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CHRONOLOGY OF LATE CRETACEOUS
IGNEOUSAND HYDROTHERMAL EVENTSAT THE
GOLDEN SUNLIGHT GOLD-SILVER BRECCIA PIPE,

SOUTHWESTERN MONTANA

By Ed DeWitt,! Eugene E. Foord, Robert E. Zartman,!
Robert C. Pearson,! and Fess Foster?

ABSTRACT

Gold mineraization at the Golden Sunlight breccia
pipe, southwestern Montana, is related to emplacement of
Late Cretaceous akali-calcic rhyolite and subsequent col-
lapse of the Belt Supergroup wallrock and rhyalite in the
pipe. The pipe is inferred to grade downward into an alkalic
porphyry molybdenum system. The pipe is cut by akalic to
sub-akalic lamprophyre dikes and sills, which locally con-
tain high-grade gold where emplaced along late shear zones
and vein systems.

Determination of the emplacement age of the rhyaliteis
hampered by inherited lead or inherited Late Archean zircon
from the source region of the rhyolite. An emplacement age
of about 80 Mafor the rhyolite can be inferred if a basement
age of 2,600 Ma is assumed. This Late Archean age is in
agreement with basement ages determined in many parts of
southwestern Montana.

A206pp-238 whole-rock date of 84+18 Mafrom altered
and mineralized Belt Supergroup strata and rhyolite in the
breccia pipe indicates hydrothermal ateration related to gold
mineralization in Late Cretaceoustime. Although sericiteisa
relatively widespread hydrothermal mineral, attemptsto date
thevery finegrained material by the#CAr-39Ar method did not
provide a spectrathat could be interpreted unambiguously.

A 4OAr-39Ar plateau date of 76.9+0.5 Ma from biotite
phenocrysts in the lamprophyre indciates intrusion of mafic
magma and attendant CO, metasomatism in the Late
Cretaceous. Fission-track data from zircon in the rhyolite
are permissive of slow uplift of the Belt Supergroup strata,

1U.S. Geological Survey, Box 25046, Denver Federal Center, Denver,
CO 80225.

2Golden Sunlight Mines, Inc., 453 M T Highway 2 East, Whitehall, MT
59759.

rhyolite, and lamprophyre between 55 and 50 Ma, but the
data are not definitive.

Rhyolitic welded tuff in the informally named units 7, 9,
and 11 of the Elkhorn Mountains Volcanicsismost similar in
chemistry and ageto therhyolite at the Golden Sunlight mine.
Trachybasalt in the Adel Mountains Volcanics and andesitic
basalt in the informally named unit 8 of the Elkhorn Moun-
tains Volcanics are the most analogous in chemistry and age
to lamprophyres at the mine. The rhyolitic rocks appear to be
derived from deep crustal sources, but data for the lampro-
phyres and mafic rocks in the Elkhorn Mountains Volcanics
indicate that they were derived from the mantle.

INTRODUCTION

The Golden Sunlight gold-silver deposit is hosted by a
breccia pipe that cuts sedimentary rocks of the Middle Prot-
erozoic Belt Supergroup and sills of a Late Cretaceous rhyo-
lite porphyry (Porter and Ripley, 1985; Foster, 19913, 1991b).
At depth, rhyolite porphyry formsthe matrix for fragments of
the pipe. Creation of the pipe appearsto berelated to emplace-
ment of an underlying hypabyssal stock related to the sills.
Crosscutting the breccia pipe are hydrothermally altered lam-
prophyre dikesthat postdate the gold-silver ore; locally, these
dikes may have created areas of high-grade ore in the breccia
pipe near their margins. The timing of emplacement of vari-
ous igneous rocks and the hydrothermal alteration related to
mineralization at the deposit is the topic of this paper.

The Golden Sunlight deposit isin the Whitehall mining
district, Jefferson County, Montana, on the faulted west
limb of a north-plunging syncline of Belt Supergroup sedi-
mentary rocks (fig. 1). The 300- to 700-ft-diameter breccia
pipe cuts stratified rocks and rhyolite sills at moderate to
high angles (fig. 2). Emplacement of the pipe caused frag-
ments of sedimentary rock and rhyolite porphyry to be
downdropped relative to their stratigraphic position outside
the pipe (Foster, 1991a, 1991b). Early mining of high-grade

1
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Figure 1 (above and following page).

Generalized geologic map of the Golden Sunlight mine area.

Modified dlightly from Foster (1991a). Line of section for figure 2 and area of figure 4 shown.

gold and silver in the region was concentrated along north-
east-striking, high-angle faults and shear zones, some of
which cut the breccia pipe and along which lamprophyre
dikes have been emplaced (fig. 2) (Porter and Ripley,
1985). These structures are thought to be part of aregional,
northeast-striking zone of crustal weakness that has been
intermittently active from the Proterozoic to the present
(Foster and Chadwick, 1990; Foster 1991a).

Because some hydrothermally altered and mineralized
lamprophyre dikes are preferentially emplaced along struc-
tures that cross-cut the breccia pipe, their relationship to

mineralization of the breccia pipe has been ambiguous. Cer-
tainly their emplacement islater than that of the pipe, and the
simplest interpretation is that lamprophyre emplacement
postdates mineralization. But, because the northeast-striking
shear zones, veins, and dikes contain high-grade ore in
places, amineralizing process was obviously continuing dur-
ing emplacement of the lamprophyre bodies. Was that pro-
cess the same one that created the breccia pipe, or was it a
different one? In this paper, we present petrologic and geo-
chronologic data that bear on the timing and genesis of the
breccia pipe and lamprophyre intrusion.
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IGNEOUS ROCK SUITES

Our study concentrates on the petrologic, chemical, and
chronologic history of theigneous rocksin the vicinity of the
Golden Sunlight mine because both rhyolite and lampro-
phyre are spatially associated with ore in the breccia pipe or
in late veins, respectively. Three chemically distinct igneous
rock units intrude clastic and carbonate-bearing sedimentary
rocks of the Belt Supergroup in the area. The oldest unit is
composed of hypabyssal sills and dikes of rhyolite (unit Kr,
figs. 1 and 2) that cut sedimentary rocks. This rhyolite also
forms the matrix of the Golden Sunlight breccia pipe and is
assumed to compose a hypabyssal stock beneath the deposit.
The rhyolite was investigated in detail to determine the
timing of its emplacement. Also studied was the nature of
hydrothermal alteration related to emplacement of the
rhyolite and breccia pipe.

Younger than the rhyolite are numerous lamprophyre
dikes that cut the breccia pipe (unit Kl, figs. 1 and 2). The
petrology and alteration of these bodies was studied in detail
because the dikes have a distinctive and unusual chemistry
and an equally unusual alteration assemblage dominated by
magnesite. Possibly related to the lamprophyre bodies are
dark-gray, fine-grained olivine basalt and basalt porphyries
(unit K?b, fig. 1) exposed on the southern flank of Bull
Mountain, south of the mine, where the basalt is in contact
with strata of the Belt Supergroup and rhyolite sills. These
bodies are typically vesicular, are not altered, and probably
postdate mineralization, although direct evidence is lacking.
The basalt and basalt porphyries are undated but are pre-
sumed to be related to the lamprophyre bodies. Geochemical
characteristics of these mafic rocks are summarized here
because we do not deal with them in depth in this report.
Mineralogically, the basalt contains phenocrysts of olivine
altered to chlorite, very pale green clinopyroxene, and minor
opaque minerals. The groundmass consists of intermediate-
composition plagioclase and clinopyroxene intergrown in a
felted texture. Chemically, the one analyzed rock isan alkali-
calcic olivine basalt (classification of De LaRoche and oth-
ers, 1980) that is very Mg rich. The chondrite-normalized
rare-earth-element pattern (REEcy) for the sample is light-
rare-earth-element enriched (L REE-enriched) and resembles
those for many of the lamprophyre bodies.

Felsic plutonic rocks contained in irregular, small, plu-
tonic bodies (unit Kt, fig. 1) probably are the youngest in the
area, but age relations to the rhyolite are unclear. Because
rocks of this unit are not believed to be related to mineraliza-
tion, they were investigated only in a cursory fashion.
Plutonic rocks of the Boulder batholith are exposed to the
west of the mine. The two plutonic bodies south of the mine
(fig. 1) may berelated to the Boulder batholith.
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RHYOLITE

Numerous sills, dikes, and irregular bodies of rhyolite
porphyry (unit Kr, figs. 1 and 2) cut strata of the Belt Super-
group in the vicinity of the Golden Sunlight mine and are
mineralized near the breccia pipe. At depth in the pipe,
rhyolite porphyry forms the matrix of the breccia.

PETROLOGY

Most rhyolite is porphyritic, fine grained, and hydro-
thermally atered. Rhyolitein sillsand dikes commonly con-
tains fewer phenocrysts than rhyolite in the breccia pipe.
Groundmass-to-phenaocryst volumetric ratios greater than 1
to 1 are common in the sills, but ratios much lessthan 1to 1
are common in the breccia pipe. Groundmassis composed of
quartz and minor orthoclase. Phenocrysts are plagioclase,
1x2 mm to 3x8 mm. Oscillatory zoning and albite twinning
are strongly developed in the phenocrysts, which are altered
to afine-grained mixture of sericite and minor epidote-group
minerals. Initial composition of the phenocrysts is difficult
to determine because of hydrothermal sericite. If the extinc-
tion angles between abite twins can be used to approximate
the original composition, the phenocrysts were abite to oli-
goclase. Mafic minerals in the rhyolite are uncommon, but
minor clots and irregularly shaped masses of biotite associ-
ated with sulfide minerals are noted. Whether or not any of
this biotite is of primary igneous origin is uncertain. Acces-
sory phases include apatite and zircon.

The rhyolite is commonly hydrothermally altered, with
intensity increasing toward the mineralized breccia pipe.
Alteration, in the form of potassium metasomatism, pro-
duced high K,O concentrations (10.3 weight percent in
sample 88GS-L, table 1) and resulted in formation of sericite
from phenocrysts of plagioclase as well as creation of sec-
ondary orthoclase, cryptocrystalline quartz, and some cal-
cite. Minor, primary biotite in least atered rhyalite is
commonly replaced by fine-grained, secondary bictite in

Figure 3. Photomicrograph in plane-polarized
light of mineralized rhyolite (sample 90C6-2300)
from breccia pipe at the Golden Sunlight mine. Ab,
albite to oligoclase phenocrysts; Otz, quartz; Mo,
molybdenite. Field of view 4.2x3.0 mm.

altered rhyolite. Sample 88GS-L (table 1), from the open pit
of the mine, has plagioclase phenocrysts and groundmass
replaced by fine-grained orthoclase and contains as much as
3 percent pyrite and 2 to 5 percent sericite. Sulfide minerals,
principally pyrite and lesser molybdenite, and hematite typ-
ically occupy and replace the groundmass between feldspar
grains (fig. 3). In strongly atered rhyalite, very fine grained
pyrite replaces the plagioclase phenocrysts.

