major ore bodies are shown in relative stratigraphic
positions.

Structural Geology and Deformation of the Belt Basin
The Murray Gold Belt is located in the Lewis and Clark Tectonic Zone (LCTZ), a
structural lineament that is defined by ancient Proterozoic, deep seated, E-W trending strike slip
faults, subparallel normal faulting and reverse faults. The LCTZ has a debatable exact
delineation but for this paper, the fault zone will be defined as being constrained to the north by
the Thompson Pass Fault and to the south by the Placer Creek Fault (Figures 1, 3). To the west
the LTCZ extends approximately to Coeur d’Alene, ID and, to the east, to the Jocko Line, a
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LCTZ
Figure 3: Map of the regional geologic boundaries and major tectonic features in relation to major base metal
and gold mines of the greater CdA mining region. LCTZ = Lewis and Clark Tectonic Zone.

growth fault that terminates west of Helena, MT (White, 2016). The LCTZ has been interpreted
as a major crustal feature where movement has occurred since Proterozoic time. The major
west/northwest structures depict significant horizontal and vertical crustal displacement.
However most structures are second order and tertiary (Reidel shear) faults that occur obliquely
off of the main crustal breaks (White, 2016). The Osburn Fault (Figure 3) pierces the heart of
the CdA Mining District. Roughly 26 km of E-W, right lateral, strike slip offset occurs along the
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Osburn Fault (Umpleby and Jones, 1923). The Placer Creek Fault and Thompson Pass Fault
(TPF) display several kilometers of right lateral offset (Hosterman, 1956).
Belt rocks have a long history of deformation, but for the most part remain well preserved
with notable sedimentary structures intact. However several deformation occurrences are
recognized.
1. Most workers agree that syndepositional folding and faulting occurred during Belt (14001470 Ma) time but argue about timing (Harrison, 1972, Harrison and Cressman 1993).
2. The Kootenay Orogeny (1300-1350 Ma) is the first major metamorphic event causing
slight regional metamorphism to greenschist facies, drawing an end to deposition of Belt
sediment (McMechan & Price, 1982).
3. The Grenville Orogeny (1000-1200 Ma) Weak regional metamorphism that reflects the
thickening of Proterozoic crust prior to assembly of the Rodinian supercontinent.
4. A third Proterozoic deformation event at 800 Ma - the Goat River Orogeny - affected the
area and started deposition of the Windermere Supergroup of southern British Columbia.
Some results of this orogeny are the NW-SE fold axes in the CdA district (Leach et al.,
1998). This event was accompanied by widespread, but relatively minor igneous activity
(Burtis, et al., 2007).
5. Sevier/ Cordilleran thrusting (75-52 Ma in northwestern Montana) which involved
sedimentary rocks of the Belt Basin through the early Cretaceous sedimentary units
(Fuentes et al., 2012).
6. Emplacement of the Idaho Batholith and Boulder Batholiths (75-48 Ma) and numerous
smaller granitoid bodies in late Cretaceous-early Tertiary time. In the greater CdA
district, folds occur in easterly direction (Gaschnig et al., 2010; Leach et al., 1998)
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7. To the south, renewed igneous activity in the mid-Tertiary (Eocene-Oligocene) with
locally thick volcanic sequences and numerous granitoid stocks and plutons
8. From the mid-Tertiary to the present day, regional extension and local transtension,
especially along the LCTZ (White, 2016)
Regional Belt Mineral Deposit
The Belt Basin boasts tremendous metal wealth and is home to at least 3 types of world
class mineral deposits (Mauk & White, 2000; Lydon, 2007): 1) syngenetic, sedimentaryexhalative (SEDEX) deposits of Ag-Pb-Zn massive sulfides, exemplified by the Sullivan deposit
of southern British Columbia; 2) diagenetic, sediment-hosted stratiform Cu-Ag deposits of the
“Montana Copper Belt” (including the Spar Lake, Montanore and Rock Creek deposits); and 3)
epigenetic Ag-Pb-Zn-Cu veins of the CdA. Other types of deposits abound such as the Besshi
style cobalt-copper deposits of the Blackbird District in central Idaho, as well as the gold veins
of the Summit (Murray) District, which are the focus of this thesis.

1.3.

Local Geology

In Figure 3, the location of the major metal mines in the greater Coeur d’Alene region are
shown in relation to the regional geology. Geologic boundaries and major faults are taken from
the mapping of Lewis and Derkey (1999). The LCTZ is bracketed, as noted earlier, between the
Thompson Pass Fault and the Placer Creek Fault.
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Lithology
The Prichard Formation was measured by Ransome and Calkins (1908) to be more than
2400 m (8000 ft) thick in Butte Gulch, the drainage just east of the Golden Chest mine.
Cressman (1989) measured 7,000 m (23,000 ft) of the Prichard in nearby Sanders County of
western Montana and broke the formation into 8 informal units, Members A to H. Most of the
Prichard Formation consists of interlaminated siltite and argillite. The Golden Chest is hosted in
upper Prichard in Members G and H. Member G is a fine grained siltite/argillite with quartzite
interbeds, interpreted as submarine channels. Member H resembles most of the Prichard and
consists of interlaminated argillite with lesser siltite. As a whole, the Prichard Fm. is interpreted
to be a deep-water turbidite complex derived from sediment sources to the southwest of the Belt
Basin. Turbidites form as submarine landslide fan deposits where material flows down a break in
topography. As energy is lost down the toe of the fan, the turbid material settles out of

Figure 4: Turbidite complex in unit H of the Prichard Formation—Coarser (light) bands represent the
bottom of a turbidite sequence. Pencil points to direction of flow; arrow shows direction of stratigraphic
sequence
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suspension and deposits in layers idealized in the Bouma sequence (Nichols, 2009). A
representative photo of the Prichard Fm. showing turbidite couplets is shown in figure 4. Minor
flame structures can be recognized near the tip of the pencil which points in the flow direction of
sediments down the fan.
Igneous Rocks
Porphyritic monzonite bodies of an uncertain age occur in the vicinity of the Golden
Chest Mine. No petrographic or geochemical study has been conducted on the monzonites
specifically from the Golden Chest but work has been done on CdA monzonites by Ransome &
Calkins (1908) and again by Schalck (1989). Most workers in the Summit (Murray) District
agree that these intrusions are probably related to the Cretaceous Gem Stocks that crop out 8 km
to the south, and which have been dated to 110 Ma (Fleck, 2007, J. Etienne, pers. comm., 2018).
If so, the monzonites at the Golden Chest predate the main Idaho Batholith event. The monzonite
intrusions are dark to light grey with potassium feldspar, hornblende and biotite phenocrysts in a
plagioclase + quartz groundmass. These intrusions have been observed crosscutting and
“stoping” veins, with gold values associated with them.
Lamprophyre dikes were described regionally and locally in the Murray district near
Reeder Gulch by Ransome and Calkins (1908) and Shannon (1920). Petrographic studies
described “megascopic” plagioclase and biotite with microscopic hornblende, plagioclase and
epidote. The lamprophyres are of uncertain age, and crosscutting relationships are hard to
determine as they are often fault bounded (R. Morgan, person commun, 2018)
Structural Geology
In the Summit District, the Thompson Pass Fault (TPF) (Figure 3) occurs as a strike slip
fault containing 10 km of right lateral offset. Numerous 2nd order faults branch off the TPF,
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including the Murray Peak Fault and the Idaho Fault. The TPF is analogous to the Osburn and
Placer Creek faults and is the Summit District’s representative of the LCTZ. Near the Golden
Chest Mine the TPF is displaced by 3 km of right lateral movement and has a near-vertical dip
(Morgan & Hardy, 2017). The Thompson Pass Fault offsets major north-south trending folds,
such as the Trout Creek Anticline (Radford, 1984).
The Trout Creek Anticline is a large, northwest trending, upright asymmetrical fold. In
general the west limb is steeper than the east limb. However in Bear Gulch just east of the
Golden Chest the the east limb is near vertical and the west limb has a moderate dip of 40 to 50º.
The anticline is truncated by the TPF to the south and peters out before reaching the Hope Fault
(Hosterman, 1956). Many of the mines in the Murray District are located near the Murray Peak
Fault, a large north-northwest striking fault. The fault is found north of the TPF and places the
lower Prichard Fm. in contact with the Burke and Revett formations creating 100 feet of vertical
throw truncated by the TPF. Syn-tectonic Au mineralization associated with the Murray Peak
Fault is found in the Goldback Vein (Radford, 1984).
District Mineralization
Mineralization in the Summit District can be divided into three categories: 1) base metal
(Pb-Zn) veins with minor silver; 2) Au veins in the Prichard Fm., similar to Golden Chest; and 3)
Au-telluride veins of uncertain age. Several Pb-Zn-(Ag) mines exist in the district and include
the Terrible Edith and the Jack Waite Mines. The Terrible Edith was active from 1904 to 1933
and produced 1.7 million pounds of lead, nearly a million pounds of zinc, and 7000 ounces of
silver. The ore followed shear zones striking NNW and dipping 40-60º SW. Sulfides dominate
the mineralogy of the veins with quartz as gangue (Shenon, 1938). The Jack Waite mine, active
from 1935 to 1951, was the largest mine in the district. It contained 24,000 feet of drifts and
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produced 71 million pounds of lead, 11 million pounds of zinc, 400,000 pounds of copper and
313,000 ounces of silver. The ore shoots at Jack Waite are longer along strike than dip, strike
NW, dip 45-55º to the SW, and occur in the Lower Prichard (Hosterman, 1956).
The following paragraph, based on Shenon (1938), summarizes the gold-rich veins in the
Summit District. These properties mined gold and minor tungsten from mineralized beddingparallel veins or in mineralized shear zones where bedding is folded near the vein.
Mineralization is similar in the gold-rich veins of the Summit District and tends to be an
assemblage of pyrite, chalcopyrite, arsenopyrite, galena, sphalerite and pyrrhotite. Veins and
shear zones have been found that can strike in almost any direction and dips have been found
from near vertical (>70º), intermediate (35-60º) and to very shallow (<25º).
The largest mines (not including the Golden Chest, the principal mine of the district) are
listed in order, the Motherlode, the Four Square, King, and the Mountain Lion. The Motherlode
Mine has been recently worked with a small open pit and can be viewed from the highway. The
mine produced from four veins (the Goldback Vein, the Motherlode Vein, the Daddy Vein, and
the Mead Vein) found in the syntectonic veins of the Murray Peak Fault and as footwall veins,
respectively (Gibson, 1984). The Motherlode and the Daddy veins are relatively flat and follow
bedding whereas the Gold Back cuts bedding in a shear zone and is interpreted to occupy the
N20E-striking, 70E dipping Murray Peak Fault (Shenon, 1938). The Mead Vein is a near
vertical, north striking vein. Mineralization here has a strong association with arsenopyrite,
along with galena, pyrite and sphalerite (Shenon, 1938; Gibson 1984). The Four Square Mine
accesses three veins that strike ENE and dip approximately 50º to the north. Gold mineralization
occurs with arsenopyrite, pyrite, sphalerite and galena. Minor scheelite has also been mined at
the Four Square. The North Vein at the Mountain Lion mine ranges from several inches to three
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feet thick and intercepted a stope that averaged 1.5 ounces per ton Au. The veins were found
adjacent to argillite and with a footwall of quartzite. Sulfide and gold mineralization is similar in
the Mountain Lion to the rest of the district and includes scheelite (Shenon, 1938). At least a half
dozen additional Au ± W mines and prospects occur in the district.
Tungsten mineralization, occurring as scheelite at the Golden Chest and other mines of
the district, has been described by Ransome & Calkins (1908), Auerbach (1908), and Shenon
(1938) as forming “bunches” or “chimneys” along disturbed portions of the quartz veins.
Etienne (2010) describes an occurrence of stringers and pods at the Golden Chest. All authors
mention that scheelite occurs in the quartz but is not genetically linked to gold and sulfides.
However, gold has been found with scheelite, and possibly overprints an earlier generation of
scheelite (Morgan, R. & Etienne, J., pers. comm., 2019).
A cluster of Au-Te ± Ag ± Mo prospects/deposits also occur nearby in the Toboggan
Veins. These veins differ from the Summit district, as they are found in the Prichard, Burke and
Revett formations. Veins are perpendicular and sub-perpendicular to bedding planes and up to
2m wide with exact tonnage and grades unknown (Lewis, 2010). The Toboggan Veins are
actively being explored by the Hecla Mining Company.
Gold-Scheelite (Au-W) Occurrences Worldwide
Gold deposits with an enrichment in tungsten are common around the world and fall into
two major categories 1) reduced intrusive related gold system (RIRGS) with their associated
skarn systems and 2) orogenic gold with a distinct Au-W vein system. By definition, RIRG
deposits occur near an associated igneous body to which they are genetically related, whereas
orogenic gold deposits may or may not have intrusions nearby. Determining whether a vein such
as Golden Chest is of the RIRGS type or the orogenic type is important because this determines
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how much emphasis should be placed on mapping and dating of intrusions during regional
exploration.
The most important examples of RIRGS gold-scheelite deposits occur in the Tintina Belt
of Alaska and the Yukon (Hart, 2007). The Tintina Belt boasts a variety of Au-W deposits such
as the low-grade, high-tonnage sheeted vein arrays of the Fort Knox Mine and the skarn/greisens
of the Scheelite Dome deposit. Other important examples include the metasediment-hosted
Mokrsko deposit of the Czech Republic, which is associated with a granodiorite, and Timbarra,
New South Wales, which is a granophyre-hosted Au-W-Sn-Mo-Bi orebody (Thompson et al.,
1999). More dubious examples exist which have been classified as both orogenic and RIRGS
deposits such as Saucelle-Barruecopardo in northwest Spain (Mackenzie et al., 2017; Marsh et
al., 2003).
Some of the best examples of orogenic Au-W deposits are the Macraes Mine, New
Zealand, the gold deposits of the Archean Dahwar Craton of the Indian Subcontinent, and Au
veins at Meguma, Nova Scotia. In their study of the Macraes Mine, Craw et al. (1999)
concluded that the turbidite-hosted deposits originally contained detrital rutile that was enriched
in W. During greenschist metamorphism, rutile was converted to titanite, and the W was
released to hydrothermal fluids to form scheelite deposits. In this model, the fluids themselves
were derived by dewatering of clays during prograde metamorphism, and gold was also
dissolved in the form of H2S complexes forming the ultimate Au-W deposits (Craw et al., 1999).
At Dahwar and Meguma, workers were able to constrain fluid sources from REE substitution in
scheelites and link these fluids to Au precipitation (Dostal et al., 2009; Mishra et al, 2018).
Closer to Golden Chest, gold and scheelite have been mined from orogenic-style quartz veins
cutting Archean basement rocks at the Jardine District, Montana (Smith, 1996).