CHEMISTRY

Although hydrothermally altered in many places, sam-
ples of rhyolite were collected from the mine areaiin order to
define its petrogenesis (fig. 4). Some previous workers sug-
gested that the rhyolite was a latite (Wertz, 1971; Porter and
Ripley, 1985), but our data do not support such a classifica-
tion. Latite, as used by most petrologists, impliesarelatively
high calcium concentration. Rhyolite from the Golden Sun-
light mine contain only traces of CaO. Consequently, Swan-
son (1989), using the akali-silica diagram of LeMaitre
(1984) and LeBas and others (1986), referred to the felsic
rocks as rhyalite. If the RqR classification of De LaRoche
and others (1980) is used, the least hydrothermally altered
samples of thisunit (samples88GS-7 and 191-2025'; table 1)
are rhyolite (fig. 5A). Least altered samples of rhyolite are
akali-cacic (fig. 5A), mildly peraluminous (fig. 5B), very
sodic (fig. 5C), and Mg rich (fig. 5D). With increasing potas-
sium metasomatism and introduction of pyrite, hematite, and
molybdenite, the rhyolite is altered to an akalic quartz
syenite (fig. 5A) that is strongly peraluminous (fig. 5B),
potassic to very potassic (fig. 5C), and Ferich to very Ferich
(fig. 5D). Thirty-seven samples of the rhyolite from Wertz
(1971) and three samples of the rhyolite from Swanson
(1989) agree with the changes noted for our four samples.
Because much of the linear trend for our samples of rhyolite
(fig. 5A) isdefined by atered rocks, and because thereislit-
tle chemical variability in the fresh rhyolite, we cannot spec-
ulate about lines of descent or fractional crystallization paths
of these felsic rocks.
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Figure4. Samplelocality map of the Golden Sunlight mine area. Map area shown
on figure 1. Rock-unit abbreviations asin figure 1. Datafor all sampleslisted arein
table 1. Samples not shown on this figure include St. Paul Gulch shown on figure 1

and JC-1 and JC-2 from Jefferson Canyon, south of figure 1.

Rare-earth-element (REE) patterns (fig. 6) are LREE-
enriched and have chondrite-normalized La/YDb ratios (La/
Ybey) ratios of 10 in fresh to 40 in mildly metasomatized
samples. Heavy rare-earth-element (HREE) parts of the
profiles are notably flat. No europium anomalies are
observed. LalYbgy ratios increase to as much as 50 in one
strongly metasomatized sample. Whether or not this appar-
ent LREE enrichment is due to true enrichment of LREE
during mineralization cannot be proven by our data.

CHRONOLOGY OF RHYOLITE EMPLACEMENT

Rhyolite matrix from drill core (sample 90C6-2300')
that contains fragments of mineralized sedimentary rocks of
the Belt Supergroup was processed to retrieve zircon for U-
Th-Pb dating. Morphologically, the zircon varied from
rounded, milky white grainsto elongate, clear, euhedral crys-
tals. Although the rounded zircon may be detrital grains con-
tributed by the sedimentary rocks, the euhedral variety is
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Table1l. Major-, minor-, and rare-earth-element geochemistry of igneous rocks in the Golden Sunlight mine area, south-
western Montana.

[Major-element chemistry by X-ray fluorescence by Dave Seims and J.E. Taggart. Minor-element chemistry by induction-coupled plasma spectrometry by D. Fey. Rare-earth-
element chemistry by induction-coupled plasma spectrometry by A.L. Meier. FeO, H2O, and CO2 analyses by M.G. Kavulak. Leaders (--) indicate "not analyzed." Suite ab-
breviations. Bas, basalt; Ton, tonalite; Ton N, tonalite normalized; Lam 1, lamprophyre 1 having CO2<5 percent; Lam 2, lamprophyre 2 having CO2 between 5 and 9 percent;
Lam 3, lamprophyre 3 having CO2 between 10 and 14 percent; Lam 4, lamprophyre 4 having CO2 between 15 and 20 percent; Lam N, lamprophyre normalized; Rhy, rhyolite;
Rhy N, rhyolite normalized; R1, calculated values for RlR; plot; R2, calculated values for R1R2 plot; A/CNK, caculated values for SiOp versus A/CNK plot; Fe number,
calculated values for (FeO+O.89Fe203)/(FeO+O.89 FepO3 " MgO) versus SiO2 plot; K number, calculated values for K 20/(K20+Na20) versus SiO2 plot; La/Ybcy, chon-
drite normalized ratio of La/Y b; EW/EuU*, calculated value of europium anomaly (numbers less than 1 indicate negative anomaly, numbers greater than 1 indicate positive anom-
aly). From ICP asnalyses, 88C3-301.5' has minimum of 1.95 weight percent SO3, 191-173.5" has minimum of 0.49 weight percent SO3, 88GS-8 has minimum of 0.18 weight
percent SO3, 88GS-12 has about 2.02 weight percent SO3, and 88GS-L has about 1.35 weight percent SO3]

Fieldno. 88GS-1 719-29 88GS-2 88GS-4 88GS-? 718-21 718-15 718-6  88Cl1-256' 88GS-5 88C3-292 190-270.5 88GS-3
Labno. D322303 Swanson D322304 D322306 Swanson  Swanson  Swanson  D322313 D322307 D322316 D322324 D322305
Suite Bas Bas Ton Ton Ton TonN TonN TonN Lam1 Lam1 Lam1 Lam1 Lam1

Major elements (weight percent)

SiOp 48.20 49.65 63.10 66.9063.7059.90 68.24 68.91 46.30 46.90 47.30 47.30 50.70
TiOp 1.00 101 0.42 0.34 0.55 0.52 0.35 0.25 0.91 0.95 0.94 0.93 0.60
Alp0O3  13.00 13.16 15.50 15.90 14.60 14.92 16.36 14.67 12.10 12.30 12.50 12.30 10.40

FexO3 3.54 -- 2.59 1.80 1.04 -- -- -- 5.56 5.09 6.41 6.31 344
FeO -- 9.34 -- -- -- 5.70 3.24 2.90 -- -- -- -- --

FeO 5.80 - 1.80 1.30 4.30 -- -- -- 570 6.40 5.30 5.30 5.90
MnO 0.16 0.15 0.10 0.04 0.07 0.13 0.04 0.05 0.20 0.19 0.20 0.20 0.16
MgO 11.90 13.56 2.89 152 3.48 5.39 152 2.18 811 9.14 8.30 8.35 13.40
Cao 8.94 9.01 3.42 1.46 242 554 1.56 2.82 11.40 11.80 11.20 11.20 8.84
NapO 248 2.03 3.82 4.41 4.63 3.56 4.58 4.10 143 155 1.96 131 214

K20 155 173 3.62 3.77 1.40 3.53 3.76 3.91 4.02 3.60 3.52 4.12 3.15
P20g 0.35 0.35 0.43 0.32 0.11 0.80 0.34 0.19 0.73 1.10 0.76 0.75 0.61

H20+ 2.10 -- 1.00 1.40 2.30 -- -- -- 1.20 0.78 1.20 1.70 0.43
HoO™ 1.50 -- 0.96 0.55 0.36 -- -- -- 0.83 0.44 0.55 0.51 0.50
CO2 0.04 - 0.19 0.02 0.73 - - - 1.80 0.03 0.38 0.50 0.06

Total  100.56 99.99 99.84 99.73 99.69 99.99 99.99 99.98 10029 10027 100.52 100.78  100.33
R1 1691 1895 1874 1918 2110 1728 1940 2132 1315 1402 1299 1393 1614

Ro 1802 1895 813 544 718 1153 563 698 1859 1957 1855 1854 1814

A/CNK 059 0.61 0.95 114 1.08 0.76 114 0.91 0.44 0.44 0.46 0.46 0.45
Fe No. 0.43 041 0.59 0.66 0.60 0.51 0.68 0.57 0.57 0.55 0.57 0.57 0.40
K No. 0.38 0.46 0.49 0.46 0.23 0.50 0.45 0.49 0.74 0.70 0.64 0.76 0.60
LalYbcn 13.48 -- 17.03 34.38 4.82 -- -- -- 13.16 18.73 12.87 15.61 10.11
EuwWEu* 092 -- 1.00 0.95 0.81 -- -- -- 0.94 0.87 0.91 0.96 0.92

Minor elements (ppm)

Ba 550 700 1300 1400 330 1142 1270 934 780 870 790 780 780
Sr 580 717 1100 860 740 989 888 383 1200 1400 1500 1400 870
Y 19 21 14 10 18 17 10 9 21 20 21 21 14
Zr -- 114 - - - 155 175 126 - - - - -
Nb 7 -- 16 13 4 -- -- -- 7 10 13 11 <4
Sc -- 28 -- -- -- 13 4 4 34 35 34 34 28
Cu 86 79 32 15 49 58 23 9 180 71 160 180 120
Pb 10 -- 13 19 27 -- -- -- 8 10 9 9 11
Zn 74 -- 50 27 66 -- -- -- 94 95 97 98 69
Ni 376 345 51 23 65 227 36 66 80 110 78 80 390
Cr 800 904 100 30 130 347 193 226 310 430 310 300 940
Co 56 79 15 9 18 58 23 9 48 51 49 49 57

Rare earth elements (ppm)

La 28 - 48 51 15 - - - 41 50 42 44 18
Ce 58 -- 82 81 30 -- -- -- 78 98 7 85 33

Pr 6.8 -- 8.1 7.6 34 -- -- -- 8.3 10 8.3 8.8 3.7
Nd 28 -- 30 27 15 -- -- -- 35 45 35 37 16
Sm 4.4 -- 4.8 4 3 -- -- -- 5.6 7.4 59 6.3 29
Eu 12 -- 14 0.96 0.8 -- -- -- 16 19 16 18 0.88
Gd 3.3 -- 35 18 3 -- - - 4.5 5.6 4.5 49 29
Tb 0.56 -- 0.51 0.4 0.45 -- -- -- 0.75 1 0.79 0.8 0.43
Dy 31 -- 31 21 34 -- -- -- 4.1 4.6 4 4.4 25
Ho 0.57 -- 0.58 0.38 0.64 -- -- -- 0.7 0.85 0.84 0.84 0.53
Er 16 -- 17 0.88 2 -- -- -- 24 2.2 2.3 2.2 15
Tm 0.23 -- 0.31 0.17 0.34 -- -- -- 0.33 0.33 0.28 0.32 0.2

Yb 14 -- 19 1 21 -- -- -- 21 18 2.2 19 12
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Table1l. Major-, minor-, and rare-earth-element geochemistry of igneous rocks in the Golden Sunlight mine area, south-
western Montana—Continued.

Fieldno. 88GS-6  88GS-8  189-642 88C3-299 151-417' 190-1223.5' 88C2-595.5'88C3-353.75' 115-1876' 88C3-301.5' 115-1537.5' 115-1882 191-1034'
Labno. D322308 D322310 D322323 D322317 D322329 D322325 D322315 D322319 D322321 D322318 D322320 D322322 D322327
Suite Lam1 Lam 2 Lam 2 Lam 2 Lam 2 Lam 2 Lam 2 Lam 2 Lam 2 Lam3 Lam 3 Lam 3 Lam 3
Major elements (weight percent)
SO 55.40 45.70 44.00 44.60 45.00 45.10 45.50 45.90 47.90 42.30 42.80 43.20 46.70
TiOp 0.65 0.78 0.85 0.83 0.68 0.73 0.71 0.56 0.76 0.81 0.83 0.47 2.54
AlpO3  12.00 11.70 11.20 11.40 11.10 9.84 10.70 8.97 13.40 11.20 11.20 7.74 10.60
FexO3 3.02 0.30 5.64 3.75 3.60 3.62 3.58 253 334 4.89 3.95 221 2.79
FeO 5.80 15.10 11.30 5.40 4,90 5.20 5.20 5.50 5.20 4.30 5.30 5.10 4.60
MnO 0.15 0.26 0.25 0.14 0.15 0.14 0.15 0.14 0.13 0.18 0.15 0.12 0.12
MgO 7.98 6.29 6.35 9.39 7.84 10.10 11.10 15.70 5.34 8.34 8.55 16.60 9.46
Ca0 8.61 9.13 777 7.77 8.82 9.96 7.08 6.54 6.65 8.30 8.25 4,95 5.82
NayO 2.40 174 173 1.46 1.78 1.10 164 122 164 159 1.40 1.69 1.89
K20 3.22 2.08 3.04 357 3.45 3.26 312 1.98 3.79 3.20 3.66 2.52 357
P20g 0.53 0.92 0.67 0.94 0.76 0.81 0.59 0.32 0.54 0.98 0.98 0.41 0.55
H20+ 0.38 291 1.10 1.50 1.40 2.00 1.60 3.00 2.10 1.80 1.60 1.50 1.10
HoO™ 0.49 0.09 0.86 0.73 1.00 0.77 1.20 1.40 0.42 1.00 0.63 0.95 0.72
CO2 0.02 317 5.50 8.40 9.29 7.30 8.20 6.60 6.30 10.40 10.30 12.00 10.70
Total 100.65 100.17  100.26 99.88 99.77 99.93 100.37  100.36 97.51 99.29 99.60 9946  101.16
R1 1831 1491 1128 1352 1314 1597 1466 1930 1474 1242 1230 1478 1343
Ro 1552 1518 1366 1521 1550 1760 1518 1654 1239 1521 1526 1505 1300
AICNK  0.52 0.54 0.55 0.56 0.49 0.42 0.57 0.56 0.71 0.53 0.53 0.53 0.60
Feno. 0.52 0.71 0.72 0.48 0.51 0.46 0.43 0.33 0.61 0.51 0.51 0.30 0.43
K no. 0.57 0.54 0.64 0.71 0.66 0.75 0.66 0.62 0.70 0.67 0.72 0.60 0.65
La'Ybcy 8.33 -- 13.48 14.33 16.48 13.97 8.43 13.48 8.09 12.42 12.14 9.55 9.15
Eu/Eu* 0.91 -- 0.96 0.88 0.92 0.92 1.06 0.94 1.01 0.98 0.83 111 0.87
Minor elements (ppm)
Ba 830 -- 690 930 900 620 840 550 840 140 810 580 820
Sr 580 -- 1200 820 1300 660 730 500 740 860 2200 830 810
Y 17 -- 18 18 16 16 15 13 16 16 17 10 12
Nb <4 -- 15 6 7 <4 4 <4 5 8 6 <4 <4
Sc 28 -- 33 27 23 34 24 22 23 25 26 18 20
Cu 95 -- 160 130 110 190 85 74 95 130 140 83 92
Pb 12 -- 7 13 9 10 10 13 14 37 10 12 10
Zn 7 -- 220 74 78 71 72 56 84 91 78 50 61
Ni 97 - 140 240 120 240 400 650 56 230 230 710 290
Cr 340 -- 320 520 330 600 500 530 170 470 440 630 500
Co 41 -- 80 44 40 43 47 59 33 44 45 57 42
Rare earth elements (ppm)
La 21 -- 38 34 44 29 25 24 24 35 36 17 19
Ce 40 -- 72 67 86 59 49 49 47 72 73 31 37
Pr 4.3 -- 7.6 7.3 8.8 6.5 5.3 55 4.9 7.9 8.4 34 39
Nd 19 -- 32 35 36 29 24 24 22 36 35 14 18
Sm 33 -- 52 55 6.2 5 41 3.9 3.8 5.8 6.1 24 2.8
Eu 0.99 -- 16 15 17 14 13 11 12 17 15 0.85 0.88
Gd 33 -- 4.8 47 4.8 4.1 3.2 31 3.3 45 4.7 2.2 34
Th 0.57 -- 0.72 0.69 0.73 0.64 0.6 0.53 0.56 0.73 0.72 0.27 0.43
Dy 34 -- 4 35 4.2 34 35 2.7 32 36 4.1 2 2.7
Ho 0.6 -- 0.67 0.69 0.69 0.66 0.71 0.56 0.64 0.8 0.67 0.4 05
Er 17 -- 21 21 2 16 21 14 18 19 2.4 12 13
Tm 0.3 -- 0.27 0.29 0.29 0.25 0.28 0.18 0.25 0.28 0.32 0.13 0.19
Yb 17 -- 1.9 16 18 14 2 1.2 2 19 2 1.2 14
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Tablel. Major-, minor-, and rare-earth-element geochemistry of igneous rocks in the Golden Sunlight mine area, south-
western Montana—Continued.

Field no. 88C1-283 191-173.5  719-23 718-16 718-9 718-7 718-13 718-1 718-18 718-2 719-27 719-22 88GS-12
Labno. D322314 D322326 Swanson Swanson Swanson  Swanson  Swanson  Swanson  Swanson  Swanson  Swanson  Swanson  D322311
Suite Lam4 Lam4 LamN LamN LamN LamN LamN LamN LamN LamN LamN LamN Rhy

Major elements (weight percent)

S0, 3880 3920 @ - 4737 4776 4782 4784 5057 5106 5146 5445 5592  66.30
TiOp 0.35 044 - 091 0.95 0.97 0.92 0.90 059 0.88 0.84 0.65 0.09
AlO3 634 669 - 1217 1216 1360 1257 1334 1057 1343 1338 1251 1640
FeoO3 159 179 - - - - - - - - - - 2.99
FqO - - - 11.00 1100 1160 1119 1048 912 1049 9.14 861 -

FeO 5.90 560 - - - - - - - - - - <0.01
MnO 0.3 012 - 0.20 0.20 0.22 0.20 0.20 0.16 0.20 0.16 016  <0.02
MgO 1580 1770 - 1011 958 8.46 9.29 774 1386 758 7.47 7.32 0.14
cao 5.06 503 - 11.85 1244 1072 1141 9.73 8.64 9.25 8.92 8.39 0.02
NapO  0.67 079 - 1.73 1.88 2.29 1.50 233 218 244 1.93 251 434
K20 3.06 174 - 3.28 2.80 3.30 3.69 3.95 322 352 264 331 6.65
P05  0.39 025 - 1.37 1.23 0.96 1.39 0.77 0.60 0.75 1.07 0.62 0.07
H,O"  1.00 200 - - - - - - - - - - 0.68
H,O~ 092 090 - - - - - - - - - - 0.46
COp 2000 1550 - - - - - - - - - - <0.01
Tota 10001 9775  -- 9999 10000  99.94 100.00 10001 10000 100.00 10000 100.00  98.17
Ry 1418 1711 ~ 1444 1528 1253 1456 1303 1604 1423 2048 1803 1243

Ro 1449 1547 - 2008 2045 1833 1928 1687 1819 1629 1587 1506 331

AICNK 047 054 - 0.44 0.42 051 0.46 052 0.46 055 0.60 055 114
Fero. 032 029 - 052 053 058 055 058 0.40 058 055 0.54 0.95
Kno. 082 069 - 0.65 0.60 059 0.71 0.63 0.60 0.59 058 057 0.61
LaYbcy 490 1037 - - - - - - - - - - 20.87
EWEw  0.95 087 - - - - - - - - - - 0.93

Minor elements (ppm)

Ba 970 990 772 832 724 800 865 977 705 732 731 791 1200
St 510 500 505 1333 1166 1432 1282 1278 764 1016 809 521 700
Y 8 10 18 24 23 24 2 2 15 2 25 19 4
Zr - - 112 132 123 115 130 112 70 110 146 106 -
Nb <4 <4 - - - - - - - - - - 13
s 17 18 26 33 38 30 32 28 26 28 29 25 -
Cu 71 110 87 175 97 152 51 74 119 125 128 124 49
Pb 9 140 - - - - - - - - - - 8
Zn 46 240 - - - - - - - - - - 64
Ni 590 810 192 255 145 107 192 84 397 108 106 109 7
cr 680 1000 345 197 400 393 397 282 906 284 290 375 2
Co 62 66 19 27 31 30 32 26 31 2 16 36 5

La 8 20 - - - - - - - - - - 13
Ce 17 41 - - - - - - - - - - 17

Pr 17 45 - - - - - - - -- -- -- 1.6
Nd 85 20 - - - - - - - - - - 57
sm 1.4 34 - - - - - - - - - - 0.75
Eu 0.44 0.88 - - - - - - - - -- -- 0.25
Gd 14 26 - - - - - - - - - - 0.9
Tb 0.27 0.39 -- -- -- -- -- -- - - - - 0.17
Dy 15 21 - - - - - - - - - - 0.72
Ho 0.26 0.44 - - - - - - - - - - 0.12
Er 0.91 11 -- -- - -- -- -- - - - - 0.46
Tm 011 0.14 -- -- -- -- -- -- - - - - 0.05

Yb 11 13 - - - - - - - - - - 0.42
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Tablel1l. Magjor-, minor-, and rare-earth-element geochem-
istry of igneous rocks in the Golden Sunlight mine area,
southwestern M ontana—Continued.

Field no. 191-2025'  88GS-L 88GS-7 719-28 718-19 719-25
Labno. D322328 D322312 D322309 Swanson Swanson  Swanson
Suite Rhy Rhy Rhy Rhy N Rhy N Rhy N

Major elements (weight percent)

SiOp 66.60 66.70 69.70 69.84 71.86 72.10
TiOo 0.12 0.10 0.12 0.10 0.08 0.13
AloO3  18.20 16.00 16.20 16.64 16.21 16.48

FepO3 2.26 1.99 1.30 -- -- --

FeO -- -- -- 113 114 1.23
FeO <0.01 <0.01 <0.01 - -- -

MnO <0.02 <0.02 0.06 -- 0.04 0.01
MgO 0.77 0.15 0.16 0.16 0.08 0.19
Ca0 0.10 0.01 0.45 0.01 0.19 0.11
NapO 3.08 2.09 5.36 347 6.33 4.81

K20 5.15 10.30 4.68 8.55 3.99 4.85
P205 0.05 0.02 0.02 0.10 0.08 0.08

HoO™ 1.70 0.58 0.76 - - -
HoO~ 084 0.60 0.58 - - -
COy 018 <001 0.27

Total 99.11 98.57 99.67 100.00  100.00 99.99

Ry 2076 1240 1608 1387 1571 1922
Ro 406 322 374 335 342 345
AICNK 168 1.10 1.10 111 1.08 1.24
Feno. 073 0.92 0.88 0.88 0.93 0.87
K no. 0.63 0.83 0.47 0.71 0.39 0.50
LalYbcn 1433 5174 1079 - - -
EwWEw  1.08 0.62 126 - - -

Minor elements (ppm)

Ba 240 320 1700 1691 1471 762
Sr 550 320 590 387 1496 273
Y 3 <2 6 4 5 5
Zr -- -- -- 76 118 95
Nb 7 13 13 -- -- --
Sc -- -- - 1 -- --
Cu 13 9 1 57 11 10
Pb 5 4 52 -- -- --
Zn 14 <2 31 -- -- --
Ni 13 4 3 37 20 30
Cr 6 2 5 195 238 216
Co 13 3 3 57 11 10

Rare earth elements (ppm)

La 34 33 16 -- -- --
Ce 48 38 29 -- -- --
Pr 41 2.6 2.8 -- -- --
Nd 14 85 11 -- -- --
Sm 14 0.75 17 -- -- --
Eu 0.5 0.14 0.6 -- -- --
Gd 14 0.6 11 -- -- --
Tb 0.18 0.1 0.2 -- -- --
Dy 15 0.42 0.94 -- -- --
Ho 0.35 0.1 0.3 -- -- --
Er 11 0.28 0.93 -- -- --
Tm 0.22 0.05 0.07 -- -- --
Yb 16 0.43 1 -- -- --

interpreted to have crystallized at the time of rhyolite
emplacement and formation of the breccia pipe. A concen-
trate of the clearest, most elongate zircon crystals—having
length-to-width ratios of greater than 6 to 1—was hand-
picked for analysis. Unfortunately, even this zircon contains
alarge component of Precambrian radiogenic lead (table 2),
probably present in the cores of old zircon upon which the
younger crystals nucleated. Because of this inherited lead
component, a precise age for the emplacement of rhyolite
cannot be determined from this single analysis. However, the
data can be used to approximately date the Precambrian com-
ponent, which was likely derived from the basement source
rock of the rhyolite magma. Assuming therhyoliteis approx-
imately 80 Ma and making a linear extrapolation on a
concordiadiagram (fig. 7) from that age through the analyti-
cal point, an upper intercept age of ~2,600 Mais determined.
Such an age agrees well with other evidence for a Late
Archean crystalline basement in southwestern Montana.