13
The Kumbel deposit of Tien Shan, Kyrgyzstan is an example of a complex magmatichydrothermal system with both W-Mo-Cu and Au-W mineralization. A skarn and disseminated
stockwork veins are associated with an oxidized, alkalic porphyry similar to classic Cu-Au
porphyry deposits (Soloviev, 2015).

1.4.

Current and Historic Production

Thomas Irwin discovered gold placers in 1882, in the Summit District on Prichard Creek.
Shortly thereafter mining began on placer claims along Prichard Creek in 1883 (Smith, 1932).
The first lode style gold vein was located in 1883 at the Paymaster, now part of the Golden Chest
property. Mining in the Murray district was continuous for 10-15 years after the initial discovery
but intermittent since then. Shortly after the initial discovery a couple of stamp mills and
arrastras were brought to town and began treating ores. However, by 1885 the majority of
interest flocked to the wider and more continuous silver bearing ores in the CdA District. By
1904 mining had reached its peak in Murray, with a total district production (placer plus lode)
around 230 koz of gold. Lode and gold mining continued in a small way until the 1930’s when
the majority of production in the district ceased, totaling nearly 300 koz of total gold production
(Shenon, 1938).
The Paymaster, Katie Dora and Golden Chest properties changed hands several times and
were mainly idle in the latter half of the 20th century, but would be explored and evaluated by
many companies such as Newmont and Marathon Gold. Newmont delineated a 250 koz Au
resource but declined to invest further money to obtain control of the property. New Jersey
Mining Company (NJMC) leased the property in 2003 and developed a drift down a high grade
drill intercept where the historic underground workings were encountered. Between 2004 and
2012, small scale mining by NJMC from the North Portal extracted a total of 8,400 tonnes of ore
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grading 6.90 gpt Au for 1705 ounces of gold recovered (Morgan & Hardy, 2017). In 2013 the
property was leased to Juniper LLC who developed a new portal and mined the Skookum Shoot
(on the Idaho Vein) through an overhand paste cut and fill method. The contract was completed
in 2015 when NJMC reassumed control. In 2016, an open pit cut (the Idaho Pit) was developed
by NJMC and underground mining resumed in 2018.

1.5.

Previous Work

The first published description of gold veins in the Murray District occurs in Mining and
Scientific Press written by Lammers (1907). This article briefly describes the vein systems and
suggests that the veins may be igneous in origin. Previous to this paper, several company memos
from 1903 were written by Cranston (1903) and Adams (1903) describing placer operations on
Prichard Creek. The seminal paper for the Murray Gold Belt was written by Ransome and
Caulkins (1908). The issue is an exhaustive guide to mineral deposits in the greater Coeur
d’Alene region, providing historical information, production values, wages, mining methods, and
the first descriptions of the Murray Gold Belt, maps of the Golden Chest, as well as photos of
placer activity. Descriptions in this paper are routinely cited in modern investigations of the ore
deposits in the region. In the same year, Auerbach (1908a, 1908b) described the gold and
tungsten ores, the mining methods, and problems with separating the tungsten from quartz.
Hershey (1916) coined the term “Murray type” to describe gold veins in the CdA district, such as
the New Jersey Mine, that resemble the Au-rich lodes of Murray more than the Ag-Pb-Zn veins
of the rest of the CdA district. Hershey deemed these Murray-type veins as inferior, echoing a
general attitude that the gold veins were not as profitable to mine as the silver and base metal
lodes of the district. Shenon (1938) described the Murray region after the majority of mining had
ceased. However, most mines were still accessible and he was therefore able to provide valuable
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descriptions of ore, and maps of excavations and adits. This is probably the best account of the
mineral deposits and mining history of the Murray District, replete with maps such as the one in
Figure 5. The first district scale map was completed by Gibson et al. (1941) and was remapped
and digitized by geologists from the Idaho Bureau of Mines and Geology (Lewis & Derkey,
1999).

Figure 5: Map of the Idaho No. 3 tunnel and other excavations at the Golden Chest from Shenon (1938)

Many internal company memos were made available to the author courtesy of NJMC that
detail the varied history of exploration from small scale exploration to large mining companies
such as Newmont and Marathon Gold. A Newmont memo from D. O. Baldwin (1987) first
compares the Golden Chest to “mesothermal veins” similar to “Meguma type turbidite hosted
gold deposits”. A Juniper geologist, R. McLachlin (2016), introduced the idea that the Golden
Chest might be classified as a RIRG deposit due to the presence of Au-W proximal to
peraluminous intrusions. However, most of the data relating to modern mapping, mining and
drilling was provided by company geologists such as John Etienne, Lisa Hardy and Robert
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Morgan from NJMC. Much of the nomenclature created by these geologists was adopted for this
thesis. These internal documents have proven invaluable for this study.
Several student theses were written about veins from the Summit district and other Coeur
d’Alene gold mines. Gibson (1986) studied the mines in Ophir Mountain, including the
Motherlode. Lewis (2010) performed stable isotope studies, conducted preliminary fluid
inclusion studies and dated the Toboggan prospects. Arkadakskiy (2000) provided a fluid
inclusion and stable isotope analysis for precious metal veins in the CdA district, and included
the first fluid inclusion/stable isotope study and geochemical description of a gold vein (in the
CdA) at the New Jersey Mine (the Coleman Vein).
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2.

Methods
2.1.

Fieldwork and Sample Collection

Fieldwork was initiated in May 2018 and completed by August of 2018. Fieldwork
consisted of sample collection and field mapping. Sample collecting was accessible from open
cuts in exploratory trenches, the NJMC open pit and the NJMC underground mine. Samples
were collected from the excavation of new rock, from existing open underground mine cuts,
dumps, and from several sources of NJMC core. Samples were collected based on assay values,
appearance of coarse sulfides, transparency of gangue and by lithology and alteration.
Additional samples were collected from other properties in the district but ultimately were
unusable.
The open pit was mapped on 4 accessible levels at a 1:200 scale. A 30 m tape was laid
down along the toe of the pit wall. The west (hanging wall) side of the pit was mapped from
west to east, whereas the southeast (footwall) side was mapped from south to north. Each level
was drawn on the map as a cross sectional view. The map was then digitized using drafting
tools in Vulcan Envisage 11.0. The map was overlain on a NJMC-provided topographic image
that had been surveyed with a LiDAR (light-detection and ranging) equipped UaV (Unmanned
Aerial Vehicle).

2.2.

Petrography and Microscopy

Samples from veins with high grade gold and coarse sulfides were mounted in 1”
diameter epoxy plugs. The plugs were polished at Montana Tech using a Buehler Automet 250 to
6 micron grit and taken down to ¼ micron using an automatic polishing wheel. These were
analyzed for ore and other opaque minerals under reflected light. Other samples of gangue and
intrusive rocks were selected for thin section analysis to study translucent minerals under
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transmitted light and for the SEM-EDS. Polished plugs and thin sections were viewed in
reflected light and in transmitted light with a polarizing microscope. Under reflected light, ore
minerals were observed and photographed to show ore mineralogy and textures. Transmitted
light showed the gangue features and textures of transparent minerals.
Additional samples were stained with Na cobaltinitrite (Bailey and Stevens, 1960). The
process begins by etching the slide or polished plug with hydrofluoric acid. This step dissolves
the surface of K-feldspar so that the Na cobaltinitrite can react to form a bright yellow stain that
allows quick identification in thin section and in hand sample.

2.3.

Scanning Electron Microscope

Analysis with the Scanning Electron Microscope was conducted at the Center for
Advanced Mineral and Metallurgical Processing (CAMP) of Montana Tech with the help of Dr.
Chris Gammons and Gary Wyss. Data were gathered with a LEO Scanning Electron Microscope
(SEM) w/ Energy Dispersive X-ray Spectroscopy (EDS). SEM photographs were taken in
backscatter electron (BSE) mode. In a BSE image, minerals with a high average atomic mass
appear bright, while minerals of low mass are dark. A carbon coat was applied to samples prior
to SEM-EDS analysis.

2.4.

Fluid Inclusions

Polished plugs were mounted in epoxy from selected specimens of vein quartz, calcite,
and coarse-grained scheelite. Most of the early quartz from the veins at Golden Chest is opaque,
milky, and sheared, and the fluid inclusions are too small for heating and freezing runs. Samples
containing clear, euhedral and coarse-grained quartz were eventually found that had fluid
inclusions big enough for analysis, although this quartz is thought to be late in the paragenesis.
Polished plugs were then glued to a standard petrographic slide using superglue and cut to
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approximately 100 micron with the Buehler Isomet Slow Speed Saw. The new cut surface was
then polished to 6 micron using the Buehler Automet 250, creating a doubly polished section.
To remove the section from the slide, it was placed overnight in an acetone bath that removed
epoxy and superglue. The samples were then carefully cleaned with water and dish soap to
remove any acetone or epoxy residues.
Fluid inclusions were analyzed with an Olympus BH-2 microscope with an adapted
U.S.G.S gas-flow heating/freezing stage (Fig. 6). The heating and freezing stage contains an
electric filament (“torch”) for heating gas in a cylindrical porcelain slot. The torch is connected
to a Doric 300 series trend indicator and variac to control heating rates. The fluid inclusion
sections were cut into smaller chips roughly 0.5 cm in diameter and placed on the stage, with a

Dewar
Stage
Trendicator

Figure 6: Fluid inclusion stage heating/freezing stage

thermocouple used to keep the chip in place during the run. To the left of the scope a liquid
nitrogen dewer is assembled to blow cold N2 air or liquid N2 across the sample to quickly freeze
the sample.
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During freezing runs, the chips were first super cooled to -100ºC by blowing liquid N2
across the stage to freeze both water and vapor inclusions. No CO2(l) freezing behavior was
noted so for all subsequent freezing runs the chips were only cooled to the moment of water
freezing (Tf). The vapor bubbles generally move and shrink or appear full of ice once Tf is
reached. The inclusions were quickly heated with a combination of N2 gas flow and the torch to
around -10ºC and then slowly warmed at a rate of about 2 degrees per minute to the temperature
of final melting of ice (Tmice). When the ice melts completely, the vapor bubble in the inclusion
will rebound back to its original position. However, when cooling back down, if the inclusion
immediately refreezes the Tmice was not reached and the inclusion must be reheated slightly past
the former point to obtain the Tmice. These steps were repeated 2-3 times per inclusion.
Heating runs were generally performed after freezing runs, because heating the chips
many times can cause the inclusions to decrepitate or leak fluid or gas. This ultimately causes
higher homogenization temperatures (Th). Hot compressed air is blown across the element
causing the cylinder to heat up. Temperature is increased rapidly at first, but then slowed down
to about 0.1ºC per 5 seconds when the inclusion gets close to vapor bubble disappearance.
When the inclusion is approaching homogenization, the vapor bubble will generally move to
another region of the inclusion where it will slowly shrink until all the vapor homogenizes into
the liquid. No bubble will be observed at this moment and this is called the temperature of
homogenization. The inclusion is then allowed to cool before performing an additional run or
two on the same inclusion. It is preferable to attempt Th on the inclusions with the lowest Th in
the field of view to avoid decrepitating many inclusions without collecting data.
Using the above methods, the Tmice data have an approximate error of ± 0.1ºC, and the
Th data of ± 1ºC. The fluid inclusion thermocouple in Dr. Gammons’ lab is periodically
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checked for calibration using synthetic fluid inclusions, and is typically accurate within these
error limits.

2.5.

Stable Isotopes
Sulfur Isotopes

Sulfide minerals for sulfur isotope analysis were carefully selected from dump rocks, the
NJMC open pit and underground cuts and from NJMC drill core. Rocks with coarse sulfide (15 mm) and mostly pure (free from inter-grown) sulfide were chosen to facilitate the separation of
sulfides from other contaminants. Pairs of galena (PbS) + pyrite (FeS2) and pyrite + sphalerite
(ZnS) were hand selected or removed via a dremel drill, crushed with a mortar and pestle, and
placed in glass vials. This was done with the aid of binocular scopes to ensure purity and limit
contamination. Additionally, sedimentary pyrite from the Prichard Fm. was identified and
removed via the same processes. However there was no mineral pair associated with
metasedimentary pyrite. Sulfur isotope analysis was performed by Dr. Simon Poulson at the
Nevada Stable Isotope Laboratory at the University of Nevada Reno. The samples were prepared
following the method of Giesemann et al. (1994) and analyzed for S-isotopes using a dual inlet
Micromass IsoPrime stable isotope ratio mass spectrometer. Data are reported as δ34S VCDT
(‰) (per mil sulfur34) in reference to the Vienna Canyon Diablo Troilite isotopic standard and
have a laboratory uncertainty of ± 0.1 ‰.
Oxygen Isotopes
Minerals for oxygen isotope analysis were selected from various sources including the
NJMC open pit and underground cuts, NJMC drill core and from dumps. Samples were selected
from quartz and scheelite ore at the Golden Chest and from other igneous sources within the
district. Binocular scopes and X-ray diffraction were utilized to ensure purity of quartz (SiO2)
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and scheelite (CaWO4) while hand picking through samples. The samples were then washed with
soap and water, to remove dust and then oven dried. Fragments of pure quartz or scheelite about
1 mm in diameter were placed in glass vials. The samples were sent to the laboratory of Dr. Ilya
Bindeman at the University of Oregon and were analyzed for δ18O using a 35W CO2 laser
fluorination line coupled with a MAT 253 10 kV gas source isotope ratio mass spectrometer
(IRMS) using purified BrF5 reagent, following the methods of Loewen and Bindeman (2015).
All values for δ18O are referenced to Vienna Standard Mean Ocean Water (VSMOW) and have
an analytical uncertainty of ±0.1‰ based on replicate analyses.
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3. Results
3.1.

Field Mapping and Structure
Vein Assemblages

Several different vein assemblages at the Golden Chest have been recognized. The early
workers recognized “bedding veins” and “shear veins”. The bedding veins tend to be subparallel
chaotic units that have undergone periods of deformation of folding and offset. The bedding
veins occupy open space and can be described as fissure veins. Shear veins occupy fault planes
and increase in size at dilational jogs, and tend to be more consistent and continuous. A shear
vein can be seen in Figure 7 as it occupies the space directly under the Idaho Fault between two
units in the Prichard Formation. This is the main orebody currently being mined in the Idaho pit
and occurs directly under black-brown fault gouge.