Zircon aso was separated from three samples of rhyo-
lite collected in the mine area and dated by fission-track
methods (table 3) in an attempt to date the emplacement of
thesills. Fission-track methods were employed because feld-
spar and biotite from the sills are too altered for 40Ar-39Ar
techniques. Two outcrop samples (80P076 and 80P079) and
one drill-core sample (80P074) were selected . A zircon fis-
sion-track date of 53.5+10.9 Ma was determined for drill-
core sample 80P074, and dates of 53.1+7.2 Ma for outcrop
sample 80P076 and 68.9+8.0 for sample 80PO79 were deter-
mined. The fission-track date of a zircon is reset by temper-
atures in the range 170°—240°C over geological time scales.
These dates obviously do not reflect the time of emplacement
of the sills because the sills are older than the 77-Malampro-
phyre bodies that crosscut them.

The zircon fission-track dates may, however, record
either localized heating and post-lamprophyre emplacement
cooling or regional cooling during Laramide uplift and de-
nudation. The oldest zircon fission-track date (68.9+8.0
Ma) comes from the topographically highest sample, which
is consistent with ssmple uplift and cooling of the area start-
ing in Late Cretaceous time. The topographically lowest
samples, less than a kilometer lower, have much younger
dates (53+7-10 Ma). If interpreted as evidence of simple
uplift and cooling, these data would suggest an uplift rate of
about 0.04 m per 1,000 years. This rate is very slow com-
pared to uplift rates of 0.3-3 m per 1,000 years for Lara-
mide uplifts elsawhere in the northern Rocky Mountains
(Perry and others, 1992). Clearly, more fission-track sam-
ples are needed, at varying elevations, to fully understand
our reconnaissance data.

BRECCIA PIPE AND ADJACENT STRATA

Within the pipe and the adjacent country rock, gold is
concentrated as electrum in pyrite and within the telluride
minerals calaverite, petzite, sylvanite, and krennerite (Porter
and Ripley, 1985) in both veins and within zones of



"(686T) NIMSQ W04}

= Po14IpoW S3Liepunog pply \T d|cel Ul peis!| Jequinu 84, s1sixe-x 10d ¢OIS snsieA (OBIN+E0%4 68°0+084)/(E0%-468'0+084) ‘d (G66T ‘etep ‘gndun) 1ASd WO S3Lepunog ppl
‘Talger Ul passt| Jequinu M, Sisixe-x 110[d OIS snseA (OCN+OCM)/OCH ‘O (766T BIep ‘gndun) HIMSQ W04 $3001 SNosub| paJsifeun Jo pply ‘wnisselod pue ‘Wnipes ‘wniofes fejow
Jo wnspeuiwne fejow ‘MND/V 10[d MND/V SNSA COIS 'a°(686T) HIMPA woly Apybis paijipow Aluiesfe Jo ppid “(eNus/s zienb s useainbs ouoin|d) 81Ayden zienb ‘yoes zib
‘E1Ue.b 11X e s us eAInbs oon(d) al1joAys 1y e Ay e ((E1uelB s1us eAinbe ouoin|d) 811j0Ayl Ayl B1ioipouelb ‘pb 811feuo) ‘Uo) B1101poZUOW ‘1P ZW B1LoIp ‘IP {(086T ‘Sleylo pue
ayooye18Q) 10d ¢y snsieA Ty ‘v'sseq 8914-9] 112 [OAR LD PSZ!eLIou ‘(86T) UOSUeMS W4 sesAeue ‘paziewliou ‘suiw ay Jo Aluniaayl ulaljoAys passie AjeweyiolpAy ‘d3y3 11V
‘Ui aY] Jo ALIUIDIABY] U 199]|00 PIN02 M Se Usal)Se S eyl alljoAy) ‘HSTH eae auiw IybI1juns Usp oo ay) WioJ ) alifeuo] pue a11joAys Josiold Ansiweydoah juswep-lofey  "gaunbi4

(1L +8)0002 - (M +©N)000'TT - 1S000Y ="

00sT 000T

aIy3aLIv |

\v/ <
< ¢ Vv 1]
£ 4 =~ 8
(OB + % 94680 + Oou_V\mO 94680 + 0°4) yoesn zib 005 m
0T 60 80 L0 90 S0 W
! ! L [T N
R 7. (@) S
) R 7 I g
L R s — = o
= A aad - +
? d o s g oot 3
N Ry S youbn ks A 0o m S
S / 7 i =3 =
S . e =2 (GeN + J S
W 7 90 0 z0
2 . T T 1 Z T
O ;O o 4 -~
| a3yaLv ‘. \ \ s aisselod Alop \.. o_mwﬁon_\\\ abesany %
W * ‘o / K , - K¢ 05T
O ... \ \ .... - W
J : e}
S / { 0 WS A R
you a4 AIapa ...su__ mu abelany _~ you ms_... - m
4 = (wueoed ‘) %015
v
o/ 09 05
L] L] L] L] \\ L] NO
a3yaLiv O\\ J
S300.1snoaubi - snoulwnfela
. r'd ] .
pozifewlou ayfeuo] il /T hsaw pomiEun o ﬁ o &0
ayeuoy - P s g 3\ - -
: H / / 21pos Alop - d <
; / /- ! \J\\O e 60
- O 4 -
pezifewlou ayloAuy ¢ - / 5
anpAyy ¥ yal v ¢ 2
/ o WS / \ 1
%
NOILVYNY 1dX3 r ¥V o -
\ O -
\ v - / i
ANCESET L prag
< P snouiwnpesad ApIN -~ Z1
/// ’ \\ i
//I \\ snoujwnelad Ajbuons

€T



12 LATE CRETACEOUS IGNEOUS AND HYDROTHERMAL EVENTS, GOLDEN SUNLIGHT BRECCIA PIPE
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CHONDRITE-NORMALIZED RATIO
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RARE EARTH ELEMENT

Figure 6. Chondrite-normalized rare-earth-element plot for
rhyolite and tonalite in the Golden Sunlight mine area.

hydrothermally altered and silicified rock. Early quartz-
pyrite-hematite veins (stage 1a of Porter and Ripley, 1985)
are superseded by a period of copper-bismuth veins, some of
which contain electrum (stage 1b). Lead-zinc veins (stage 2),
tellurium-rich veins (stage 3), and late, barren barite-dolo-
mite-magnesite veins (stage 4) complete the mineralizing
process. Within the pipe, quartz, sericite, barite, and potas-
sium feldspar are the common gangue. Magnesite is locally
abundant near late mafic dikes (Alexander, 1955; Lindquist,
1966; Robinson, 1963; Schmidt and others, 1988, 1989; Till-
ing and others, 1968). Fragments of sedimentary rocks are
typically bleached, silicified, and replaced by pyrite on their
margins or along bedding planes. Secondary sericite is a
common gangue in both the rhyolite and wallrocks. Much of
the pyrite, hematite, chal copyrite, and sphalerite is concen-
trated in the matrix, between fragments.

Deep in the pipe, molybdenite is volumetrically signifi-
cant. Pyrite, hematite, and molybdenite in the deep parts of
the pipe are concentrated in the groundmass of the rhyolite
porphyry, between phenocrysts of oligoclase and albite.
These early sulfidemineralsalso are cut by veinletsof quartz-
pyrite-molybdenite-barite, and the groundmass and pheno-
crysts are silicified and replaced by lesser amounts of pyrite.
The pipe is probably positioned above a hypabyssal stock
related to an alkalic porphyry molybdenum system. Knowl-
edge of the timing of emplacement of the breccia pipe may
aid in refining exploration models for this type of deposit.

Hydrothermal minerals related to gold deposition
proved difficult to date at the Golden Sunlight mine. Sericite
from altered rhyolite was dated by the 40Ar-39Ar technique,
but the results, reported at the end of the following section,
are ambiguous. Therefore, we analyzed the lead isotopic
composition of both unaltered and altered strata of the Belt
Supergroup and altered and mineralized rhyalite in the pipe
in order to limit the age of ateration and mineralization. We
report those resultsin the following section.

CHRONOLOGY OF ALTERATION
AND MINERALIZATION

An investigation of the lead isotope systematics of
altered and unaltered sedimentary and igneous rock from the
vicinity of the Golden Sunlight mine was undertaken in order
to potentially determine: (1) the extent and nature of hydro-
thermal ateration, (2) the source of the lead in the rocks and
ores, and (3) the approximate age of mineralization. Ideally,
strata of the Belt Supergroup that shared a common initial
lead isotopic composition and existed undisturbed as closed
systemsto U, Th, and Pb would haveisotopic ratios that plot
along ~1,400-Ma isochrons on 238U/204Pp versus 206Pp/
204pp and 232Th/204Pp versus 298Pb/204Pp diagrams. On the
other hand, complete i sotopic homogenization of preexisting
lead plus any new lead introduced at the time of hydrother-
mal activity would serve to reset the chronometers and, if
subsequently remaining closed systems, provide isochron
ages that reflect the mineralization event. Incomplete reten-
tion of U, Th, or Pb, or inhomogeneity ininitial lead isotopic
composition might prevent calculation of precise ages but
would still give some useful information about the general
timing and conditions of mineralization.

Seven whole-rock and one pyrite sample defined as
altered and three whole-rock samples defined as unaltered
(G.A. Desborough, written commun., 1993) were analyzed
for their U, Th, and Pb concentrations and Pb isotopic com-
position (table 4). Of the atered whole-rock samples, five
(89C16-586.5', 169-489', 115-743', 6100 level, and 88C1-
442.3") are sericitized and (or) potassium-metasomatized
equivalents of the LaHood Formation and contain cross-cut-
ting quartz-pyrite veinlets and (or) disseminated pyrite. The
other two atered whole-rock samples are rhyolite—one
dightly altered with cross-cutting quartz-pyrite veinlets
(90C6-2300') and the other extensively sericitized and potas-
sium metasomatized and containing abundant disseminated
pyrite (G-010334). Pure pyrite separated from avein in the
dightly altered rhyolite (90C6-2300'PY) was also analyzed.
The three unaltered whole-rock samples are black shale
(89C10-585.9" and St. Paul Gulch) and rhythmically banded
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Figure 7. Concordia diagram for zircon from rhyolite (sample
90C6-2300'), Golden Sunlight mine.
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Table 2. U-Th-Pb analytical data for zircon from rhyolite (sample 90C6-2300'), Golden Sunlight mine, southwestern

Montana.

[Uncertainty in analytical datais calculated in the manner suggested by Ludwig (1991a); uncertainty in date (+2 sigma) is an estimated analytical uncer-

tainty calculated according to Ludwig (1991b). Analyses by R.E. Zartman and L oretta Kwak]

Sample U Th Pb Atomic composition of lead* 206pp/238y  207pp 235 207ppyy206pp 208ph/232TH

(mesh size) (ppm)  (pm)  (ppm)  2%%pp 206py 207pp  208py  [Date (Ma)] [Date (Ma)] [Date (Ma)] [Date (Ma)]

90C6-2300'

(—200+400) 5248 3824 5796 0.0231 7899 1307 7915 010098 22522 0.16176 0.01215
[620+2] [1198+4] [2474x2] [244+2]

*aboratory blank of 30 picograms |ead with isotopic composition 206Po/204Ph = 18.7, 207Ph/204Pp = 15.6, 298Pb/204Ph = 38.2 re-
moved. No common lead correction has been applied to these ratios. Common lead correction used for zircon age calculations: 206Pb/

204pp = 14.31, 207Pp/204Ph = 14.94, 208Ph/204ph = 33.99.

Table 3. Fission-track anaytical data for zircon from rhyolite samples, Golden Sunlight mine area,

southwestern Montana.

[Samples prepared for dating following the procedures of Naeser (1978). Irradiation performed in the U.S. Geological Survey
TRIGA reactor with NBS-SRM 612 glass as amonitor. Ages calculated by the "zeta calibration" procedure of Hurford and Green
(1983) using an experimentally determined zeta factor for zircon of 331.5+7.6 (1-sigma standard deviation). The number of tracks
counted appears in parentheses under the corresponding track density]

Fossil Induced Monitor 95 percent
Sample no. track density track density track density Grains Date confidence
(# counted) (# counted) (106 tr/cm) counted (Ma) level (1)
(# counted)
80PO74 ......... 580.......... 275 ... ..., 0173......... T, 535......... 10.9*
(850) (403) (1948)
80PO76 ......... 422.......... 227 ... .. 0173......... 6.......... 531.......... 7.2
(732) (394) (1948)
80PO79......... 447, .. ... ... 185 ......... 0173......... 9. 689 .......... 8.0
(1283) (531) (1948)

* |n this determination, grain-to-grain variance is greater than can be accounted for by Poisson variability.
Date calculated from weighted mean densities (fossil and induced) and the "t+" from observed scatter.

siltite(?) (89C16-860.2') of the LaHood Formation, all of
which are devoid of secondary silicate minerals or hydro-
thermally introduced pyrite. These data together with two
previously published analyses of presumably unaltered
LaHood Formation from ~10 km southeast of the Golden
Sunlight mine (Zartman, 1992) are presented in table 4.

The unaltered LaHood Formation samples can be com-
pared to 1,400-Mareference isochrons on 238U/204ph versus
206Pb/204Pb, 235U/204pb versus 207Pb/204Pb, and 232Th/
204pp versus 208Pp/204Pp diagrams constructed through ini-
tial 206Pp/204ph, 207Pp/204Ph, and 298Pp/204Ph ratios of
16.20, 15.40 and 35.90, respectively (figs 8A, 8B, and 8C).
These initia isotopic ratios were chosen as approximating
the composition of much of the Belt Basin at the beginning
of Belt Supergroup deposition (Zartman and Stacey, 1971).
A close fit of the data to such isochrons might be taken as
evidence for areatively undisturbed condition of the unal-
tered rocks since their deposition. However, Zartman (1992)
demonstrated that samples 12 and 13 from the Helena
embayment of the Belt Basin do deviate appreciably from

the above initia ratios, which he found to mainly character-
ize the more open Belt Basin to the west. Indeed, the scatter
from the isochrons shown by the uncorrected data for these
two samples—particularly manifest in the 235U/2%4Pp versus
207Pp/204pp system—Ilargely can be explained by the pecu-
liar initial isotopic composition of the LaHood Formation.
Accordingly, substantial corrections to at least samples 12
and 13 are needed in order to compare their positionsto the
1,400-Ma isochrons (figs. 8B, 8C). Whether such correc-
tions should also be applied to the other samples is not
known, but initial lead systematics similar to thoseidentified
by Zartman (1992) would not improve the linearity of the
unaltered array. Sample 11, the only other sample collected
at a distance greater than 1 km from the Golden Sunlight
mine, already plots significantly below the reference isoch-
rons on the 238U/204Pp versus 206Pb/204Ph and 235U/204Ph
versus 207Pp/204Pp diagrams (figs. 8B, 8C), so any down-
ward correction of the point would further displace it from
the reference isochron. Of course, sample 11 was itself col-
lected from asmall, abandoned mine adit and may have been
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Table 4. Lead isotopic composition of rocks in the Golden Sunlight mine area, south-

western Montana

[First part of hyphenated sample number refers to drill-hole number; second part refers to depth from which
sample was taken. St. Paul Gulch, JC-1, and JC-2 are surface samples. Analyses by R.E. Zartman and Loretta

Kwak]
Sample U Th Pb 206y 204py 207y 204py 208pyy204py
number (ppm)  (ppm)  (ppm)

89C10-585.9 330 17.852 15.608 37.418

89C16-860.2 342 1045 1370 17.711 15.457 37.674

89C12-586.5 572 863 8.06 18.377 15.541 37.581

169-489 508 715 2865 17.848 15.542 37.763

115-743 388 973 4.66 18.450 15.531 38.330

6100 level 6.89 2177 22020 17.770 15.514 37.751

88C1-442.3 337 704 1349 18.051 15.547 37.874

90C6-2300 131 058 3.06 18.161 15.538 38.045

90C6-2300' PY 046 002 76.66 17.786 15.494 37.833

G-010334 134 140 8.39 18.009 15.561 37.910

St. Paul Gulch 586 10.05 14.64 20.143 15.778 38.900

JC-1 099 338 1830 17.878 15.878 37.063

JC-2 094 299 5.44 18.989 15.867 37.925

Sample descriptions

89C10-585.9 LaHood Formation, unaltered(?) black shale; Pb determined by energy-dis-
persive X-ray.

89C16-860.2 LaHood Formation, unaltered rhythmically banded siltite.

89C12-586.5' LaHood Formation, altered rhythmically banded siltite containing cross-cut-
ting quartz-pyrite veinlets.

169-489 LaHood Formation, laminated, K-rich, pyritic rock with fine-grained ortho-
clase as dominant mineral.

115-743 LaHood Formation, altered with pyrite, sericite, quartz, orthoclase, and al-
bite.

6100 level LaHood Formation, open pit of mine, bedded authigenic feldspar.

88C1-442.3 LaHood Formation, altered with abundant pyrite and mineralogy similar to
115-743.

90C6-2300 Slightly altered rhyolite containing cross-cutting quartz-pyrite veinlets.

90C6-2300'PY Pyrite from quartz-pyrite veinlets cutting rhyolite of sample 90C6-2300.

G-010334 Altered rhyolite containing abundant pyrite, quartz, orthoclase, albite, and
sericite.

St. Paul Gulch LaHood Formation, black shale from abandoned mine adit.

JC-1 LaHood Formation, conglomeratic arkose, Jefferson Canyon, 10 km south-
east of Golden Sunlight mine.

JC-2 LaHood Formation, arkose, Jefferson Canyon, 10 km southeast of Golden

disturbed by hydrothermal alteration related or unrelated to
mineralization at Golden Sunlight mine. Based on this lim-
ited data set, we conclude that quite likely al rocks within
and immediately adjacent to the Golden Sunlight mine
underwent at least partial homogenization of their lead iso-
topes. Whether such effects extended as far as 1 km from the
mine area is uncertain, but our limited evidence would sug-
gest that, beyond that distance, lead isotopes were not dis-
turbed by the mineralization event.

Calculation of best-fit linesfor the eight altered samples
on 232Th/204Pp versus 298Pp/204Ph and 238U/204Ph versus
206pp/204ph diagrams (figs. 8A and 8C) produces isochrons
of much shalower slope than the 1,400-Ma reference

isochrons. Particularly noteworthy is the model 3 isochron
age of 84+18 Ma obtained for the 238U/204Pp versus 296Pp/
204pp plot (fig. 8C) using the ISOPLOT program of Ludwig
(1991b). Model 3 ages assign scatter in excess of anaytical
uncertainty to variation in initial lead isotopic composition,
an assumption that would be appropriate if complete homog-
enization had not taken place at the time of mineralization.
The good agreement between this isochron age and other
attempts to date the time of rhyolite intrusion and associated
mineralization suggests to us that the altered samples do
indeed reflect a largely reset chronometer. Considerably
greater scatter of points from a linear array for the 232Th/
204py versus 208Pp/204Pp plot (fig. 8A) results in a more
poorly defined model 3 isochron age of 53+ 83 Ma.
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In considering the source of the lead associated with the
gold mineralization, it is useful to compare theisotopic com-
position of average unaltered and average altered LaHood
Formation lead at the time of mineraization. A match
between thelead in both the unaltered and altered rock would
support a hypothesis whereby most of this metal in the
hydrothermally mineralized mine area was scavenged from
the immediately surrounding country rock. Different isoto-
pic compositions, on the other hand, would demand that
either (1) the lead, if scavenged, does not represent an isoto-
pically unbiased sampling of country rock, or (2) another
source of lead, such aslower crustal rock that gaveriseto the
magma for the rhyolite, was at |east partialy involved in the
mineralization process. Unweighted average lead isotope
ratios (and 2o uncertainties), cal culated for the five unaltered
samples and corrected to 80 Ma, yield 206Pp/204pp =
18.38+1.86, 207Ppb/204ph = 15.70+0.32, 208Pp/204pp =
37.8+1.24, but the presumably more appropriate weighted
average ratios—dominated by sample 89C10-585.9'—yield
206phy/204pp = 17.89+0.47, 207Ph/204Ph = 15.61+0.08, 208Pp/
204pp = 37.43+0.31. The isochrons fit through the eight
altered samples (figures 1and 2 and an equivalent 206Pp/
204pp s, 235U/204Py diagram) give initial lead-ratio inter-
cepts of 206Pp/204pp = 17.79+0.06, 207Pp/204Pp =
15.53+0.02, and 206Pp/204ph = 37.79+0.19. Although the
two sets of ratios are in modest agreement and, therefore,
appear to permit the country-rock-source hypothesis, the
present data are insufficient to accurately constrain the isoto-
pic composition of the LaHood Formation as it may have
existed at the time of rhyolite intrusion and mineralization.

Especially sensitive in making an isotopic match is
207pp/204pPp, which has a distinctly lower value for altered
samples than unaltered samples. It can be argued, of course,
that this mismatch is areflection of biased sampling that has
omitted low-U/Pb unaltered rocks. If the LaHood Formation
and other Beltian rocksin the vicinity of the Golden Sunlight
mine behaved essentialy as closed systems with a uniform
initial isotopic composition prior to Late Cretaceous alter-
ation, an isochronous relationship would have existed
between 206Pb/204Ph and 207Ph/2%4Ph. Assuming the initial
ratios at the time of LaHood deposition to be those deter-
mined by Zartman and Stacey (1971), permissible “close-
approach” values of 206Pp/204Pp = 17.75 and 207Pb/204ph =
15.54 do compare very well with the initial lead calculated
for the altered samples.

An attempt was made to date fine-grained, hydrother-
mal sericite associated with pyrite and gold in the Golden
Sunlight orebody by the 40Ar-3%Ar technique. Sericite was
separated from an altered and mineralized rhyolite sill (sam-
ple 88GS-11). Because the separation process involved par-
tial digestion in HCI and HNOg, the analyzed mineral (table
5) may have been dightly chemically altered . The resulting
spectra(fig. 9) isdisturbed and does not record asimpleigne-
ous or cooling history. The largest two gas fractions, with
dates of 93 and 95 Ma, account for 66 percent of the gasfrom
the sample, but the spectra declines in age up to the highest
temperature gas fractions. We are hesitant to place much
emphasis on the dates from 93 to 95 Ma because of the shape
of the entire spectra.
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Figure8. Lead evolution diagrams for samples from the Golden
Sunlight mine area. Filled circles represent altered samples; open
circles represent unaltered samples; 1,400-Ma reference isochron
shown by thick, steeply inclined line in all diagrams. A, 232Th/
204ph versus 208pp/204py plot. Model 3 isochron constructed for
eight altered samples. B, 235U/204ph versus 207Ph/2%4ph plot.
Model 3 isochron constructed for eight altered samples; arrows in-
dicate direction that samples 12 and 13 should move to be corrected
for lack of equilibration at 1,400 Ma. C, 238U/2%4pb versus 206pp/
204pp plot. Mode! 3 isochron constructed for eight altered samples;
arrows indicate direction that samples 12 and 13 should move to be
corrected for lack of equilibration at 1,400 Ma.
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Table5. 40Ar-39Ar data for sericite from rhyolite (sample 88GS-11), Golden Sunlight mine

area, southwestern Montana.