Figure 7: The NJMC open pit with Idaho Vein and Fault, looking north
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Mineralization exists as bedding-parallel veins and fault filling veins that thicken into
zones of dilation along the footwall and as sheared high grade bedding-parallel veins in the
hanging wall above the Idaho Fault. Additional textural descriptions have been created by NJMC
geologists to describe variations in the veins, such as: massive quartz vein (QVM), brecciated
quartz vein (QVBx) and banded quartz vein (QVB). Figure 8 shows a brecciated quartz vein
(QVBx) which contains quartz clasts and a crackle breccia texture filled with a chlorite, sericite
and quartz matrix. Disseminated pyrite can be seen in quartz clasts whereas galena lies within the
vein-matrix material. The QVBx often is exposed near the footwall contact of the Idaho Vein,
underneath the Idaho Fault (hanging wall contact of the Idaho Vein) or in the margins along rake
of “ore shoots” where the vein has anastomosed, swelled and finally cracked. Several varieties
of QVBx, were observed and reflect the degree of wallrock incorporated into the matrix. Figure
9A shows QVBx which contains a sheared hematite-goethite quartz cement with quartz vein
clasts. Figure 9B displays a biotite-chlorite matrix in a poorly-cemented fault rock found near
the Idaho Fault zone. The matrix is created by the shearing and brittle fracturing of argillite from
Unit H of the Prichard Formation with quartz vein material forming the clasts.
In Figure 10A, the quartz is milky and opaque with poor crystal structure. At least two
generations of quartz can be observed, with early milky white quartz (labeled 1) and grey, more
translucent, later quartz (labeled 2). The later generation of quartz generally forms more
transparent, euhedral crystals and veinlets along vugs, selvages and margins. Unoccupied open
space and vugs are present in late quartz. vein material. This type of vein constitutes the majority
of the ore mined at the Golden Chest and particularly of the open pit. Plate B shows a high grade
sample. Sphalerite (dark grey), chalcopyrite (yellow), pyrite (bronze), and galena occur as inter-
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5 cm
Figure 8: Brecciated Quartz Vein (QVBx) with sericite, chlorite and quartz in matrix.
Disseminated sulfides of galena and pyrite.

Figure 9: Two varieties of QVBx breccia. A- hematite-goethite-quartz breccia with quartz vein clasts;
B- Biotite-chlorite breccia with quartz vein clasts.
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Pyrite
Galena
Chalcopyrite
Sphalerite

Figure 10: A) early massive quartz cut by veinlets of translucent later quartz; B) high grade massive quartz

grown masses that are often disseminated or aligned in weak bands. Plate B shows typical high
grade QVM material from the Golden Chest. Figure 11 displays a banded quartz vein with dark
grey to black partings. The partings or bands tend to be fine grained sulfides including pyrite,
arsenopyrite, and galena with phyllosilicates such as biotite and chlorite. This type of vein tends
to be high in gold and often occurs as bedding parallel veins in the hanging wall of the main
Idaho Fault or along the Idaho vein within the ore shoots directly below the Idaho Fault.
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Figure 12: Banded vein of the Klondike Shoot (941 level)

Scheelite locally occurs as tan-colored pods or stringers in milky quartz (Figure 12).
These pods are often found within the foot wall veins of the Katie Dora and Klondike areas (see
map in Figure 14) and fluoresce strongly when UV light is shined upon them, turning a blueishwhite. In the photo of Figure 12, the scheelite and associated quartz masses display a duplex
geometry indicating a right-lateral (or thrust) sense of shear. Scheelite rarely contains sulfide
minerals or gold, and is being stockpiled by the current operators for future milling. Historically,
a small tonnage of scheelite was mined from the Golden Chest.
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Figure 13: Massive quartz vein with tan scheelite pods. Foot wall vein in unit H of the Prichard Formation.
Arrows show sense of shear; Photo Credit C. Gammons

Multiple vein types often exist in the same excavation or exposure. Additionally several
types of deformation also exist. Consider Figure 13 where a zone of brecciated quartz (QVBx) is
found immediately below the Idaho fault and is underlain by multiple generations of banded
veins and some massive quartz veins (QVM). Additionally, deformed (folded) quartzite and
siltite/argillite occur together suggesting brecciation of the Prichard Fm. along the Idaho Fault.
Overall the textures are consistent with the vein having formed in the brittle-ductile transition.

Ore Shoot Model
The ore shoot model was first applied to the CdA silver mines, where ore bodies were
found to be most continuous in shoots down the pitch or rake of veins, oblique to strike and dip
of the veins. The ore shoot mineralization is parallel to metamorphic shears that occur near and
around mineralized trends. A similar (brittle-ductile) structure and associated mineralization can
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Figure 14: Underground photo of Idaho Vein with different vein types shown. View is to the north. Photo
credit NJMC

be noticed at the Golden Chest (Rob Morgan, personal commun., 2018). NJMC has recognized
and delineated several ore shoots from core drilling and interpretation of historical mining
records. These shoots show greater vertical continuity down the pitch or rake of the vein and less
continuity along strike. The ore shoots are located along the northeast (average N15E) striking
Idaho Fault. These shoots pitch at a N20W azimuth and plunge at 45º NW. The segments of the
veins between the ore shoots are not barren, but nonetheless tend to have a lower grade. A map
in Figure 14 adapted from the Golden Chest 43-101 report (Morgan & Hardy, 2012) and from a
drone survey shows the general geometry of the shoots and surface trace of the Idaho Fault. Most
of the curvature to the trace of the Idaho Fault is due to irregularities in the surface topography.
The open pit excavation and the underground mine workings are plotted on aerial drone survey
and are current as of December 2018.
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Figure 15: The general geometry and trends of ore shoots at the Golden Chest (NJMC 43-101)

Structural Trends
Several pit benches were mapped using Brunton compass and measuring tape. The maps
were hand drawn and digitized in Vulcan against a NJMC aerial drone survey. Equal angle,
lower hemisphere stereonets were created using Dips software from RocScience to summarize
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findings. Additionally a rosette plot was created to show general strike trends (see Appendix).
In the appendix, maps of the Idaho Pit created by the author show orientations of veins, faults
and folds as seen in cross-sectional view. Maps are orientated facing north for the highwall and
facing east for the footwall. A plan view map is also provided in the Appendix.
The footwall mapping exercise showed various structural trends. Bedding in Unit G of
the Prichard Fm. was relatively undeformed towards the east end of the Idaho pit, dipping west
consistently. However, a small recumbent fold was observed in the 1048 bench. Quartz veins
were oriented parallel to sub-parallel to quartzite bedding and were mostly absent when the
lithology transitioned from quartzite to argillite. In the 1042 level a strike slip fault displayed
right to left dilational jogs.
The hanging wall mapping exercise showed that strata above the Idaho Fault underwent
both folding and brittle deformation prior to vein emplacement. Several small N-S synclineanticlines with associated brittle faulting were mapped. Later faults, possibly associated with
mid-Tertiary extension, displace earlier folds. Nearer to the fault, ductile deformation becomes
dominant. Folding opens to the east and contains quartz veins and boudins. N-S trending folds
that open toward the east have been recognized in the CdA and are attributed to deformation
during the Cretaceous-Tertiary and the emplacement of batholiths (Leach et al., 1998).
The following stereonets summarize results of the highwall mapping exercise. Figure
15 displays veins plotted with bedding orientations. Bedding and vein orientations tend to mimic
each other in the open pit. Veins tend to strike NE and dip 45 degrees and shallower to the west.
Bedding also dips to the west but with a wider range of dip angles (77 to 20 degrees) compared
to the veins. The Idaho Vein (green in figure 15) was only plotted once on the stereonet, meaning
the other three orientations were bedding veins or secondary/tertiary vein or boudin structures.
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Figure 16: Equal Area lower hemisphere stereonet with poles and planes plotted from vein and
bedding orientations in the NJMC Idaho Pit

In Figure 16, veins were plotted against axial planes of folds. Axial planes follow a
general north-south orientation, with deviations to the west and east. Several axial planes
correspond to vein orientations and may be analogous to saddle reefs of a larger fold complex.
Lastly, Figure 17 shows faults and joints representing brittle deformation plotted with
veins. A strong correlation with veins and faults is found striking to the northeast and dipping to
the west. A conjugate set of joints to the first group was found dipping to the east and striking to
the NE. Two groups of joint-fault sets were measured steeply dipping and striking to the NWSE and N-S dipping both to the NE and SW. These groups roughly range between the
orientations of the Murray Peak and Thompson Pass Faults. A Rosette plot with all structural
measurements can be seen in the appendix.
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Figure 17: Equal Area lower hemisphere stereonet with poles and planes plotted from vein
and fold orientations in the NJMC Idaho Pit

A correlation between brittle structure (Idaho Fault and other faults) with ductile features
such as the west limb and axial plane of NW-SE trending fold sets is observed. The explanation
is likely due to mineralization favoring bedding planes along the limbs and noses of folds, but
also with some later control by brittle structures. The apparent vein formation in both brittle and
ductile modes implies that the veins formed relatively deep, i.e., near the brittle-ductile
transition. It is also possible that more than one generation of veining is present. As well, the
timing of quartz veining and gold mineralization is not necessarily coincident.
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Figure 18: Equal Area lower hemisphere stereonet with poles and planes plotted from vein and
fault/joint orientations in the NJMC Idaho Pit

3.2.

Paragenesis

The following section discusses the mineralogy and paragenesis of ore and gangue
minerals at the Golden Chest Mine. Table 1 presents a summary of the paragenesis based on
observations from microscopy, field observations, historical data and NJMC drilling information.
The various minerals have been assigned to 5 different stages, including diagenesis of the
Prichard Formation, Proterozoic deformation/metamorphism, two stages of hydrothermal
mineralization, alteration minerals associated with emplacement of monzonite and lamprophyre
dikes, and supergene alteration. It should be noted that at least five geological events could have
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created greenschist metamorphism: 1) Mesoproterozoic diagenesis associated with burial of Belt
sediments up to 15 km deep with associated emplacement of mafic dikes and sills; 2) the
Kootenay Orogeny 1300-1350 Ma; 3) The Grenville Orogeny 1000-1200 Ma; 4) the Goat River
Orogeny 800 Ma; and 5) Emplacement of intrusive bodies in the late Cretaceous and Tertiary
(75-48 Ma). In Table 1, some minerals are dashed because they were not found in this study
(tetrahedrite) or because it was difficult to determine timing relationships.

Table I: The results of the paragenetic study.
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Diagenesis
The first mineral-forming event was diagenesis. During burial an abundance of cubic
pyrite (up to 3 mm in diameter) was formed in a reduced environment of the black shales of the
Prichard Fm. Additionally a lesser quantity of pyrrhotite (not observed in this study, but noted in
drill logs) formed through a similar diagenetic process. Feldspars and clays were transformed to
assemblages approaching greenschist mineral assemblages dominated by chlorite, biotite and
quartz during burial as well as intrusion of diabase sills into the Prichard Fm. Although SEDEXstyle Ag-Pb-Zn-Cu massive sulfides exist in the Prichard/Aldridge formations elsewhere in the
Belt-Purcell basin, no mineralization of this type has been recognized in the Murray District.
Proterozoic metamorphism
Greenschist metamorphism during the late Proterozoic is widely recognized (e.g., Leach
et al., 1998) and may have accompanied NW-SE folding in the region. This metamorphism
could also have helped convert some pyrite to pyrrhotite. Feldspars and clays were transformed
to greenschist mineral assemblages dominated by chlorite, biotite and quartz. Sedimentary
tungsten-bearing rutile (not observed but found in Cressman, 1989) was broken down to titanite
allowing for the tungsten to become available, allowing for the formation of scheelite. These
metamorphic and/or mineralizing events could have occurred during the East Kootenay Orogeny
(1350-1300 Ma), the Grenville Orogeny (1000-1200 Ma), and/or the Goat River Orogeny (800
Ma to 760 Ma) (Lund et al., 2007).
Hydrothermal Mineralization (Stage I)
Stage 1 represents early vein formation and deposition of ore and gangue minerals and
can be broadly related to a first stage of hydrothermal mineralization. Most of the milky quartz
was formed during this stage. Apatite, magnetite and titanite which were found in the altered
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wall rock and with intrusions is associated with this hydrothermal stage which overlaps with the
timing of Gem Stock emplacement near 110 Ma (Fleck, 2007). Carbonate minerals and the
tungsten mineral scheelite occur with the formation of the bulk of the quartz. In polished
sections, hydrothermal pyrite and arsenopyrite are observed as the earliest sulfides emplaced.
Several types of pyrite are observed, such as finely disseminated, clotty and matted. Most
sulfides cross-cut or displace pyrite in hand sample or in microscopy. The ubiquity of galena and
sphalerite suggests that they formed during stage 1 but also later on in the sequence.
Arsenopyrite was observed being replaced in banded and bedding veins by galena, meaning it
must have formed during the first stage. Potassium feldspar (adularia) occurs as a gangue
mineral that is widespread in Stage 1: it is observed as inclusions in sulfides, which must mean
that the sulfides formed later than the feldspar grains.
Hydrothermal Mineralization and Precious Metal Formation (Stage II)
Stage 2 is characterized by the precious metal ore formation. Native gold and electrum
have been observed as the final metals deposited, often displacing pyrite and galena. The
ubiquity of galena and chalcopyrite with gold suggests that they are at least partially formed in
stage 2. Galena often crosscuts everything except for gold. Often it is inter-grown with gold
mineralization and later than chalcopyrite. Covellite was observed replacing chalcopyrite in one
sample. The covellite was interpreted to be late stage 2 by the author, but could also be a
product of late supergene alteration (J. Etienne, pers. comm., 2019). Tetrahedrite (not observed
in this study) is assumed to have formed during the precious metals stage based on its
documented affinity with silver in the veins of the CdA district. Some potassium feldspar
(adularia) was observed inter-grown with gold and galena, suggesting the adularia is also
associated with the precious metal mineralization.
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Lamprophyre Emplacement
Intrusions of lamprophyre magma produced the last stage of mineralizing fluids. This is
represented by the lamprophyre phase. Hematite (both specular and earthy varieties) are
observed replacing albite and interpreted as a late mineral stage. Calcite veining and flooding
accompanying lamprophyre emplacement has been mapped by Juniper geologists with
accompanying lamprophyre stages. Further information on the mineralogy of the dikes at
Golden Chest can be found in Section 3.3.4.
Supergene Enrichment
Supergene enrichment was not observed in this report. Historic reports mention higher
grade gold at the surface and lower grade gold at depth (Shenon, 1938). However, this does not
necessarily mean that the higher gold grades were caused by chemical enrichment: the grades
may have simply changed along strike and dip of the vein prior to weathering. Some oxidation
was observed along the vein in the open pit cut. Sulfides were breaking down to iron and
manganese oxides, and the fault gouge along the Idaho Fault was altered to hematite and clay.

3.3.

Mineralogy
Ore Microscopy
3.3.1.1.

Gold and Ore Minerals

A set of gold-rich samples was examined using reflective light microscopy. The gold
grains vary in size (< 1 to > 100 Pm), but typically are easy to identify in polished sections. A
strong correlation with galena was observed in most samples with positive gold identification
(Figs. 18, 19). Commonly, galena and gold are found along fractures and cracks cutting pyrite
and milky quartz. This also corresponds with observations made by NJMC and Juniper
geologists. Figure 18 shows a cluster of gold grains in a quartz vein with galena. Figure 19
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shows gold filling fractures in pyrite. Gold can be seen replacing galena, while galena and lesser
chalcopyrite can be seen filling fractures of earlier pyrite.

Figure 19: Photo of gold rich ore, 1030 level of the open pit. The gangue is massive quartz vein.
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Figure 20: Photos are from Katie Dora vein in the 965 level. Pale yellow mineral in all photos is pyrite;
cpy=chalcopyrite; g = gold; qtz = quartz; gal = galena; sph = sphalerite. Scale bar is 100 Pm in all pictures.

Not all gold occurred with galena. Figure 20 shows gold grains of up to 60 Pm that are
not associated with galena. These gold grains tend to occupy fractures and selvages of earlier
quartz and pyrite. Several gold grains are shown (Fig. 20 I and K) encapsulated by chalcopyrite.
Calcite is also an accessory gangue mineral in this figure.
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Figure 21: Photos are from the Popcorn vein (Klondike), and show lesser galena and gold association. . Pale
yellow mineral in all photos is pyrite; cpy=chalcopyrite; g = gold; qtz = quartz; gal = galena. Scale bar is 100
Pm in all pictures.

Electrum is defined as any naturally occurring Au-Ag alloy with a composition between
20 and 80 wt% Au. In this study, gold has been shown to occur as electrum or as native gold and
can vary between a 50-50 Au-Ag weight percent ratio to nearly 90-10 weight percent ratio. In
total, 35 analyses of Au-Ag grains obtained using SEM-EDS produced an average composition
of 74 wt% Au. The samples containing gold were collected from the Katie Dora, the Klondike,
the open pit (Golden Chest Shoot) and the 851 level (Skookum Shoot). Gold rich samples were
found in QVB and QVM. The results, given in weight percent, are highlighted in table II and
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Figure 21-B. Zoning in gold composition at the scale of the mine does not seem to exist.
Instead, gold grains with a wide variation in chemistry can be found in a single thin section
(Figure 21A). Some of the variation in gold composition could be due to supergene alteration.
Additionally gold was found with a distinctive mineral assemblage. Figure 22-A
displays hydrothermal potassium feldspar inclusions within an electrum matrix. It is also shown
intergrown with sphalerite and galena. Iron ratios were determined in SEM-EDS for 13 separate
analyses of sphalerite. The average Fe content found in this study was 0.81±0.42 wt % not
considering an outlier of 3.32 wt% sphalerite (Table III).

A

B

Figure 22: SEM-EDS image of gold and electrum ratios in weight percent. Sample from the Popcorn vein of
the Klondike ore shoot. The graph shows the distribution of gold and electrum.
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Table II Analyses of Gold and Electrum grains through EDS
Table III : Fe-Zn ratios in Sphalerite

Electrum/Gold Ratios
Grain
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
avg elec
std elec
Gold
gold std
average
std

Au Wt%
71.9
70.79
71.01
71.67
72.79
71.87
72.48
74.07
72.71
72.16
72.4
72.76
75.88
78.7
76.5
80.34
77.73
88.14
86.79
87.85
62.12
89.69
84.67
88.46
88.35
80.06
86.31
63.44
78.6
88.5
88.63
88.95
60.43
88.33
89.46
72.00
4.98
86.97
3.03
78.42
8.61

Ag Wt%
28.1
29.21
28.99
28.33
27.21
28.13
27.52
25.93
27.29
27.84
27.6
28.24
24.12
21.3
23.55
19.66
22.27
11.86
13.21
12.15
37.88
10.31
15.33
11.54
11.65
19.94
13.69
36.56
21.4
11.5
11.37
11.05
39.57
11.67
10.54
28.05
4.97
13.03
3.03
21.61
8.63

Aprox Grain Size

Pm)
100
35
60
50
35
50
45
25
40
75
50
40
250
150
50
25
15
25
30
30
50
30
20
20
50
45
35
20
25
50
45
35
40
30
15
60.25
53.94
32.33
11.00
48.29
43.27

Iron Ratios in Sphalerite
Analysis No. Fe wt%
1
0.87
2
0.86
3
0.69
4
0.92
5
0
6
0
7
1.22
8
1.37
9
0.72
10
1.14
11
0.93
12
1.05
13
3.32
Average
0.81
Std
0.428028

Element
Zn wt%
64.73
64.32
67.12
67.63
68.4
68.71
66.29
66.39
67.4
67.08
69.67
69.32
66.52
67.26
1.662536

S wt%
30.03
30.1
32.19
31.44
31.6
31.29
32.49
32.24
31.88
31.78
29.4
29.63
30.16
31.17
1.08816
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Several other sulfides were found in mineralized samples such as covellite with
chalcopyrite in Figure 22b. The covellite displayed strong anisotropy under polarized light.
Figure 22d shows arsenopyrite with galena in a banded quartz vein sample that assayed highly
but in which no gold was identified.

Figure 23: Plate A: Electrum with potassium feldspar (K-spar) inclusions. Covellite and chalcopyrite in Plate
B. Plate C: shows later K-spar (stained with cobaltinitrite) open space filling quartz and pyrite in transmitted
light. Plate D: Arsenopyrite with galena. cpy= chalcopyrite, cov=covellite, elec=electrum, gal=galena, Kspar= potassium feldspar, qtz=quartz. Plates A and B= 200 Pm scale. Plate C= 500 Pm scale. Plate D = 10 Pm
scale
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Wallrock Alteration
Most veins have some alteration associated with them. However, alteration is not zoned
nor pervasive and is only present about a meter (1-3 feet) from the vein. Chlorite/biotite,
ankerite, sericite, potassium feldspar and silicic hydrothermal alteration minerals were observed
in place at the outcrop, as a hand sample or under transmitted light or SEM. Figure 23 (left
photo) shows hydrothermally-altered argillite which is composed of mostly quartz, ankerite, and
sericite. Disseminated zircon and apatite are also found. The ankerite is Fe- and Mg- rich, Mnpoor, and in some instances could be considered a ferroan-dolomite. Chloritic alteration occurs
as a widespread alteration and occupies selvages of veins and matrix of breccia. Chloritic
alteration differs from diagenetic chlorite as it occurs as pervasive mats near veins. Chlorite and
biotite are the minerals that make up the gouge assemblage of the Idaho Fault. Carbonates and
pyrite were often observed with these minerals as part of a propylitic alteration assemblage.

Figure 24: Wall rock alteration mineral assemblage near a scheelite + quartz vein.

Silicification occurs as flooding in the footwall. Silica veining anastomoses, displaces
along the bedding planes, and floods interstitial lattices of the footwall meta-sediments. Sericite
alteration is widespread and pervasive as fine-grains (Figure 23 right photo), or along crack-seal
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textures with quartz (Figure 24). However, sericite can also be found as a coarse grained mineral
within hand samples like in figure 25. Sericite from the rock in Figure 25 has been submitted to
the University of New Mexico geochronology lab for 40Ar-39Ar dating, but results were not
available at the time of this writing.

Figure 25: Sericite filling crack-seal partings in a quartz vein (transmitted light). Opaque mineral is pyrite.

Sericite

Chlorite
Figure 26: Chlorite with sericite in footwall rock. Sample and photo courtesy of NJMC open pit level 1015
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Intrusions
Four different intrusions from the Golden Chest and other NJMC properties in the
Murray area were analyzed with the SEM. Several of the intrusions were fault bounded
rendering the determination of crosscutting relationships difficult from field work. All intrusions
in this study were replaced by hydrothermal alteration assemblages, yielding name classification
based on mineralogy difficult.
The first intrusion was intercepted by NJMC drilling in hole GC12-107 at 79.45-106.7 m.
True thickness of the dike is not known. The dike (Fig. 26) was originally described in hand
sample by NJMC geologists as a “mafic monzonite”. Potassium feldspar, calcite and quartz
veinlets cut the dike. A one meter banded quartz vein assayed at 48 gram per ton was found
directly above the dike, but no gold mineralization in the dike was found in this study. The SEM
image (Fig. 26) shows intergrown Mg-biotite (phlogopite), quartz, diopside, K-feldspar,
magnetite, and apatite.
Two hydrothermally altered, fault-bounded dikes were intercepted along strike of the
Idaho vein in NJMC’s drilling campaign. Figure 27 shows a hand sample (GC18-176 (60 m))
and SEM image of one of these dikes. The dike appears to have biotite phenocrysts in hand
sample with a dark grey green matrix with minor sulfide. Under the SEM, the mafic phenocrysts
are seen to be entirely replaced by chlorite. The matrix of the rock is a mix of fine-grained
chlorite and phlogopite/biotite, with disseminated grains of euhedral pyrite, rutile, barite, and
chromite. One grain of pyrite with 3 wt% Ni surrounded a small grain of galena. Quartz was
identified by SEM but had a ragged, anhedral appearance and may be secondary. Additional
SEM photos of this rock can be found in the Appendix.
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A

B

Figure 27: Dioritic (monzonite) dike hand sample (above) scale is in inches with
annotated SEM-EDS image (below).
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A

B
Figure 28: Hand sample of altered mafic intrusion; B- SEM/EDS image of
alteration assemblage and mineralization.
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Another, more felsic dike was intercepted in drillhole GC18-176 (114.8 m) and displayed
a different hydrothermal alteration scheme (Fig. 28). This dike contained phenocrysts of Kfeldspar as well as abundant quartz. Ilmenite, apatite (not pictured) and epidote were observed;
ilmenite and apatite were likely primary accessory mineral whereas epidote is a secondary
mineral. Ilmenite lined a vein of secondary, ferroan dolomite suggesting an additional input
from a hydrothermal origin or a two stage intrusion commonly found in lamprophyric magmas.
The ilmenite was associated with another phase that was very bright under the SEM-BSE. This
phase is tentatively identified as synchesite, a Ca-REE-F-CO3 mineral. The synchesite was
enriched in the light rare earth elements cerium, lanthanum, and neodymium.
The last dike examined from the Murray area was also highly altered. The hand sample
from another NJMC property (Figure 29) displays veinlets of carbonate and specular hematite
along with other miscellaneous oxides. Distinct inter-locking plagioclase crystals dominate the
sample, with a fine grained mafic matrix. The SEM imagery (Figure 29) supports the field
observations. Tabular albite laths are intergrown with and surrounded by a biotite-chlorite
matrix. The latter likely occurred as a hydrothermal replacement. Tartan twinning, probably from
relict albite is replaced by Ti-rich magnetite, an iron oxide and ilmenite. This sample is possibly
an altered lamprophyre, where hornblende has been replaced by biotite and chlorite.
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B

Figure 29: A- Hand sample of felsic dike. B- SEM-EDS imagery of primary quartz
(Qtz), and potassium feldspar (K-spar) with TiO2 and REE-Carbonates
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B

Figure 30: Hand sample and SEM photo of albite-rich, hydrothermally
altered dike
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3.4.

Fluid Inclusions

The majority of fluid inclusions were found in quartz and scheelite. These were gathered
from the open pit cut on the 1027, 1024 and 1021 levels and from material found in the north
portal. Many samples of quartz were cut to find inclusions, but the vast majority of the material
contained fluid inclusions that were much too small for microthermometric work. However,
inclusions from the later quartz in the paragenesis were large enough and the clarity was good
enough to perform analysis. Late quartz was found crosscutting milky quartz or forming euhedral
crystals in open space fractures and vein selvages. Fluid inclusions in scheelite are thought to be
primary and similar in the paragenetic sequence to the earlier quartz with which the scheelite is
associated. Scheelite inclusions were too small for freezing runs, although accurate
homogenization data were obtained.
Quartz fluid inclusions ranged from 6 Pm to 75 Pm in diameter and displayed a range of
shapes, many being highly irregular, as in Figure 30-A. The majority of the fluid inclusions
were water-rich with small vapor bubbles, although some inclusions with higher bubble volumes
were also found (Fig. 30-B). Inclusions in scheelite were all water rich and quite small (up to 16
Pm). Final homogenization temperatures, from all vein material (quartz and scheelite) ranged
between 120 and 250ºC and averaged 195 ± 45ºC.
Freezing runs did not show much range in the melting temperatures and produced values
of -0.5 to 0.0ºC and averaged -0.15 ± 0.15ºC. A histogram of the homogenization temperatures
and ice-melting temperatures can be viewed in Figure 31.
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Figure 31: Fluid Inclusion photomicrographs from quartz

Figure 31: Fluid inclusion data for homogenization (Th) and ice-melting temperatures (Tm).
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3.5.

Stable Isotopes
Lead Isotopes

Although no new lead isotope data were gathered in this thesis, a compilation of leadisotope data from a large number of locations in NW Montana and the Idaho Panhandle is
included in the Appendix. These data include previously published results from Zartman &
Stacey (1971), Marvin & Zartman (1984), Beaudoin (1997), Leach et al. (1998), Chiaradia et al.
(2003), and Gillerman et al. (2016). Together, the data span a large variety of deposit types,
including the Sullivan SEDEX deposit, the Troy Cu-Ag deposit, the CdA Ag-Pb-Zn deposits, as
well as several gold-rich veins including the Golden Chest, the Bear Gulch, Butte Gulch, and
Toboggan prospects of the Summit and Eagle districts and the Coleman gold-rich vein of the
CdA district. The Pb-isotope data are discussed in a later section (4.2.2).
Sulfur Isotopes
20 samples were gathered and identified for use in sulfur isotopes analysis, including 7
pairs from veins and two other non-paired (metasedimentary sourced) samples. A more detailed
description of each sample is available in the appendix. Figure 32 and Table IV show the
distribution of sulfur isotopic composition of vein pyrite, galena and sphalerite as well as
diagenetic pyrite. Vein pyrite δ34S values varied from 3.7 to 6.1 ‰ and averaged 4.9 ± 0.9 ‰.
Sedimentary pyrite was slightly heavier, in the range of 7.1 to 9.4 ‰. Galena showed the highest
range in composition from -0.1 to 4.4‰, with an average of 1.7 ± 1.6 ‰. A single sample of
sphalerite gave a δ34S value of 4.6 ‰.
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Figure 32: Distribution of sulfur isotopes from the Golden Chest

Table IV: Sulfur isotope results

Sulfur Isotopes
GC-1
GC-2
GC-3
GC-4
GC-5
GC-6
GC-7
GC-8
GC-9
GC-10
GC-11gn
GC-11py
GC-12gn
GC-12py
GC-13gn
GC-13py

Vein Pyrite
Vein Galena
Vein Galena
Vein Pyrite
Sed Pyrite
Sed Pyrite
Vein Pyrite
Vein Galena
Vein Pyrite
Vein Sphalerite
Vein Galena
Vein Pyrite
Vein Galena
Vein Pyrite
Vein Galena
Vein Pyrite

Sample
Location
851 UG
851 UG
Popcorn Vein
Popcorn Vein
Dump
1027 Pit Level
1027 Pit Level
1027 Pit Level
851 UG
851 UG
1024 Pit Level
1024 Pit Level
851 UG
851 UG
1030 Pit Level
1030 Pit Level

Pair?
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

G34S (‰)
5
1.4
-0.1
6.1
9.4
7.1
5.5
4.4
4.2
4.6
3.1
6
0.9
4
0.9
3.7
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Oxygen Isotopes
Oxygen isotope analyses were completed on quartz and scheelite veins from the Golden
Chest and for vein quartz from the Giant Ledge prospect in the Gem Stocks. The results for
quartz from the Golden Chest showed a range from 11.6‰ to 14.7‰ (average of 13.5 ± 1.2 ‰),
compared to 12.8 ‰ for quartz from Giant Ledge. Scheelite from the Golden Chest was
isotopically much lighter than coexisting quartz, with two samples giving values of +6.0 ‰ and
+7.0‰. Values for G18O of quartz and scheelite are found in Table V.