[“CAr, radiogenic 4CAr corrected for mass discrimination and induced 4CAr; 3%Arc, 39Ar corrected for mass discrim-
ination and radioactive decay; %40Arrad, percentage of radiogenic40Ar. Sampleweight = 75 mg; J= 0.007283+0.25
percent. 4OAr-39Ar analyses by Ross Y eoman and L.W. Snee]

Temperature Date 2sigma
(°C) 40Ar,, 39Ar, F o %%Arng % FAng (Ma) uncertainty
(Ma)
400 14.59479 2.25239 6.480 92.7 24.7 83.19 0.35
500 21.62990 2.89221 7.479 96.9 317 95.68 0.40
600 23.34362 3.18826 7.322 93.2 34.9 93.72 0.39
650 5.13684 0.70804 7.255 83.2 7.8 92.89 0.39
700 0.23069 0.03309 6.972 455 0.4 89.36 0.69
750 0.22523 0.04056 5.554 411 04 71.53 0.39
800 0.00764 0.00309 2475 3.8 0.01 32.23 9.33
900 0.02506 0.00195 12.821 114 0.01 161.04 16.14
1000 0.01111 0.00158 7.032 83 0.01 90.10 10.30
1375 0.07121 0.00386  18.463 35.0 0.01 227.59 6.83
Total gas 7.1054 91.62 0.65
No plateau
INTERMEDIATE TO FELSIC LAMPROPHYRES

PLUTONIC ROCKS

Small stocks and plugs cut the Belt Supergroup rocksin
the mine area. Their contacts with rhyalite sills and lampro-
phyre are poorly exposed, but the plutonic rocks appear to cut
all other rock units (figs. 1 and 4). In al likelihood, these
intrusive rocks are related to emplacement of either the
Boulder batholith or to intrusive activity associated with the
Elkhorn Mountains Volcanic field.

PETROLOGY AND CHEMISTRY

These rocks do not appear to be genetically related to
therhyolite sills, as evidenced by their major- and minor-ele-
ment geochemistry. The intrusive rocks have seriate, hypidi-
omorphic texture and contain moderate amounts of
granophyre-myrmekite. Primary minerals, in decreasing per-
centages, are plagioclase, akali feldspar, quartz, hornblende,
biotite, and traces of clinopyroxene.

Chemically, these plutonic rocks range from monzo-
diorite to granite, but average tonalite in composition (fig.
5A). All unaltered rocks are alkali-calcic (fig. 5A), metalumi-
nous to mildly peraluminous (fig. 5B), average to sodic (fig.
5C), and Mg rich to very Mg rich (fig. 5D). Where altered,
the tonalitic rocks are strongly peraluminous (fig. 5B).

The suite of rocks have REE patterns (fig. 6) that are
LREE enriched and have La/Y bcy ratios of 17-34. HREE
parts of the profiles are dightly concave upward. No
europium anomalies are noted. The patterns plot generaly
above those for rhyalite sillsin the area.

Numerouslamprophyresillsand dikes cut the gold-min-
eralized breccia pipe at the Golden Sunlight mineand Middle
Proterozoic sedimentary rocks in the surrounding area. Sills
are more numerous than dikes. Lamprophyre bodies range
from several centimetersto several metersthick but normally
do not exceed 3m. Many sillsand dikes are not shown onfig-
ure 1 due to their small size. Contact-metamorphic effects
from the lamprophyres are generally minor to nonexistent.
The lamprophyre bodies are described in detail in this report
because of their unusual chemistry, alteration, and possible
tie to late stages of mineralization.

PETROLOGY OF CO2-POOR LAMPROPHYRE

Lamprophyre dikes having low concentrations of CO,
are dark gray where fresh and distinctly porphyritic. Large
phenocrysts, averaging 4-10 mm across, of olivine and cli-
nopyroxene are set in a fine-grained groundmass that also
contains smaller phenocrysts of olivine and clinopyroxene
(fig. 10). In decreasing amounts, the groundmass (fig. 11) is
composed of clinopyroxene, sanidine, albite, biotite, opagque
minerals, and apatite (fig. 11). Swanson (1989) noted that the
lamprophyres average 72 percent fine- and intermediate-
grained groundmass and 28 percent coarse-grained phenoc-
rysts (average of 10 samples).

Pale-green, euhedral, strongly zoned diopsidic augiteis
the main coarse-grained phenocryst (fig. 12). Such large phe-
nocrysts are as much as 1 cm or more in maximum dimen-
sion, but phenocrysts as small as 4 mm are present. Many
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Figure 9. 40Ar-39Ar release spectra for sericite from rhyolite

(sample 88GS-11), Golden Sunlight mine.

phenocrysts are strongly resorbed and embayed by ground-
mass minerals. In some grains, inclusions of carbonate(?)
minerals and feldspar are aligned along zone boundaries that
areparallel to crystal outlines (fig. 13). Diopsidic augite con-
stitutes 2025 percent of the coarse-grained phenocrysts and
15-20 percent of the smaller phenocrysts in the groundmass
(fig. 14). Augite contains minor amounts of Cr (about 0.5
weight percent in sample 191-939).

Very pale green to colorless, euhedral to subhedral and
broken, primarily unzoned forsteritic olivine (about Fogs_gp)
isthe second most abundant phenocryst. Most lamprophyres
average 7 percent coarse-grained olivine. Some varieties
contain asmuch as 5 percent finer grained phenocrysts, prin-
cipally inthe groundmass. Olivine averages several millime-
ters across but may be aslarge as 1-2 cm (fig. 15).

Euhedral, brownish-green biotite (much of it Mg rich)
phenocrysts are subordinate to clinopyroxene and olivine
and normally do not exceed 2 percent. Biotite may be severa
centimeters across but is usually 5 mm or less. Phenocrysts
are typically embayed by groundmass minerals (fig. 16).
Such phenocrysts contain 1,200-2,400 ppm Cr, 650-1,450
ppm Ni, 340-490 ppm V, and 2,100-2,300 ppm Ba (table 6).

The fine-grained (less than 0.01 mm) groundmass is
composed of subequal amounts of diopsidic augite and sani-
dine and lesser amounts of biotite, albite, magnetite and
ilmenomagnetite, carbonate minerals, and apatite. In rocks
having an extremely fine grained groundmass, large
phenocrysts are not embayed or atered on their edges. In

rocks having a coarser grained groundmass, diopsidic augite
or biotite are surrounded by thin selvages of biotite- and
opague-poor, sanidine-rich materia (fig. 17). Diopsidic aug-
iteinthe groundmassis pale green and euhedral to subhedral
(fig. 18). Euhedral to subhedral, lath-shaped sanidine (Carls-
bad twinned, low 2V) formsan interstitial mat to surrounding
clinopyroxene (fig. 19). Minor amounts of euhedral, albite-
twinned albite are associated with sanidine. The volume per-
cent of magnetite for 10 CO»-poor samples averages 1.5 per-
cent, as determined with a hand-held magnetic susceptibility
meter. Magnetite and ilmenomagnetite are disseminated
throughout the groundmass. Biotite is present in three mor-
phologies, as coronas of magnetite and ilmenomagnetite (fig.
20), as euhedral elongate grains between sanidine and albite
(fig. 19), and as ophitic clots (up to 1 cm across) surrounding
clinopyroxene and sanidine (fig. 21). Fine-grained carbonate
minerals areinterstitial to sanidine laths (fig. 22) and appear
tobeof primary, magmatic origin. Very finegrained, acicular
apatite needles are disseminated through the groundmass but
are principally within sanidine grains. Sparse sulfide miner-
als(chiefly pyrite) are noted (samples 88C3-301.5', 88GS-8,
and 191-173.5") both in disseminated form and as microvein-
lets having alteration haloes.

Locally, the lamprophyre dikes are extremely heteroge-
neous. In one gently dipping dike(?) at the south end of Bull
Mountain, the relative percentages of phenocryst minerals
are highly variable over athickness of about 6 ft. No regular
pattern of zonation was observed. In certain parts of the
body, no megascopic clinopyroxene or olivine are noted and
biotite isthe principal phenocryst. In other parts, just 1-2 cm
away, large crystals (1-2 cm across) of diopsidic augite and
subordinate olivine are the dominant phenocrysts and no
biotiteisvisible.

CHEMISTRY OF CO2-POOR LAMPROPHYRE

W.L. Coppinger and the Golden Sunlight mine staff
originally noted the alkalic nature of the dikes, their primi-
tive nature, and spatial association of some areas of high-
grade gold in the breccia with the dikes. A study of 17 sam-
ples of the lamprophyre (Swanson, 1989) revealed many of
the features of the mafic rocks but did not contain analyses
for FeO, CO,, H,O%, H,O™, or REE. Also, Swanson (1989)
leached his samples with dilute HCI prior to analysis and
normalized the resulting oxides to 100 percent. However,
his normalized results can be used to augment our analyses
if careistaken in interpretation of the data. Using the total
alkali-silica (TAS) classification scheme of LeBas and oth-
ers (1986), Swanson (1989) classified the mgjority of lam-
prophyres as trachybasat and potassic trachybasalt
(because NayO < K50). Several samples were basaltic
andesite (or andesibasalt).

For our study, 19 additional samples were collected,
five from the same outcrops as those sampled by Swanson
(1989). Agreement between duplicate samplesis very good.
Chemically, the lamprophyres were subdivided into five
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Figure 10. Photomicrograph in plane-
polarized light of olivine and clinopyroxene phe-
nocrysts in lamprophyre (sample 88GS-6). Ol,
oliving; Cpx, clinopyroxene. Field of view
4.2x3.0 mm.

g e e
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Figure 11. Photomicrograph in plane-polarized
light of groundmass texture and mineralsin lam-
prophyre (sample 88GS-3). Cpx, clinopyroxene;
San, sanidine; Bt, biotite; 11/mt, ilmenomagnetite.
Field of view 1.6x1.1 mm.

Figure 12. Photomicrograph of strongly zoned
clinopyroxene phenocryst in lamprophyre (sam-
ple88GS-5). Cpx, clinopyroxene; crossed nicols.
Field of view 4.2x3.0 mm.
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Figure 13. Photomicrograph in plane-polarized
light of carbonate mineral (?)- and feldspar-rich in-
clusions in clinopyroxene phenocryst in lampro-
phyre (sample 88C3-292). Cpx, clinopyroxene.
Field of view 1.6x1.1 mm.

Figure 14. Photomicrograph in plane
polarized light of clinopyroxene grains in
groundmass in lamprophyre (sample 88GS-3).
Ol, olivine; Cpx, clinopyroxene; San, sanidine.
Field of view 1.6x1.1 mm.

Figure 15. Photomicrograph in plane-
polarized light of olivine phenocrysts in lampro-
phyre (sample 88GS-3). Ol, dliving; Cpx, cli-
nopyroxene. Field of view 8.5x5.8 mm.
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informal groups according to their CO, concentrations.
Group 1 (labeled “lamprophyre 1" on figures) contains less
than 2 weight percent CO,; rocksin thisgroup have not expe-
rienced CO, metasomatism. Group 2 rocks contain 3-9 per-
cent COy, group 3 rocks contain 10-14 percent CO,, and
group 4 rocks contain 15-20 percent CO,. Analyses from
Swanson (1989) are treated as a separate group (“lampro-
phyre normalized” on figures).

Plots of SiO, versus major-element oxides (fig. 23)
show much more scatter than would be expected from one
cogenetic igneous population. Smooth trends of sample
points are not apparent for many major-element oxides. MgO
and K»0 versus SiO, especially show evidence of more than
one population of lamprophyre, as will be discussed in fol-
lowing sections. H>O concentrations of CO»-poor lampro-
phyres are in the field of “common” basic igneous rocks
(LeMaitre, 1976) or between there and the field of lampro-
phyres as defined by Rock (1987). Most trace-element con-
centrations for the CO»-poor lamprophyres are similar to
values reported for “calc-alkaling” kersantites (Streckeisen,
1979; Rock, 1984, 1989; LeMaitre, 1989).