Table V: Oxygen isotope data

GC1
GC2
GC3
GC4
GC5
GC6
GC7
avg
Std dev
GC8

G18O, ‰
Qtz
Scheelite
14.6
5.96
14.7
7.03
14.7
13.7
11.6
12.1
14
13.6
1.3
12.8

Location
Golden Chest
851 UG
Golden Chest
851 UG
Golden Chest
Massive Qtz
Golden Chest
Jumbo Vein
Golden Chest
1027 Pit Level
Golden Chest
941 UG
Golden Chest
Massive Qtz

Gem Stocks

Giant Ledge
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4. Discussion
4.1.

Physical and Chemical Conditions of Vein Formation
Temperature of Vein Formation

Based on homogenization temperatures of fluid inclusions in quartz and scheelite, the
minimum temperature of formation of vein minerals at the Golden Chest ranged from 126 to
281ºC.However, many of the lower Th values came from a late generation of quartz. Also, the
Th data may need to be corrected for pressure (see below).
An independent measure of the temperature of formation of the veins is provided by
stable isotope geothermometry. The basic approach is to measure the difference in isotopic
composition of two minerals in the same vein. This difference (or “separation”) is then used to
compute a temperature based on the isotope-fractionation factors found in the literature.
Equilibrium fractionation factors (1000 ln α) for pyrite-sphalerite (Equation 1) and pyrite-galena
(Equation 2) were provided from Kajiwra & Krouse (1971) where T in both equations is in
Kelvin:

  ࢎ࢙ି࢟ߙ ܖܔൌ Ǥ 

  ࢍି࢟ࢻ ܖܔൌ Ǥ 


ࢀ


ࢀ



(1)

(2)

Equations 1 and 2 are valid for temperatures from 250 to 600ºC and assume that sulfide minerals
formed at equilibrium from the same fluid. As a first approximation, it is assumed that two
minerals are in equilibrium if they exist in close proximity in the same vein. However, this is not
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always true, as is explored below. Applying the above reactions to the isotope data collected in
this thesis gives the temperature estimates summarized in Table VI.

Table VI: Results ofG34S geothermometry. Samples in parenthesis contains error

Sample ID, pairs
GC-1py, GC-2gn
GC-3gn, GC-4py
GC-7py, GC-8gn
GC-9py, GC10sp
GC-11gn, GC11py
GC-12gn, GC-12py
GC-13gn, GC-13py
Average of valid
temperatures

Mineral Pair
Pyrite-Galena
Pyrite-Galena
Pyrite-Galena
Pyrite-Sphalerite
Pyrite-Galena
Pyrite-Galena
Pyrite-Galena

G34S
separation, ‰

Calculated
temp, ºC

3.6
6.2
1.1
0.4
2.9
3.1
2.8

279
(148)
(726)
(592)
342
322
353
324

The data in Table VI show a large range in computed temperatures of formation and
several errors and explanations can explain this large apparent range. For two reasons pyritesphalerite pairs have a large error: 1) the equilibrium isotopic separation between pyrite and
sphalerite is small (e.g., only 0.9‰ at 300ºC) and 2) the isotopic separation between pyrite and
sphalerite changes very little with temperature (See Figure 33). Taking into account an
analytical uncertainty of ±0.1‰, temperatures computed with equation 1 have an uncertainty of
more than 100ºC. By contrast, the equilibrium S-isotope separation between pyrite and galena is
much greater and has a steeper temperature dependence. This makes pyrite-galena more useful
for S-isotope geothermometry. However, erroneous results can still be obtained if the
assumption of equilibrium is not satisfied.
Referring back to Table VI, computed temperatures for 4 of the pyrite-galena pairs gave
consistent results in the range of 279 to 353ºC, whereas one pair gave a very low temperature of
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148ºC, and another an unrealistically high value of 726º. The outlying data points can be
attributed to 1) impure mineral separates, or 2) isotopic disequilibrium between pyrite and
galena. The first explanation could arise if the sulfide minerals separated under the microscope
contained small inclusions of each other, or of other S-bearing minerals. The second explanation
is easy to imagine if pyrite from an early generation coexists with galena from a later
hydrothermal phase, or vice versa. Discarding the outlying data, the 4 mineral pairs in good
agreement give an average temperature of formation of 324±28ºC.

Figure 33: The S isotope enrichment factors for common S-species (from Ohmoto and Goldhaber, 1997). Red
box shows the range in temperature estimated in this study from pyrite-galena pairs.
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Stable isotopes of oxygen can also be used as a geothermometer for coexisting quartz and
scheelite. However, the only two previous studies that have published O-fractionation factors for
scheelite are in disagreement. Zheng (1992) used the modified increment methods and
developed the following regression:
 ࡻࢃࢇࢻ ܖܔିࡴ ൌ

Ǥૢૢൈ 
ሺࢀιࡷሻ



(3)

 െૠǤ  ሺࢀιࡷሻ  Ǥ ૢ

In an earlier study, Wesolowski and Ohmoto (1986) used a separate theoretical method to
determine scheelite-H2O fractionation factors, and compared their O-isotope regression to
temperature estimates based on fluid inclusion studies. The equation obtained by Wesolowski
and Ohmoto is as follows:
 ࡻࢃࢇࢇ ܖܔିࡴ ൌ

Ǥૢൈ 
ሺࢀιࡷሻ

 െ Ǥ87

(4)

To convert from scheelite-H2O to quartz-scheelite, values of 1000 ln α computed by either
equations 3 or 4 must be combined with the well-known isotopic fractionation factor between
quartz and water (Zheng, 1993):
 ࡴିࢠ࢚ࢻ ܖܔࡻ ൌ Ǥ ૡ
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(5)

The results, summarized in Table VII, show that the estimated temperatures of formation based
on the regression of Wesolowski and Ohmoto (1986) are about 170ºC higher than those based on
the regression of Zheng (1992). The latter estimates of 145 to 182ºC are believed to be too low
based on the mineral assemblages, and vein textures (e.g., evidence for both brittle and ductile
mode of emplacement) at the Golden Chest. On the other hand, the W&O regression gives an
average temperature of 332ºC, which is in excellent agreement with the results of this study
based on S-isotope geothermometry.
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Table VII: Results of O-isotope geothermometry

G18O, ‰
GC1
GC2
average

Qtz
14.6
14.7
14.65

Scheelite
5.96
7.03
6.50

Estimated temperature, ºC
Qtz-CaWO4
8.64
7.67
8.16

W&O (1986)
306
357
332

Zheng (1992)
(145)
(182)

Pressure and Depth of Vein Formation
By combining the results of fluid inclusion heating runs with the independent temperature
estimates based on stable isotope geothermometry, it is possible to constrain the pressure and
depth of vein formation at the Golden Chest. Figure 34 shows a phase diagram for pure water
(from Fisher, 1976) as a function of pressure and temperature. A pure water diagram was
selected based upon the low salinity values found in this study. As stated in a previous section,
the average fluid inclusion homogenization temperature was 195±45ºC. This range in Th
corresponds to a fluid density of about 0.8 to 0.9 g/cm3. If it assumed that the temperatures
obtained from isotope thermometry are closer to the true temperatures of formation of the veins
at the Golden Chest, then pressure of trapping can be estimated by the intersection of the fluid
inclusion isochores (blue sloped lines of constant density in Figure 34) with the isotope
temperature estimates (blue vertical lines in Figure 34). This procedure gives pressure estimates
of 1.1 to 3.5 kbar. Assuming a typical lithostatic pressure gradient of 3.5 km per kbar, this
corresponds to depths of formation of 3.8 to 12.2 km. The corresponding depths assuming
hydrostatic pressure (that is, the pressure of a column of water with a density of 0.85 g/cm3) is
calculated to be 13 to 42 km. This estimate comes from the following equation.
ࡼ ൌ ࣋ࢍࢎ

(7)

63
In reality, the pressure that the hydrothermal fluid experienced during vein formation could have
been anywhere between hydrostatic and lithostatic.

Figure 34: Phase diagram for pure water. Sloping blue lines are isochores of constant density (g/cm3). The
diagram is from Fisher (1976).

Chemistry of Ore-Forming Fluids
In freezing runs of fluid inclusion analysis, the temperatures of final ice melting (Tm) of
fluid inclusions in quartz were found to be between 0.1 to -0.5ºC. Using equation 8 from Bodnar
(2003) the salinities correspond to 0 to 0.87 wt% NaCleq:
ΨൌെͳǤͺൈ െሺͲǤͲͶͶʹൈ ʹሻሺͲǤͲͲͲͷͷൈ ͵)

(8)

Due to the small size and poor optics of fluid inclusions found in scheelite, no ice-melting
temperatures could be obtained. Nonetheless, the data available from this study show that the
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vein-forming fluids from the Golden Chest probably contained low salinity. As a result it is
likely that gold was not transported by chloride complexes (AuCl2-), but rather as sulfide
complexes (Au(HS)2- or AuHS) from a hydrothermal fluid with high dissolved hydrogen sulfide
(H2S) (Gammons et al., 1997; Benning and Seward, 1997). The combination of low salinity and
high concentrations of dissolved H2S explains why veins at the Golden Chest are rich in gold but
relatively poor in base metal sulfides (galena, sphalerite, chalcopyrite), and why the overall
Au:Ag ratio at Golden Chest is high (close to 1:1). This is one of the major differences between
the gold deposits of the Murray area compared to the Ag-Pb-Zn deposits of the Coeur d’Alene
district. The fluid inclusion study of Arkadarskiy (2000) found high salinities (9-18 wt% NaCleq)
for fluid inclusions in the silver veins of the CdA.

4.2.

Stable Isotopes
Sulfur Isotopes
The range of δ34S values obtained in this study for sulfide minerals overlaps with sulfide

values at the Motherlode Prospect from the Summit District (Gibson, 1984) as well as sulfide
minerals from some of the larger deposits in the greater Coeur d’Alene district (Arkadakskiy,
2000; Fryklund, 1964; Harris et al., 1981; Yates, 1987) (Table VIII). In this study, all analyses
of hydrothermal sulfide minerals fall between -0.1 to 6.7‰ which is slightly heavier than the
primitive mantle δ34S value of 0.0‰. Values of δ34S obtained in this study for diagenetic pyrite
in unit H of the Prichard formation are somewhat heavier than hydrothermal sulfides from veins.
Other studies (Strauss & Scheiber, 1990, Luebke & Lyons, 2001; Campbell et al., 1978) have
shown a large range in δ34S of sedimentary pyrite and pyrrhotite in the Prichard Fm. (0 to +22‰)
and its equivalents, the Newland Fm. in the Helena Embayment (-14.0 to +18.1‰) and the
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Table VIII: Sulfur isotope data for Summit District, Coeur d’Alene District, and Prichard/Newland.

Mine abbreviations: LF = Lucky Friday; S = Star; GH = Gold Hunter. Mineral abbreviations: tet =
tetrahedrite, py = pyrite, po = pyrrhotite, cp = chalcopyrite, gn = galena
Study

Material analyzed
δ34S ‰
Prichard, Newland, and Aldridge Formations
This Study
Diagenetic Pyrite
+7.1 to +9.4
Strauss & Scheiber, 1990
Diagenetic Pyrite
-14.0 to +18.1
Strauss & Scheiber, 1990
Barite
+13.3 to +18.3
Campbell et al., 1978
Gn, sp, py, po
-10.4 to +4.7
Luebke & Lyons 2001
Pyrite, pyrrhotite
0 to +22
Summit (Murray) District
This Study
Vein Pyrite
+3.7 to +6.7
This Study
Vein Galena
-0.1 to +4.4
This Study
Vein Sphalerite
+4.6
Gibson 1984
Vein Pyrite
+2.3 to +5.4
Gibson 1984
Vein Arsenopyrite
+3.0
Gibson 1984
Disseminated Py
+4.9 to +6.5
Coeur d’Alene District
Arkadakskiy 2000
Vein Sphalerite
+1.7 to +6.6
Arkadakskiy 2000
Vein Galena
+1.2 to +5.1
Arkadakskiy 2000
Vein Tetrahedrite
+1.1 to +5.7
Arkadakskiy 2000
Vein Chalcopyrite
+2.3
Fryklund 1964
Vein Galena
+0.2 to +5.4
Harris, Lange & Krouse 1981
Tetrahedrite
+2.9 to +5.9
Harris, Lange & Krouse 1981
Vein Pyrite
+1.0 to- +5.0
Yates 1987
Tet, py, cp, gn
-5.5 to +13.7

Location
Golden Chest
Sheep Creek
Sheep Creek
Sullivan
Belt Basin
Golden Chest
Golden Chest
Golden Chest
Ophir Mountain
Ophir Mountain
Ophir Mountain
LF, S, GH
LF, S, GH
S, Coeur
Coeur
Star
Sunshine
Sunshine
Galena Mine

Aldridge Fm. at the Sullivan Mine (-10.4 to +4.7‰). This study produced results similar to those
from Luebke and Lyons (2000) which identified three stratigraphic compositions of δ34S in the
Prichard: 18 to +22‰ in the Lower Prichard, 0 to +4‰ in the Middle Prichard, and +10 to +20‰
in the Upper Prichard. The Golden Chest is located in the Upper Prichard and the results of this
study are similar (slightly lighter) than those found by Luebke and Lyons (2001).
The large range of δ34S for sedimentary sulfides in the Belt Basin is attributed to the large
isotopic fractionation that takes place during bacterial sulfate reduction. As discussed by
previous workers (Raiswell, 1997; Lyons et al., 2004) conditions for sulfate reduction were
present in the early Belt ocean due to stagnant, anoxic water conditions. Depending on the
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percentage of the sulfate pool that gets reduced, pyrite formed as a consequence of bacterial
sulfate reduction could be isotopically very light (e.g., < -20‰) or isotopically very heavy (e.g.,
> +20 ‰) (Ohmoto and Rye, 1979).
Despite the fact that pyrite and pyrrhotite in the Belt Basin have a huge range in S-isotope
composition, the hydrothermal (vein) sulfide minerals from the Murray and CdA districts have a
similar and relatively narrow range in δ34S. Possible explanations include: (1) homogenization
of S-isotopes in H2S derived from meta-sedimentary Fe sulfides during regional migration of
hydrothermal fluids; or (2) H2S was sourced from a magmatic-hydrothermal fluid from a large,
isotopically homogenous igneous reservoir. Both of the hypotheses are possible, as is a mixture
of the sedimentary and magmatic fluid sources. Without more information on the G34S of the
“homogenized Belt S” and the “magmatic S”, it is impossible to differentiate between the two
sources at the present time.
Lead Isotopes
The radiogenic isotopes 206Pb, 207Pb, and 208Pb are formed from the decay of 238U, 235U,
and 232Th, respectively, whereas 204Pb is a stable, non-radiogenic isotope. “Model ages” can be
calculated using ratios of radiogenic to non-radiogenic lead. The age that is obtained gives
information on how long it has been since the lead in a given package of rocks was separated
from the U and Th parent isotopes (Stacy and Kramers; 1975; Doe & Zartman 1981). Thus, the
isotopic composition of lead is a function of both geological processes and time. Once separated
from their mantle or crustal source, the Pb isotopes are “locked in”, since all of the isotopes
(masses 204, 206, 207, 208) are stable and undergo minimal fractionation during chemical
reactions. Rocks or minerals that are enriched in non-radiogenic relative to radiogenic Pb
isotopes are said to contain “old” lead. In other words, the lead was separated from U and Th in
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early Earth history, before the radiogenic-Pb isotopes could accumulate. The rocks that contain
the lead are not necessarily “old” but lead found within them is sourced from an “old” reservoir.
Conversely, minerals that are enriched in radiogenic Pb isotopes contain “young lead”, meaning
a relatively short time passed since the Pb was extracted from its source area (Zartman & Doe,
1979).
Figure 35 is an isotope crossplot that summarizes all of the Pb-isotope data in the
appendix. One population is termed “young” because the lead is enriched in radiogenic isotopes,
and one is termed “old” because it is enriched in non-radiogenic isotopes. The “old” vs. “young”
age groupings for lead, first recognized by Zartman and Stacey (1971), have more recently been
used by New Jersey Mining Company as an exploration tool to distinguish between base and
precious metal systems in the region (J. Etienne, pers. comm., 2018). “Old” lead would be
expected to show up in deposits that formed in the Proterozoic, when the Belt sediments were
deposited (e.g., see data in Fig. 35 for the Sullivan and Troy mines). However “old” lead could
also show up in younger hydrothermal deposits if the lead was remobilized from an “old” terrain
enriched in Pb and poor in U and Th. This second scenario could be applied to the CdA
deposits, as well as the base-metal rich veins in the Summit district. Most of the bigger mines in
the CdA district are hosted by the Revett Fm., which also hosts the “Troy-type” stratabound CuAg-(Pb) deposits of northwest Montana. In contrast, the gold-rich veins (Golden Chest,
Buckskin and Coleman) of the Murray and Coeur d’Alene districts contain “young” lead that is
more radiogenic (Figure 35). It should also be noted that some Ag-rich minerals in the CdA
district (e.g., Ag-rich tetrahedrite from the Sunshine Mine) also have young lead isotopes.
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Figure 35: Lead isotopes diagram using published isotope data. Golden Chest, Buckskin, Coleman are
Murray type (Au ± W). See section 1.2.3 for description of Troy, Sullivan and CdA.

More insight into processes leading to specific Pb-isotope signatures can be gained by
looking at a bigger picture. Gaschnig et al. (2010) dated the Idaho Batholith and its associated
lobes using U-Pb geochronology, showing a period of magmatism that lasted 60 Ma. This
included the Atlanta lobe in central Idaho (99-69 Ma), the Bitterroot lobe in north-central Idaho
and western Montana (60-52 Ma) and the Tertiary “Challis intrusions” (43-51 Ma). Additionally
Gaschnig et al. (2011) developed an isotopic model using the geochronology and lead isotope
data. As a result, specific isotopic variations exist that must be explained by mixing from mantle
derived sources which are enriched in 206Pb, 207Pb and 208Pb and crustal sources which are
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depleted in 206Pb, 207Pb and 208Pb (Doe & Zartman, 1975, Gashnig et al. 2011). This
interpretation gives meaning to the two apparent and inconsistent isotopic compositions of lead
for young aged sources found within the CdA and localized Belt Basin district as well as the
Atlanta Lobe and Bitterroot Lobe. Additionally, the lead data for the Giant Ledge prospect, a
galena and chalcopyrite prospect in the 110-118 Ma aged Murray Stocks (northernmost
extension of the Gem Stocks) (Fleck, 2007) must be considered. Figures 36 and 37 display the
lead isotope variations from the mineral deposits (compiled in Appendix) and from Idaho
Batholith lead sources (Zartman and Stacey, 1971; Gaschnig, 2011; Gillerman et al., 2016).

Figure 36: 206Pb/204Pb and 208Pb/204Pb data for the greater CdA and Idaho Batholith. Data from Gillerman et
al. 2016, Gaschnig et al., 2011, Gaschnig et al., 2010, Fleck, 2007, Chiaradia, 2003, Leach et al., 1998,
Beaudoin, 1997, Marvin & Zartman, 1984, Zartman & Stacey, 1971.
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Figure 37: 206Pb/204Pb and 207Pb/204Pb data for the greater CdA and Idaho Batholith. Data from Gillerman et
al. 2016, Gaschnig et al., 2011, Gaschnig et al., 2010, Fleck, 2007, Chiaradia, 2003, Leach et al., 1998,
Beaudoin, 1997, Marvin & Zartman, 1984, Zartman & Stacey, 1971.

Several observations and interpretations can be made from the lead data: 1) the “old” lead
was sourced from a Precambrian resevoir (potentially a Sullivan-or Troy-type deposit) and has
no similarity to any of the Idaho Batholith lead values; 2) the older, Atlanta lobe of the southern
Idaho Batholith is enriched in the“youngest” lead whereas the younger Bitterroot lobe contains
lead that is “older”; and 3) a strong correlation is found between lead in Murray-type gold veins
(including the Golden Chest), the Gem Stocks, and the Bitterroot Lobe of the Idaho Batholith.
The explanation for point #2, above, is that the Bitterroot lobe must have assimilated some “old
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lead” as it intruded up through the Belt-aged Mesoproterozoic sediments and Paleoproterozoic
basement rocks (Gaschnig, 2011). The Pb-isotope composition of the Bitterroot lobe sits in
between that of the Atlanta lobe and the Precambrian sources. The Atlanta lobe contains lead
that most likely came from a mantle source. Thus, the Bitterroot lobe contains lead that is a
mixture of mantle and upper crustal sources. The same idea could apply to lead in the Gem
Stocks and the Golden Chest deposit.
The similarity between lead isotopes for the Murray gold veins and the Bitterroot/Gem
Stocks supports the idea that galena in the Golden Chest deposit could have been sourced from
late Cretaceous and/or Tertiary igneous rocks. This doesn’t mean that the hydrothermal fluids
that formed the veins of Golden Chest came from a magma. What it means is that much if not
most of the lead in the hydrothermal fluids was leached out of a relatively young igneous source,
and not from the Belt Supergroup. This also implies that the galena in the Golden Chest deposit
must have been deposited at the same time or after the emplacement of the late-Cretaceous to
Tertiary intrusions. Emplacement of lead could occur anywhere between 110-48 Ma and may
have several mineralization periods that are related to the emplacement and unroofing of the
Gem Stocks, as well as movement on the Thompson Pass and Murray Peak faults (Fleck, 2007).
Field data corroborate the latter explanation as mineralized quartz veins and small monzonite
dikes and stocks crosscut and brecciate each other. Additionally a potassium feldspar thermal
event of 51-54 Ma is established in the Gem Stocks, reflecting a prolonged period of activity
(Fleck, 2007). This influx of lead is theorized to be the source of gold-bearing fluids and is
corroborated by field observations by NJMC geologists and petrological evidence in this study.
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Oxygen Isotopes
Oxygen isotopes (δ18O) were collected from quartz and scheelite vein samples from the
Golden Chest with an additional sample from a chalcopyrite/galena prospect in the Murray Stock
(part of the Gem Stocks). Previous O isotope studies from Ag-Pb-Zn veins in the Coeur d’Alene
district (Criss & Fleck 1990; Constantopoulos & Larson, 1991; Constantopoulos, 1994; Fleck et
al., 2002; Arkadakskiy 2000, Rosenburg & Larson, 2000) and Au-Ag mineralization at the
Toboggan prospect (Lewis, 2010) produce similar ranges in G18O to the Golden Chest. The first
scheelite δ18O isotope data in the region are being reported here and are substantially depleted in
δ18O compared to co-existing quartz, likely due to isotopic fractionation. A comparison of the
studies is available in table IX.
4.2.3.1.

Source of Hydrothermal Fluids

Based on the results of this study, the mean value of δ18O of vein quartz from the Golden
Chest is +13.5 ± 1.2‰. Using the Clayton et al. (1972) fractionation factor of 6.0 ‰ for quartzwater at a temperature of 325ºC, a mean δ18O value for the vein-forming fluid at the Golden
Chest is calculated to be +7.5 ± 1.2‰. As shown in Figure 38, a fluid with this δ18O value could
correspond to either a magmatic-derived water (+5 to +10 ‰) or a metamorphic-derived water
(+5 to +25 ‰). Previous studies of O-isotopes in CdA vein material proposed that dewatering of
clays in greenschist-facies metamorphism provided the main source of water in the ore-forming
fluids (Constanopolous, 1994). A metamorphic origin for Ag-Pb-Zn veins of the CdA was also
argued by Leach et al. (2002). This idea fits reasonably well with the veins at the Golden Chest,
although some contribution from magmatic fluids cannot be discounted.
Overall, it seems unlikely that the ore-forming fluids at Golden Chest could have been
meteoric waters.

An O isotopic value of +7.5‰ could also correspond to a meteoric water that
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Table IX: G18O data for Summit District, CdA and whole rock Belt sediments.

Study

Material Analyzed
δ18O ‰
Summit District
This Study
Quartz
+11.6 to +14.7
This Study
Scheelite
+5.9 to+7.0
This Study
Quartz in Monzonite
+12.8
Lewis, B. (2010)
Quartz
+15.9
Lewis, B. (2010)
Quartz
+12.3 to +15.1
Lewis, B. (2010)
Quartz
+12.2
Coeur d'Alene District
Fleck et al. (2002)
Siderite/Ankerite +13.7 to +17.7
Constantopoulos (1994)
Quartz
+9.5 to +18
Arkadarskiy (2000)
Siderite
+12.8 to +17.3
Arkadarskiy (2000)
Siderite
+13.1 to +20.2
Arkadarskiy (2000)
Siderite
+12.2 to +16.5
Arkadarskiy (2000)
Siderite
+13.9 to +18.2
Eaton et al. (1995)
Quartz
+14.2 to +15.0
Eaton et al. (1995)
Siderite
+13.1 to +16.9
Snowbird/Superior District
Rosenburg & Larson (2000)
Quartz
+12.3 to+18.0
Belt Basin and Whole Rock
Criss & Fleck (1990)
Argillite
8.7 to +15.7
Criss & Fleck (1990)
Quartzite
+8.8 to +16.3
Constantopoulos (1994)
Revett
+10.8 to 16.8
Constantopoulos (1994)
Monzonite
+7.7

Location
Golden Chest
Golden Chest
Giant Ledge
Golden Chest
Toboggan Prospect
Jack Waite
Various
Various
Sunshine
Couer Mine
Lucky Friday
Gold Hunter
Sunshine
Sunshine
Various
Wallace Formation
Wallace Formation
Star-Morning, Atlas
Prichard/Burke

has undergone extensive isotopic interaction with igneous or metamorphic bedrock (Figure 38).
For a meteoric water to become this heavy, it would have had to interact with a very large mass
of rock at high temperature (T > 300ºC). In the process, the bedrock would have become
isotopically depleted in δ18O. Based on contouring of whole rock δ18O values, Criss and Fleck
(1990) showed evidence of regional-scale convection of meteoric waters around CretaceousTertiary intrusive centers in the Idaho Batholith. However, no large intrusive centers exist in the
Murray area, and the estimated depths of formation for the Golden Chest veins obtained in this
study (section 4.1) would seem to be too great to invoke the model of Criss and Fleck (1990).
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Figure 38: Plot of GD vs G18O for different types of water in the Earth’s crust. Global meteoric water line
from Craig (1961). Magmatic and metamorphic water boxes are from Taylor, 1979. SMOW = Standard
Mean Ocean Water.

4.3.

Tungsten Sources

The Golden Chest deposit contains scheelite, whereas no tungsten minerals have been
reported from the CdA veins and lodes. One possible source of W at Golden Chest could be the
Belt sedimentary rocks. For example, Gonzalez-Alvarez (2005) showed an anomalous amount
of W in the Applekunny Formation of Glacier National Park derived from ICP-MS whole rock
geochemical surveys. Scheelite has been reported from the Sullivan Mine (Campbell & Ethier,
1983) in the Aldridge Fm. (equivalent of the Prichard), as well as the Yellow Pine mine, an
epithermal Au-Ag-W deposit in central Idaho surrounded by metamorphosed Belt-aged
sediments (Cooper, 1951; Gillerman et al., 2019). Cave et al. (2017) proposed a theory for the
abundance of scheelite in Au deposits hosted in metamorphosed turbidite sequences. According
to Cave and others, most of the W in turbidites is initially present in detritral rutile. During
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greenschist-facies metamorphism, rutile is commonly metamorphosed to titanite, making W
available for leaching by circulating hydrothermal fluids. Cave et al. (2017) hypothesized that
this process explains the abundance of scheelite in orogenic gold deposits in meta-turbidite
sequences, such as the Otago Schist of New Zealand and the Meguma Terrain of Nova Scotia,
Canada. As mentioned earlier, greenschist metamorphism at the Golden Chest may have
occurred during multiple periods, including Mesoproterozoic diagenesis, the East Kootenay
Orogeny (1300-1350 Ma), the Grenville Orogeny (1000-1200 Ma), the Goat River Orogeny (800
Ma) or Idaho Batholith emplacement (75-48 Ma).
Review papers show that tungsten is mainly transported in hydrothermal fluids as the
tungstate ion (WO42-) which can form ion pairs with Na+, K+, or H+ (Heinrich, 1990; Wood and
Samson, 2000; Konig et al., 2008). The solubility of scheelite is strongly temperature dependent,
but is relatively insensitive to pressure (Wood and Samson, 2000). Dissolved W concentrations
exceeding 10 mg/L are easily obtained in the temperature range of 300 to 400ºC. All previous
workers at Golden Chest have noted a close association of scheelite with quartz. A few
exceptions of gold and scheelite occurring together have been noted, but scheelite and gold
usually occur apart within the same vein (Auerbach, 1908; Ransom & Calkins, 1908; Shenon,
1938; Etienne, 2010). It is possible that scheelite and quartz co-precipitated at an early stage in
the veins due to a drop in temperature. By contrast, the solubility of gold as sulfide complexes
(e.g., Au(HS)2-) is less dependent on temperature, and actually passes through a maximum near
250ºC (Benning and Seward, 1996). For this reason, gold would not be expected to coprecipitate with scheelite due to simple cooling.
It is also possible that the scheelite at Golden Chest has a magmatic origin. For example,
a W-Mo-Bi stockwork porphyry deposit dated at 49.7 Ma has been explored near Liver Peak in
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western Montana, 40 kilometers east of Murray, Idaho (Leach & Domenico, 1985; Worthington,
2007). The deposit is centered on a large aeromagnetic anomaly indicating a pluton at depth.
Drilling into the pluton and resource estimation suggest the deposit contains 100Mt of 0.084%
Mo. Stream sediment anomalies have been gathered that contain up to 10,000 ppm W (Leach &
Domenico, 1985). This porphyry alone is unlikely to be the source of tungsten at the Golden
Chest. However, it does illustrate the potential for unexposed igneous intrusions in the Belt
Basin to concentrate tungsten.