Chemically, lamprophyres with less than 2 weight per-
cent CO5 (group 1) are predominantly alkali gabbro (fig. 24A)
according to the classification of De LaRoche and others
(1980). Two are olivine gabbro and one is a gabbro-diorite.
Five of the samplesfrom Swanson (1989) also are alkali gab-
bro. Apparently, the bulk composition of the parental magma
was an akali gabbro to olivine gabbro and was transitional
from truly alkalic to alkali-calcic. The samples that plot as
gabbro-diorite may represent a population that is distinct
fromthealkali gabbro, asisshown by their sub-alkalic nature
and by their position on subsequent geochemical plots.

Figure 16. Photomicrograph in plane-
polarized light of embayed biotite phenocryst in
lamprophyre (sample 115-153.6). Bt, biotite;
San, sanidine; Carb, carbonate minerals. Field of
view 4.2x3.0 mm.

Table 6. Minor- and trace-element geochemistry of phlo-
gopitic biotite phenocryst samples from lamprophyre bod-
ies, Golden Sunlight Mine, southwestern Montana.

[All values in ppm, except NapO and MnO, which are reported in weight

percent (wt %). Analysesby F.E. Lichte by incuction-coupled mass spec-
trometry]

Element 88C3-301.5' 88GS-8
(average of 3) (average of 2)

Licooooooo, 45 . 45

B ..o 296 ... 4

NapO ... 02wt% ........ 0.58 wt %

SCo 5. 11

Voo 339 ... 486

Croo 2413 ... 1255

MNO ............ ..., 0owt% ........ 0.13wt %

COin i 103 ... 113

Niooooo 1450 ...l 646

CU..ii 20. ... 10.0

N 177 ..o 114

Ga. .o 59 25

Ge . 32, 0.3

Rb.................. 275 ..o 276

S 130 ... 100

A 92.. ... 138

CS i 78. . . . 4.68

Ba................. 2310 ...l 2100

T 05............ 58.5

Po ... 17, 0o 19

Bi.........oooi 02......coiint. 0.3

Th.o.o oo 03............ 0.2

U, 01............. 24
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el Figure 17. Photomicrographs of biotite phe-
3 A i 71 nocryst surrounded by opague-mineral- and cli-
phog ol *z | .-uam nopyroxene-poor selvage of groundmass in
’ i -:' g ._T: = lamprophyre (sample 189-194.5). Selvage is

; {‘;_-#:R.ﬂ. ﬁ nearly pure sanidine, and minor carbonate miner-
S e St e T g and apatite. Away from selvage, groundmass
contains average concentrations of opagque min-
eras and clinopyroxene. Bt, biotite; Cpx, cli-
nopyroxene; San, sanidine; Carb, carbonate
mineras;, Op, opaque minerals. A, plane-polar-
ized light; B, crossed nicols. Field of view
1.6x1.1 mm.

Figure 18. Photomicrograph in plane-
polarized light of clinopyroxene in groundmass
in lamprophyre (sample 88GS-6). Cpx, clinopy-
roxene; Bt, biotite; San, sanidine. Field of view
1.6x1.1 mm.
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Figure 19. Photomicrographs of intergrown
sanidine and bictite in groundmass in lampro-
phyre (sample 189-194.5). Bt, biotite; San, sani-
dine. A, plane-polarized light; B, crossed nicols.
Field of view 1.6x1.1 mm.

Figure 20. Photomicrographin plane-polarized
light of corona of bictite surrounding opaque
minera in lamprophyre (sample 88GS-3). Op/bt,
opague minerals surrounded by biotite; Cpx, cli-
nopyroxene. Field of view 1.6x1.1 mm.
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Figure21. Photomicrograph in plane-polarized
light of ophitic biotite in groundmass in lampro-
phyre (sample 88GS-3). Bt, hiotite; Cpx, clinopy-
roxene; San, sanidine. Field of view 1.6x1.1 mm.

Figure 22. Photomicrographs of fine-grained
carbonate mineral interstitial to groundmass sani-
dineinlamprophyre (sample 189-194.5). Textur-
al relations indicate that carbonate minera is not
alteration product of other mineral, but is of pri-
mary, magmatic origin. Bt, biotite; San, sanidine;
Carb, carbonate minerals. A, plane-polarized
light; B, crossed nicols. Field of view 0.4x0.25
mm.
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The CO,-poor alkali gabbro are metaluminous and plot
in the field of unaltered igneous rocks (fig. 24B). Olivine
gabbro and gabbro-diorite plot to the right of the alkali gab-
bro, outside the field of unaltered igneous rocks. Placement
of the boundary of unaltered igneous rocks at these low SiO»
concentrations is problematic—we do not place much
emphasison the fact that the olivine gabbro and gabbro-dior-
ite plot outside the field boundary. All the lamprophyre bod-
ies are very potassic (fig. 24C), but the olivine gabbro and
gabbro-diorite arethe least enriched in potassium. The alkali
gabbro bodies have no strong iron enrichment (fig. 24D), but
the olivine gabbro and gabbro-diorite are distinctly Mg rich.
The"average” nature of the alkali gabbro is partly afunction
of their high concentrations of Fe,Oas.

Are the olivine gabbro and gabbro-diorite more primi-
tive than the alkali gabbro? Determination of magnesium
numbers (Mg number) can aid in the classification of lam-
prophyres, but care must be exercised in interpretation of the
data, as Mg number can be calculated in a number of ways.
If Mg number is calculated as molar Mg/(Mg+Fe2*), lam-
prophyres of group 1 range from 0.72 to 0.80. Alkali gabbro
have lower Mg number (0.73 average) than gabbro-diorite
(0.75). If Mg number is calculated as molar Mg/
(Mg+0.8(FeOxqta)), group 1 lamprophyres range from 0.63
to 0.77. Again, alkali gabbro have lower Mg number (0.64
average) than gabbro diorite (0.73 average). Frey and others
(1978) suggest that primitive magmas that were in equilib-
rium with mantle peridotite and underwent little, if any, dif-
ferentiation prior to solidification should have Mg number of
0.67 to 0.75. Rhodes (1981) favors the range 0.65-0.80. If
Mg number is calculated as Mg/(Mg+Fe?*), the lampro-
phyres appear primitive; if Mg number is calculated as Mg/
(Mg+0.8(Feigtg)), the lamprophyres do not. We favor the
interpretation that the lamprophyres may be related to prim-
itive magmas but that the alkali gabbro bodies do not repre-
sent truly primitive magmas. The gabbro-diorite does,
however, appear to be related to a primitive magma.

Concentrations of the compatible elements, Cr, Ni, Co,
and Sc are aso indicators of the primitive nature of mag-
mas. Alkali gabbro of group 1 averages 337 ppm Cr, 87
ppm Ni, 49 ppm Co, and 34 ppm Sc. Gabbro-diorite of
group 1 averages 640 ppm Cr, 243 ppm Ni, 49 ppm Co, and
28 ppm Sc. Rhodes (1981) suggested that primitive magmas
having high Mg number should have concentrations of
200-500 ppm Cr, 90-700 ppm Ni, 25-80 ppm Co, and
15-30 ppm Sc. Gabbro-diorite has the requisite concentra-
tions of all compatible elements, but Ni concentrations for
alkali gabbro to olivine gabbro are slightly low. A plot of

Mg number (calculated in both ways as discussed above)
versus Co reveals that akali gabbro to olivine gabbro of
group 1 plots either within or dightly outside the field
defined by Rhodes (1981) for primary, primitive magmas
(fig. 25). Gabbro-diorite plots within the primitive field. A
plot of magnesium number versus Sc, athough not shown,
isin agreement with the Mg number versus Co plot.

Pearce element-ratio plots (i.e., Ti/K vs. P/K), as used
by Russell and Nicholls (1988), are constructed by many
investigators of mafic igneous rocks; we do not favor their
use for these lamprophyres. A fundamental precept of such
plotsisthat aconserved constituent (element) must bein the
denominator. That conserved constituent must be one whose
concentration does not change during the crystallization pro-
cess in order for the system change to be accurately por-
trayed (Russell and Nicholls, 1988). As an example, in most
calcic to calc-akalic gabbro norites and tholeiites, K is a
conserved element because biotite or other potassium-bear-
ing phases are not present. However, in akalic gabbros and
basalts, the presence of primary biotite phenocrysts affects
the concentration of K,0 in derivative magmas and indicates
that K isnot aconserved element. Because few, if any, major
elements appear to be conserved during the crystallization
history of the alkalic, mafic magma at the Golden Sunlight
mine, Pearce element-ratio plots were not utilized.

Chondrite-normalized rare-earth-element plots for
group 1 lamprophyres show the separation of alkali gabbro
and olivine gabbro versus gabbro-diorite (fig. 26). All rocks
have LREE-enriched patterns having no Eu anomalies.
Alkali gabbro and olivine gabbro plot above and distinctly
separate from gabbro-diorite. Alkali gabbro and olivine gab-
bro are more LREE enriched than gabbro-diorite. Lal/Y by
ratios for the alkali gabbro and olivine gabbro average 15;
the gabbro-diorite averages 9. Lack of any europium anom-
alies is expected in rocks from which plagioclase did not
crystallize as a phenocryst.

Most of the variability of concentrations of the LREE is
probably related to modal concentrations of apatite because
apatite preferentially concentrates the light and intermediate
REE. In the lamprophyres, the highest concentrations of
REE are probably within apatite and biotite. But, because
biotite normally does not selectively concentrate the LREE
or HREE, it haslittle effect on fractionating the heavy versus
thelight REE. Inaplot of Lavs. P,Og, the dependence of La
concentrations on modal percentage of apatite is clear (fig.
27). Alkali and olivine gabbro are enriched in La and P,Og
compared to gabbro-diorite and occupy the upper right-hand
corner of the diagram.
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Figure23. SO, versus major-element-oxide plots (Harker diagrams) for all lamprophyre samples, Golden Sunlight mine area.
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Figure25. Mg number (magnesium number) versus Co diagram

for al lamprophyres, Golden Sunlight mine area. Lamprophyre 1
contains less than 2 percent CO,. Lamprophyre 2 has 5-9 percent
CO». Lamprophyre 3 has 10-14 percent CO,. Lamprophyre 4 has
15-20 percent CO». Large symbols have Mg numbers calculated
on basis of Mg/(Mg + Fe2+). Small symbols have Mg number cal-
culated on basis of Mg/(Mg + 0.8(Fgqtg)). Dashed region islimits
of “primitive magmas’ from Frey and others (1978) and Rhodes
(1981).
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Figure 26. Chondrite-normalized rare-earth-element plot for al-
kalic and sub-alkalic COx-poor lamprophyre, Golden Sunlight mine
area.

GEOCHRONOLOGY OF CO2-POOR LAMPROPHYRE

Two samples of biotite-bearing lamprophyre were col-
lected for age determinations. Phenocrysts of phlogopitic
biotite were separated from each for isotopic analyses. One
biotite (sample 81P120 collected by Walter Bauer from drill
core DDH30-6, 644-646') was from the Ohio adit, which
was destroyed during open-pit mining. The other (88GS-8)
was from the southern end of Bull Mountain (fig. 1). A con-
ventional K-Ar date of 79.8+2.8 Ma (two-sigmauncertainty)
was determined for biotite from 81P120 (table 7). Biatite
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- A Lamprophyre 1
-4 10+ ° O Lamprophyre 2
O Lamprophyre3
i ® [ amprophyre 4
C 1 1 1 1 1 1 1
0 0.3 0.6 0.9 1.2

P05, INWEIGHT PERCENT

Figure 27. PoOsg versus La plot for akalic and sub-akalic lam-
prophyres, Golden Sunlight mine. Lamprophyre 1 contains less
than 2 percent CO,. Lamprophyre 2 has 5-9 percent COy. Lam-
prophyre 3 has 10-14 percent CO,. Lamprophyre 4 has 15-20
percent COo.

from 88GS-8 was analyzed by 4CAr-39Ar techniques (table
8) and yielded a dlightly disturbed spectra (fig. 28) having a
40Ar-39Ar total gas date of 76.4+0.7 Ma (two-sigma uncer-
tainty). A plateau date of 76.9+0.4 Mais defined by 78 per-
cent of the gas. The dightly older conventional K-Ar date of
79.8 Ma for biotite from 81P120 is probably the result of
small impurities in the mineral separate because no excess
argon is apparent in the spectrafor biotite from 88GS-8 (fig.
28). We interpret the somewhat disturbed spectra of biotite
from 88GS-8 to indicate cooling below about 375°C for the
phlogopitic biotite phenocrysts and, hence, emplacement of
the dikelike body.