4.4.

Deposit Type

The Golden Chest is a difficult ore body to classify and several comparisons have been
made. Baldwin (1987) and Shenon (1938) described the Golden Chest as being mesothermal,
implying that the deposit formed at high temperature and considerable depth. These authors and
many others noted certain structural similarities between Golden Chest and the Ag-Pb-Zn veins
of the Coeur d’Alene (CdA) deposits. McLachlin (2016) compared the Golden Chest to a
Reduced Intrusion Related Gold System (RIRGS), due to its relation to peraluminous intrusions
and its gold + scheelite mineralogy. Similarly, Morgan and Hardy (2017) state that the deposit is
an “intrusive related” orogenic gold deposit. However, orogenic gold deposits and RIRGS are
often difficult to distinguish and the literature reflects the difficulties. Several deposits have
been re-categorized as a result. To help classify the Golden Chest deposit, Table X outlines
characteristics of orogenic gold, RIRGS, and CdA deposits based on information in the literature.
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Table X: Deposit characteristics of orogenic gold, intrusive related gold and CdA Ag-Pb-Zn.
Characteristic
Orogenic Gold
Intrusive Related Gold
CdA Ag-Pb-Zn
Mostly granitoid, some
Host Rock
Metasedimentary
Revett and Prichard of Belt rocks
sedimentary terrains
Fault controlled, vein
Structurally controlled
duplexes, late stage
Compressional to
mineralization; tertiary and
Structure
extensional; fold thrust belts
compression and
secondary faults, down dip
transtension
mineralization continuity
Metamorphic
Grade

Greenschist to granulite
commonly greenschist

Greenschist to subgreenschist

Greenschist

Vein
Structure

Saddle reef, vein duplexes,
vein arrays, highly variable

Parallel sheeted arrays of
veins, stockworks, skarns,
replacement

High Angle, Fault and Fissure

Tectonic
Setting
Depth of
Form
Temp of
Form
Gangue
Alteration
Minerals
Accessory
Metals

Continental margin of
allocthonous terrain

Back arc to far back arc

Continental margin of
allocthonous terrain

0.5-4.5 kbars

1-8km (4-6km) 0.5-1.5 kbar

1-1.4 kbar (3.5-5 km)

200-650⁰C

250 to 450 ⁰C

250 to 325 ⁰C

qtz, carb, ser, chl, alb, adu

Qtz, cal, sch,

qtz, dol, cal, sid

Mariposite, alb, chl, adu, py

K-spar, alb, ser, carb, py

dol, ank, sid, hem, py, goe

As ± B ± Bi ± Sb ± Te ± W

W ± B i± Te ± As ± Sn ± Sb ±
(Zn-Pb)

U, Th,

Magmatic

Metamorphic or deep magmatic

Association
with
Intrusions

Metamorphic or deep
magmatic
Granitoid bodies often but
not always nearby; felsic &
lamprophyre dikes;

Strong spatial association
with intrusions (granitoids
and lamprophyres)

Proximal and crosscutting
relationships, debatable
correlations

Salinity

0-4% NaCl

Variable salinity

9-23% NaCl

G O values
G34 S values

4 to 15‰

5 to 12‰

7-8‰

-3 to 9‰

Unknown

-5.5-13.7‰

Au:Ag ratio

Generally >1
Middle Archean-Tertiary;
common in Late Archean,
Paleo-Proterozoic,
Phanerozoic

Unknown

~1:6000
Debatable with several mineral
pulses possible: Neoproterozoic,
Paleozoic and CretaceousTertiary

Fluid Source

18

Ages

Mostly Phanerozoic, rare
Archean and Proterozoic

Ore
Mineralogy

Py, apy, sph, gal, Au

Po, apy, py, bis, sch, Au

Gal, sph, py, cpy, tet, apy, Ag, U

Vein Textures

Massive, banded, sheared,
stockwork, swarms

Shattered, stockwork,
sheeted, arrays, massive

Massive, breccia, stockworks
and crustification

Zoning

Cryptic

Zoned from magmatic source

Sulfide zoning & calcite-siderite

Metamorphic and
Skarn and/or greisen
"Old" lead isotopes
magmatic fluid
assemblages
adu=adularia, alb=albite, ank=ankerite, apy=arsenopyrite, bis=bismuthinite, cal=calcite, carb=carbonate,
cpy=chalcopyrite dol=dolomite, gal=galena, goe=goethite, hem=hematite, kspar=potassium feldspar, py=pyrite,
sch=scheelite, ser=sericite, tet=tetrahedrite
Information compiled from Sillitoe 2008, Shanks 2013, Hart & Goldfarb 2005, Groves et al. 2005, Constantopoulos
1994, Arkadakskiy 2000; Mitchell & Bennett; 1980
Other
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Comparison to Coeur d’Alene Deposits
The differences and similarities between the gold rich veins of the Summit District and
the Ag-Pb-Zn veins of CdA have been noted for over a century. Ransome and Calkins (1908)
and Hosterman (1965) made a comparison based on field observations, such as structural control,
mineralogy, and morphology of veins. Structurally, both districts contain WNW-ESE trending
faults with complex history including right-lateral strike slip motion: the Osburn and Placer
Creek Faults of CdA and the Thompson Pass Fault in Murray/Golden Chest. The actual mineral
deposits are located on antithetic faults linked to the district scale crustal sutures (e.g. Galena
Fault at the Galena CdA mine, Idaho Fault at Golden Chest). In CdA, most fault veins are steeply
dipping, whereas the reverse (?) Idaho Fault at the Golden Chest has a moderate dip of ~40 to 55
degrees. Murray-type deposits are mostly hosted in the upper Prichard whereas the most
economically important CdA veins are hosted in the upper Revett near its contact with the St.
Regis Fm., or in the Burke close to its contact with the Prichard Fm.
In terms of ore mineralogy, the CdA veins are rich in sulfide minerals (especially galena,
sphalerite and tetrahedrite), do not contain free gold, and have a very high Ag:Au ratio (6000:1).
In contrast, the Golden Chest contains sparse sulfide minerals (mainly pyrite, arsenopyrite,
galena, chalcopyrite and sphalerite), abundant free gold and electrum, and an overall Ag:Au ratio
near 1:1. Although both districts contain galena, the Pb-isotope signature of CdA galena is “old”,
whereas the Pb-isotope pattern of the Golden Chest galena is “young” (Zartman & Stacey, 1971).
Tetrahedrite, the main Ag-bearing mineral in CdA, is rare at the Golden Chest. On the other
hand, the veins at Golden Chest contain scheelite, whereas W minerals are absent from the CdA
deposits. There are important differences in gangue mineralogy also, with CdA veins being rich
in siderite and ankerite, and Murray veins being mainly quartz, with lesser calcite and adularia.
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Interestingly, a polymetallic vein system in the southern Purcell basin of British
Columbia has been described as being analogous to Coeur d’Alene, while also containing minor
concentrations of scheelite and gold (Paiement et al., 2012). The B.C. veins seemingly straddle
the continuum of Murray-like and CdA-like, providing some evidence that a genetic link
between the vein types does exist. The St. Eugene deposit, the largest example of this deposit
type in southern B.C., yielded 113 kt Pb, 14.48 kt Zn, 183 t Ag and 78.85 kg Au, with a Ag:Au
ratio (200:1) intermediate between that of CdA (6000:1) and Golden Chest (~ 1:1).
Comparison to RIRGS
The RIRGS concept is a newly recognized subtype of mesothermal gold-rich veins that
are related to reduced, granitoid intrusions, often with elevated concentrations of W and/or Sn
(Sillitoe, 1991; Hart & Goldfarb, 2005). The reduced nature (pyrrhotite-loellingite-pyritearsenopyrite assemblage; no hematite or magnetite) of these intrusion-related deposits
differentiates them from Cu-Mo deposits, which are thought to form from oxidized magmas.
Once the RIRGS classification became accepted many existing deposits changed from
“orogenic” to RIRGS (Hart & Goldfarb, 2005). The best examples of RIRGS are located in the
Tintina province of Alaska and the Yukon and include the world class deposits of Fort Knox and
Dublin Gulch (Hart, 2007).
The Golden Chest is a mesothermal (~325ºC) Au-W lode gold system with shear veins,
concordant-subconcordant replacement veins, and sheeted bedding veins. Locally, the
mineralized zones are crosscut and chimneyed by monzonite dikes where both monzonite and
quartz have associated gold (some field evidence supports that Au rich quartz clasts have been
included in intrusions). The Gem Stocks and Murray Stocks (northern Gem Stocks) have an age
of 110-115 Ma that significantly predates the emplacement of the Bitterroot lobe of the Idaho
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batholith. The Gem stocks plot as “I-type” subduction zone to back arc metaluminousperaluminous granitoids with plagioclase, hornblende and titanite (Schalck, K., 1989). These
geochemical characteristics satisfy much of the requirements of the RIRGS model.
The δ18O values at the Golden Chest show that the fluid composition of the water was
+6.25 to +7.0 ‰, whereas Constantopoulos found values of 7.5‰ for δ18O monzonite whole
rock compositions. Additionally, lead isotopes show a strong correlation between Gem Stock
lead and Murray type veins (Figures 36 and 37). Early geologists made field observations of
relationships between mineralization and intrusions (Ransome & Calkins, 1908).
Lastly, the scheelite content at the Golden Chest makes the RIRGS model attractive.
Molybdenum is often found with tungsten due to the similar geochemical behavior of these
metals. W-Mo-Bi intrusions in western Montana (Liver Peak), Mo veins in the Kanisku
Batholith, and the RIRGS Bayonne magmatic belt of Southeastern British Columbia suggests a
regional correlation in northwest MT, ID and southern BC (Logan, 2002; Worthington, 2007).
The proximity of deposits with characteristics similar to the RIRGS model implies that the
Murray gold belt may fit into the RIRGS model through regional comparative geological
processes.
Despite the compelling similarities, some flaws exist in comparing Golden Chest to
known RIRGS deposits. The main flaw is the lack of mineral and metal zoning at the Golden
Chest and the greater Murray area. RIRGS deposits display zoning where mineralization occurs
in and around the parent intrusion and grades outward, often forming skarns and greisens and
grading into base metal assemblages (Hart, 2007). The Murray area does have base metal mines
at the Jack Waite and Terrible Edith mines (Ransome & Calkins, 1908; Shenon, 1938).
However, these mines have been shown to contain “old lead”, which is dissimilar to the
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Cretaceous intrusions in the district, and dissimilar to the galena at Golden Chest. Furthermore,
base metal and minor gold were found in the Giant Ledge prospect (Murray Stocks) that contains
“young lead”. A RIRGS deposit should ideally be centered on a mineralized, Au-rich intrusion
and grade outwards and into contact metamorphic and vein style mineralization. The lack of this
type of zoned mineralization in the Murray Stocks is troubling to the validation of this
classification.
Geochemically and mineralogically, the RIRGS model does not fit at the Golden Chest.
Thompson and Newberry (2000) describe a system quite similar to Au skarns. These systems are
high in gold-scavenging bismuth minerals (maldonite, bismuthinite) and low fugacity O2 and S
mineral assemblages of pyrrhotite and arsenopyrite. The Golden Chest shows low values of Mo
and Bi although W in the form of scheelite is common. Although arsenopyrite is present,
pyrrhotite is rarely observed in lodes at the Golden Chest.
Comparison to Orogenic Gold
The term “orogenic gold” was first proposed by Groves et al. (1998) to classify a broad
category of lode gold deposits in metamorphic terrains. Previously called “mesothermal gold
deposits” or “Archean lode-gold deposits” (e.g., Kerrich, 1993), orogenic gold deposits are
believed to have formed from fluids generated during prograde metamorphism of slate, turbidite,
and “greenstone belt” metavolcanics.
The prevailing consensus among NJMC and other prominent CdA geologists supports the
orogenic gold model. The results of P-T estimates based on fluid inclusion work and stable
isotope data in this study match the orogenic model summarized in table X. Furthermore,
historical documentation, mining records and personal communications with NJMC geologist
corroborate an orogenic origin. Excellent correlations exist in lead isotope data that support a
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timing of mineralization that corresponds with unroofing of the peraluminous Bitterroot Lobe of
the Idaho Batholith at circa 52-66 Ma (Gaschnig, et al. 2011) and associated regional
metamorphism of Belt sediment. Emplacement of this large batholith likely caused prograde
devolatilization reactions of the Belt-aged metasediments in the region. A metamorphic fluid of
this type may have mixed with magmatic fluids sourced from the Bitterroot Lobe or any of its
associated magmas. O-isotope evidence presented in this thesis supports this claim.
The main problem with classifying Golden Chest as an orogenic gold deposit is
uncertainty with respect to the relative ages of metamorphism vs. gold mineralization in the
Summit District. To be an orogenic deposit, the hydrothermal fluids causing gold deposition
must have been sourced, in part, from prograde devolatilization reactions taking place in the host
metasediments. The Belt formations have been metamorphosed to greenschist facies. But when
did peak metamorphism occur? It could have happened as early as the Mesoproterozoic when
the Prichard Fm. was covered by up to 15 km of sediment and was intruded by numerous mafic
dikes and sills. Or, it could have happened in one of the late Proterozoic orogenies (e.g., the East
Kootenay, Grenville, and Goat Peak events). Or, it could have happened in the late Cretaceous
or early Tertiary, during the Sevier Orogeny and associated emplacement of the Idaho Batholith
and satellite plutons. Aleinikoff et al. (2015) showed that Prichard rocks have a complex
metamorphic history and underwent weak regional deformation in the Proterozoic but also
contain Cretaceous age metamorphic overprinting, meaning that the rocks have a complex
thermal history. The fact that the Golden Chest veins contain “young lead” indicates that lead in
the deposits cannot be entirely of Proterozoic age, which rules out the Belt Supergroup as being
the only source of lead in the deposit. If Golden Chest is an orogenic deposit, then it must have
formed from metamorphic fluids, or mixed metamorphic/magmatic fluids, that were generated in
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a late Cretaceous to early Tertiary time frame. Radiogenic dating of ore or gangue minerals at
Golden Chest is needed to help sort out these questions.
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5. Conclusions
1) The Golden Chest deposit consists of a sheeted vein complex that is spatially and possibly
genetically associated with the NE-striking, W-dipping Idaho Fault. The fault and associated
veins are crudely parallel to bedding in the host Prichard Formation metasediments, although
locally the veins cut bedding.
2) The Golden Chest veins are quartz veins, locally rich in scheelite, with sparse sulfide
minerals including pyrite, arsenopyrite, galena, low-Fe sphalerite, and chalcopyrite. Gold
and/or electrum are late in the paragenesis, and are most closely associated with galena.
Other gangue minerals include calcite and adularia. The adularia is often intergrown with
sulfides and gold.
3) S-isotope geothermometry based on coexisting pyrite and galena is in very good agreement
with O-isotope geothermometry based on coexisting quartz and scheelite. Both methods
suggest a formation temperature of about 325ºC.
4) Fluid inclusions in late quartz have very low salinity (< 1 wt% NaCleq). Homogenization
temperatures of fluid inclusions in quartz and scheelite range from 120 to 250ºC, with an
average of 195±45ºC. In general, fluid inclusion work on the Golden Chest veins was very
difficult due to the small size of the majority of the inclusions. All fluid inclusions observed
were simple two-phase inclusions that lacked daughter minerals. No evidence of high CO2
concentrations was found in this study.
5) Based on a comparison of fluid inclusion Th values and stable isotope geothermometry, the
Golden Chest veins most likely formed at pressures of 1.1 to 3.5 kbar. This corresponds to
depths of 3.8 to 12.2 km assuming lithostatic pressure, or 13 to 42 km assuming hydrostatic
pressure.
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6) The S-isotopic composition of sulfide minerals from Golden Chest fall in the range of -0.1 to
+6‰. This is similar to the range in G34S for sulfide minerals from the Coeur d’Alene AgPb-Zn veins.
7) The O-isotope composition of quartz from the Golden Chest ranged from 11.6 to 14.7‰,
which is also similar to G18O values of quartz from the Coeur d’Alene veins.
8) The Golden Chest deposit contains radiogenic (“young”) lead that is inconsistent with the
idea of leaching of Belt-aged lead from the Prichard Fm. It is more likely that this lead came
from late Cretaceous or early Tertiary igneous intrusions, such as the nearby Gem stocks. In
contrast, the Coeur d’Alene District contains non-radiogenic (“old”) lead that could have
been leached out of the Belt Supergroup.
9) The Golden Chest deposit has features that are consistent with either a reduced intrusion
related gold system (RIRGS) or an orogenic gold deposit model. The main problem with the
RIRGS model is that a clear association of the gold-bearing veins to a genetically related
intrusion has not been shown. The small dikes and stocks present on the Golden Chest
property are highly altered, making petrological study difficult. The main drawback with the
orogenic model is that too many questions remain as to the relative timing of prograde
metamorphism of the Belt Supergroup and the emplacement of the veins and associated AuW mineralization at Golden Chest.

86

6. Recommendations
Below are recommendations outlined for future work that may benefit NJMC and future
workers who wish to study or explore Murray-type vein-gold deposits in the CdA and Summit
Districts.
1) The Kanisku Batholith in the northern reach of the Idaho Panhandle should be evaluated
using Pb isotope signatures as a possible source of lead and other metals for Murray-type
gold deposits. Both lead and sulfur isotope studies would be useful. Possibly, the areas
around the Batholith should be targeted based on the occurrence of W and Mo in the veins
and prospects detailed by Worthington (2007). Additionally, the skarn and intrusion-related
deposits at Liver Peak should be evaluated as a possible RIRG system.
2) Saddle reef deposits along the axis of the Trout Creek Anticline should be evaluated for
orogenic type gold lodes. Such evaluations could employ geochemical methods using the
following pathfinders elements: As,W, Mo, Bi, Pb, Zn, Au, and Ag.
3) Down dip exploration at the Golden Chest should be continued. If the Au mineralization is
truly orogenic in nature, then there is no reason to suppose that gold grades should not
continue at depth. Mineralization along the down-rake projection of known ore shoots
should be especially promising targets.
4) Murray Gold Belt properties containing monzonite and lesser lamprophyre stocks and
intrusions are favorable. Field evidence points to these intrusions as possibly occupying
similar structural conduits as those leading to the deposition of lode and disseminated gold.
Dating the intrusions would help determine the relative timing of gold mineralization and
magmatic activity. Because they are altered, the best method of dating the dikes would be UPb analysis of refractory minerals such as zircon.
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8. Appendix A:
Table A-1: Fluid inclusion data compilation

Flinc
I Qtz

Diameter Pm
75
24
16
20
10
14
18
22
7
20
14
8
11
14
22
20
30
20

II Qtz
III Qtz

7
20
20
40
30
15
22
30
10
25
20
25
30
24

Th
126.3
130.3
147.6
158.2
182.9
136.2
143.8
169.3
228.8
161.6
254.1
281
231.4
256.6
192.7
235.6

Tm, ice

Irregular
-0.3
-0.4

170.3
187.1
177.9
208.8
144.9

183.4
196.4

long skinny
Big irregular with deep bbl 4um
long skinny
bubble=6

-0.3
-0.25
-0.1

251.6
168
120
184.6
157.4

Notes
Big Clear Chip

-0.1
0
-0.1
-0.15

-0.2
0
-0.1
0.1
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Flinc
IV Qtz

Diameter Pm
14
24
12
17
13
10
25
18

Scheelite
I
15
10

V Qtz

9
12.5
14
36
34
24
20
50
10
18
11
16

Th

Tm, ice Notes
-0.2 1027 Bench
0
181.4
0
-0.5
192.4
164.3
135.8
143.1
261
256
243
240
272
193
233
226
241
185.6
247
1024 Bench Melts at -30.8
0
-0.25
-0.1
0
0
-0.1
0
0

579,783 5,358,248

Hiwatha-Grouse Mtn

569,380 5,264,220

NJ Millsite

17.873

15.528

15.548
15.607
15.597

590,506 5,270,924
552,200 5,343,600
557,800 5,417,600

Giant Ledge
Hope
Tilley

18.099
18.299
18.296

Young Lead
18.069
15.53
17.897
15.532
18.02
15.573

569,960 5,264,040
588,000 5,274,900

Coleman
Golden Chest
Golden Chest Scheelite

15.299

15.411

15.384
15.31
15.29
15.5
15.393
15.373
15.41
15.388
15.39
15.59

15.404

16.831

16.384

16.237
16.16
16.2
16.6
16.334
16.278
16.415
16.262
16.36
16.48

16.243

38.258 Gold Run Gulch/Au-Ag veins in Prichard Fm
38.266 Au-W veins in Prichard Fm
38.372 Chiaradia et al. 2003
Granite Gulch/Pb-Cu-Au in and near
38.035 monzonite intrusive
38.51
38.039 Queen mtn area
Near NJ mill/Pb-Au mineralization in Prichard
38.363 Fm

Notes
Frac Filling Vein in Sheared St Regis and Revett
35.973 Fm.
Disseminated galena along bedding planes
35.905 (stratiform)
35.64
35.62
36.4
35.999 East of NJ mill
35.918
36.324 East Fork Eagle Cr/galena in Flt
35.937 East Fork Eagle Cr/Pb-Ag vein
36.09 Bear Top mill/Pb-Zn-Ag vein
36.53 Wesp Gulch/Pb-Zn-Ag vein
Base metal vein in Grouse Mtn Dike near Troy,
36.045 MT
Fissure Veins and Pods in altered porphyritic
36.857 latite

"Old" Lead
206/204 207/204 208/204

Hog Heaven

5,264,470
5,344,210
5,278,765
5,279,523
5,274,877
5,276,092

570,380
581,314
586,015
594,397
594,510
588,169

592,776 5,257,822
587865.1 5261389

591,950 5,258,100

X

Coordinates
Y

Bunker Hill mine
Star-Morning mine
Sunshine mine galena
Sullivan mine
Enterprise
Troy Revett Cu-Ag
Murray Peak fault
Jack Waite
Bear Top area
Terrible Edith

Lucky Friday mine

Property/Prospect

Lead Isotope Table

Table A-2: Lead Isotope Data Compilation

Source

6

4
1
1

6
6
5

1

1

1
2
2
3
6
1
6
1
6
6

1

101

525,600 5,296,500
542,400 5,305,500

Commonwealth
Weber

19.027
19.048

19.528
19.466
15.676
15.666

15.689
15.679

Little N Fk CdA River/Siliceous Au-Ag ore in
39.653 Revett Fm
40.386 Au-Te vein/TwoMile Cr SW of St. Regis, MT
Hayden Creek/Base metal mineralization in
39.247 vein
39.27

38.55 Float exposed by road building, high Au, Te
QV containing base metal mineralization 38.08 Butte Gulch
38.77 Au-W veins - Jersey claim (Buckskin Property)
37.871

38.211 East Fork Eagle Cr/Au-Te vein
Head of Butte Gulch/Au-Mo-Te breccia in
38.195 Prichard Fm
East Fork Eagle Cr/galena in quartz vein in
38.259 Prichard Fm
Ag-Pb-Zn quartz-carbonate breccia in Prichard
38.28 Fm

1= Zartman & Stacey (1971); 2= Marvin & Zartman (1984); 3= Beaudoin (1997); 4= Leach et al 1998=4; 5= Chiaradia et al. 2003; 6= NJMC data.
Prospects in green are from Murray District

535,650 5,288,670
628,526 5,235,308

15.6
15.68
15.634

15.6

15.56

15.555

15.532

15.523

“Mantle” Lead

18.21
18.09
18.516

17.76

592,810 5,273,984

Silver Strand
Motherlode [MT]

BG17R-005Pb
92417-Pb
Sunshine mine tet

17.94

592,999 5,274,868

18.094

589,495 5,279,002

Bear Gulch Fahlore
Deadhorse draw Bear
Cr.

17.981

594,477 5,278,294

Gold Butte
Niagara Ridge [CA
pros]

17.995

592,282 5,279,084

Independence

1
1

6
6

6
6
4

6

6

6

6

6

102

105

Table A-3: Sulfur Sample Isotope Database

ID
18-GC-1
18-GC-2
18-GC-3
18-GC-4
18-GC-5
18-GC-7
18-GC-8
18-GC-9
18-GC-10
18-GC-11
18-GC-12
18-GC-13
18-GC-14
18-GC-16
18-GC-17

Type
R
R
R
R
R
R
R
Core
Core
R
R
R
R
R
R

18-GC-27
18-GC-28
18-GC-29
18-GC-31
18-GC-36

Core
R
R
R
R

Rock type
QVM
QVM/QVB
QVM/QVB
QVM/QVB
QVBx
QVM
QVB/QVM
Monzonite
Quartzite
QVM
Arg
QVB
QVM
QVM
Chloritized Vein

Location
Dump
851 UG
851 UG
851 UG
Bonanza Gulch
1027 Bench
1030 Bench
DH-107
DH11-79
1027 Bench
Dump
Dump
Popcorn Vein
1024 Bench
1024 Bench
DH-11-34(33.436.6)
QVM/QVB
Quartz/Carbonate 851 UG
QVB
Jumbo Vein 1024
QVM
1024 Bench
QV-Base metal
Terrible Edith

Use
Gal-Py Isotope
Gal-Py Isotope
Gal-Py Isotope
Gal-Sp Isotope
Gal-Py isotope
Gal-Py Isotope
Gal-Py Isotope
Py Isotope
Py Isotope
Py-Galena
Py Isotope
Py Gal Cpy Isotope
Py-Gal Cpy Isotope
Py-Gal-Sph Isotope/SEM
Py-Gal isotope/SEM
SEM/Microscopy (isoptopes)
SEM/Microscopy (isoptopes?)
SEM/ Microscopy (isotopes?)
Isotopes
Isotopes
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9. Appendix B:
B-1: All planes and poles plotted on an equal area lower hemisphere stereonet. Pole
density is shown in contours
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B-2: Rosette plot with all structures at the Golden Chest.
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B-3: Reflective light ore microscopy from 1030 bench

B-4: Reflective light ore microscopy from 1030 bench
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B-5: SEM-EDS imagery from high grade Au quartz vein

B6: SEM-EDS
imagery from
the Katie Dora
Vein
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B-7: High grade sample from the popcorn vein

B-8: High grade SEM-EDS imagery from the popcorn vein, quartz and dolomite gangue.

B
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B-9: SEM-EDS imagery from the Katie Dora vein
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B-10: SEM-EDS imagery
from a monzonite dike, hand
sample for reference, GC12107 at 79.45-106.7 m
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B-11: SEM-EDS imagery from a mafic
dike, hand sample for reference. The
sample was intercepted by drilling in,
GC18-176 (60 m)
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B-12: SEM-EDS imagery from a mafic
dike, hand sample for reference. The
sample was intercepted by drilling in,
GC18-176 (60 m).
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B-12: SEM-EDS imagery from a mafic
dike, hand sample for reference. The
sample was intercepted by drilling in,
GC18-176 (60 m).

116

B-13: SEM-EDS imagery from a mafic
dike, hand sample for reference, the
sample was intercepted by drilling in,
GC18-176 (60 m)
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B-14: SEM-EDS imagery from a felsic dike,
hand sample for reference, the sample was
intercepted by drilling in, GC18-176 (114.8 m)

118

B-14: SEM-EDS imagery from
a felsic dike, hand sample for
reference, the sample was
intercepted by drilling in,
GC18-176 (114.8 m)
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B-15: SEM-EDS imagery from a felsic dike, the
sample was intercepted by drilling in, GC18-176
(114.8 m). See B-14 for hand sample reference
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B-16: SEM-EDS imagery from
a felsic dike, hand sample for
reference, the sample was
intercepted by drilling in,
GC18-176 (114.8 m)

100 m

B-17: Location of pit mapping exercise. HW= hanging wall; FW=Footwall. North arrow and approximate scale provided.
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1048 Level

cont. next page →

B-18A: Hanging wall crosssection of 1048 and 1042 levels(0-65 m). Grid= 5m, the hanging wall is oriented approximately north. The
right edge of the map continues on the next page.
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← cont. preceding page

1042 Level

B-18B: Hanging wall cross-section of the open pit (65-125 m). Grid= 5m, the hanging wall is oriented approximately north. The left
edge of the map continues from the preceding page.
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← Cont. on next page

B-19A: Footwall mapping cross-section of the open pit (0-60 m). Grid=5m; Section looks approximately east. Left edge of map
continues on next page.

124

Cont. from preceding page →

B-19B: Footwall mapping cross-section of the open pit (60-80m). Grid=5m; Section looks approximately east. Right edge of map
continues from preceding page.
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