PETROLOGY OF CO2-RICH LAMPROPHYRE

A complete transition, from CO»-poor lamprophyre, to
COy-rich lamprophyre, existswithinthe sillsand dikes at the
Golden Sunlight mine. Both in drill coresand in outcrop, the
lamprophyres range from CO» poor (CO, concentrations of
< 0.3 weight percent, and H,O;: concentrations< 0.9 weight
percent) to CO, rich (CO, = 20.0 weight percent, HyOqt =
1.9 weight percent for sample 88C1-283). Petrographic and
X-ray diffraction studiesindicate an unusual alteration-min-
eral assemblage associated with CO, metasomatism that is
characterized by Mg-rich carbonate minerals. Our findings
expand on the observations of Swanson (1989), who noted
chlorite and opague minerals replacing olivine but who did
not work extensively with the CO»-rich rocks.

CO, metasomatism has partially to compl etely replaced
phenocrysts of light-apple-green diopsidic augite with dolo-
mite and minor magnesite (fig. 29). Both centimeter-size
phenocrysts and groundmass clinopyroxene may be
replaced. In fewer than 10 percent of all samples, clinopy-
roxene phenocrysts are replaced by dolomite and quartz
(sample 115-1876").
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Table 7. K-Ar analytical data for biotite from lamprophyre (sample 81P120), Golden

Sunlight mine area, southwestern Montana.

[Analyzed by R.F. Marvin, H.H. Mehnert, and E.L. Brandt (Branch of |sotope Geology, Denver, Colo., Report
674). Date in this table differs from that in origina report because of change in Ae. Sample location: lat
45°54'10"N., long 112°00'40"W. (sec. 19, T. 2N., R. 3W., Black Butte 7Q-minute quadrangle, Jefferson Coun-
ty, Montana). Ap = 4.962x10710yr; Ag = 0.572x1071%yr; atomic abundance of 40K = 1.167x10~4]

K20 (wt %) 40Ar (moles/gram) Oar (@) A%k Date(Ma) 2-sigma
uncertainty (Ma)
9.395 avg 10.88x1010 94 0.00467 79.8 2.8

Table 8. 40Ar-39Ar data for biotite from lamprophyre (sample 88GS-8), Golden Sunlight

mine area, southwestern Montana.

[4CAr,, radiogenic4CAr corrected for mass discrimination and induced 40Ar; 39Ar, 39Ar corrected for mass dis-
crimination and radioactive decay; %40Arrad, percentage of radiogenic 40pr, Sample weight = 64.8 mg; J =
0.007846+0.25 percent. 4OAr-39Ar analyses by Ross Y eoman and L.W. Sne€]

Temperature 40Ar, 39Ar, F o %%Aryg %FAnga  Dae 2-sigma
(°C) (Ma) uncertainty (Ma)
500 0.06014 0.01960 3.07 31.10 0.30 42.97 12.42
600 0.14907 0.07687 1.94 60.70 1.30 27.26 2.00
650 0.18598 0.04930 3.77 61.90 0.80 52.62 4,52
700 0.31994 0.05558 5.76 50.00 0.90 79.69 1.10
750 0.65532 0.11281 5.81 86.80 1.90 80.40 0.90
800 1.53368 0.26699 5.74 94.40 4.50 79.53 0.86
850 3.93491 0.69505 5.66 96.60 11.70 78.40 0.60
900 5.40134 0.97444 554 98.10 16.40 76.80 0.44
950 5.27044 0.93903 5.61 96.80 15.80 77.74 0.42

1000 3.56740 0.63658 5.60 92.90 10.70 77.63 0.60
1050 4.30633 0.77321 557 93.40 13.00 77.16 0.54
1150 7.15876 1.30517 5.49 95.30 22.00 76.01 0.42
1300 0.11408 0.02193 5.21 74.80 0.40 72.17 18.12
Total gas 551 76.36 0.70
Plateau age 76.94 0.48

Plateau from 900°C to 1,150°C contains 78.1 percent of the gas.

Forsteritic olivine (about Fogs_gg) has avariety of ater-
ation products that change, somewhat, with increasing CO,
concentration. In CO»-poor rocks, olivineis cracked and par-
tially replaced by limonite(?) and cream-white magnesite.
These alteration products are also present in rocks with
higher CO, concentrations, but are successively replaced by
magnesite, sericite, and minor biotite (figs. 30 and 31). In
extremely COo-rich rocks, only magnesite remains. Sample
88C1-283' (the most CO, rich lamprophyre) originally con-
tained abundant phenocrysts of olivine (fig. 32) and minor
clinopyroxene. That olivine is now replaced by magnesite,
minor dolomite, and atrace of talc or sericite. Cream-colored
replacement products of olivine phenocrystsin sample 191-
173.5 are chiefly magnesite and minor dolomite, with much
lesser amounts of quartz (X-ray diffraction data). Similarly,
sample 88GS-10, which was collected from a lamprophyre

dike in the mine pit, was rich in olivine phenocrysts. Iron-
stained, red-brown pseudomorphs are now predominantly
magnesite, minor talc and siderite, and traces of quartz.

Biotite phenocrystsare largely unaffected by CO, meta-
somatism and retain their embayed outlines. Minor amounts
of sericite replace biotite in extremely CO, rich samples.
Chlorite has replaced biotite in some samples but does not
exceed several percent of individual grains.

The groundmass minerals, with the exception of cli-
nopyroxene, are much less replaced than the large phenoc-
rysts. Clinopyroxene in the groundmass is extensively
replaced by dolomite and minor magnesite and limonite(?).
Sanidine, which constitutes the bulk of the groundmass, is
normally fresh but can be replaced by a mat of sericite. In
extremely CO, rich samples, sanidine is replaced by
micrometer-size orthoclase(?) and quartz (fig. 33). Biotitein
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Figure 28.  40Ar-39Ar release spectra for biotite from lampro-

phyre (sample 88GS-8), Golden Sunlight mine. Plateau date of
76.9£0.5 Ma

the groundmass remains fresh. The concentration of magne-
tite in the groundmass, which averages 1.5 percent in CO,-
poor samples, diminishes to less than 0.01 percent in CO»-
rich lamprophyre. Relicts of magnetite and ilmenomagnetite
are replaced by limonite(?). White materia filling globular
structures (Rock, 1984) that were originaly vesicles or
amygdules is a mixture of quartz and plagioclase feldspar.
Although Porter and Ripley (1985) reported clay mineralsin
altered lamprophyres, we observed none in the samples
examined in this study.

The alteration assemblage of the lamprophyresis some-
what unusual: magnesite, dolomite, sericite, and minor
guartz and chlorite. Velde (1968), in areview of metasoma-
tized lamprophyres, noted the common assemblage of

carbonate minerals, chlorite, actinolite, montmorillonite,
quartz, and talc replacing olivine. Our samples lack many of
these minerals and are especially noteworthy because of the
genera lack of calcite. Carbonate minerals mentioned by
Rock (1984) in“calc-dkaline” lamprophyresinclude calcite,
dolomite, ankerite, and siderite, in approximate decreasing
percentages. At the Golden Sunlight mine, carbonate miner-
as replacing olivine and clinopyroxene are not primary.
Minor, fine-grained carbonate minerals in the groundmass,
however, do appear to be of primary, magmatic origin.

Based on the preceding petrographic observations, the
major, unbalanced replacement reactions in the lampro-
phyresinclude:

Olivine + CO, - 95% magnesite + 5% sericite
Mg gFep 2Si04 + CO, — MgCO3:K AlgSigO20(0OH)4 (1)

Clinopyroxene + CO, — 80% dolomite +
15% magnesite + 5% quartz
Ca(Mgo.gFep2)Siz0g + CO2 — CagaMgoe CO3 +
M gC03 +S (o)} (2)

Sanidine + H,O - 100% sericite
KA|Si308+ Hzo — K2A|6§6020(OH)4 (3)

Sanidine - quartz(?) + orthoclase(?)KAISi3Og -
SO, + KAISI3Og (@]

Reaction 1, which cannot be balanced using the per-
centages of reaction products (predominantly magnesite),
indicates that MgO, SIO, , and FeO are in excess and that
K>0 and Al,O3 have been added to the pseudomorphs.
Reaction 2, which also cannot be balanced because of the

Figure 29. Photomicrograph in plane-polar-
ized light of clinopyroxene phenocrysts replaced
by dolomite and chloritein lamprophyre (sample
189-194.5'). Chl, chlorite; Dol, dolomite. Field
of view 1.6x1.1 mm.
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Figure 30. Photomicrograph in plane-polarized
light of olivine phenocryst replaced by sericite,
magnesite, and magnetite in lamprophyre (sample
190-1223.5'). Mg, magnesite; Mt, magnetite; Ser,
sericite. Field of view 1.6x1.1 mm.

Figure 31. Photomicrograph in plane
polarized light of olivine phenocryst replaced by
biotite and carbonate minerals in lamprophyre
(sample 191-1034'). Ser, sericite; Carb, carbon-
ate minerals, especially magnesite and dolomite.
Field of view 1.6x1.1 mm.

Figure 32. Photomicrograph in plane-
polarized light of olivine-rich lamprophyre
(sample 88C1-283") showing complete replace-
ment of olivine by magnesite. Mg, magnesite.
Field of view 8.5x5.8 mm.
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predominance of dolomite, revealsthat CaO, MgO and SiO»,
and probably FeO, are in excess. Although quartz is a reac-
tion product identified in thin sections, the low percentages
present (normally less than 5 percent) are not enough to bal-
ance the reaction. Reaction 3 comes the closest to being bal-
anced because only Al,O3 must be added to the system.
Reaction 4 indicates that SO, has been added to the system.

Importantly, point counts of CO,-rich rocks indicate
that the higher the concentration of CO», the higher the per-
centage of relict phenocrysts of olivine. Rocks containing
less than 5 percent CO, average 6 percent olivine. Rocks
having 59 percent CO, have 10-13 percent olivine, and
rocks having 10-14 percent CO, have 16-20 percent altered
and replaced olivine. Lamprophyres with 15-20 percent
CO, have 25-28 percent totally replaced olivine phenoc-
rysts. Therefore, the greatest affect of CO, metasomatism
was replacement of olivine.

Volume change does not appear to have been
significant during CO, metasomatism. Replaced pheno-
crysts of both olivine and clinopyroxene retain their aspect
ratios and average sizes. No phenocrysts are flattened, com-
pressed, or expanded. Groundmass plagioclase retains its
characteristic interstitial form and is not decreased or
increased in size. Groundmass biotite and sanidine also do
not deviate from their form and aspect where replaced.
Therefore, volume change, on a significant scale, has not
taken place during metasomatism.

CHEMISTRY OF CO2-RICH LAMPROPHYRE

The addition of CO, to lamprophyres at the Golden
Sunlight mine has resulted in apparent enrichment of some
elements and apparent depletion of others (figs. 34 and
35). Both akalic (alkali gabbro and olivine gabbro) and

Figure 33. Photomicrograph in plane-
polarized light of sanidine replaced by microme-
ter-size quartz and orthoclase(?) in lamprophyre
(sample 88C1-283'). Cpx, clinopyroxene vari-
able replaced by carbonate minerals; Carb, car-
bonate minerals; Bt, biotite; Qtz + or, quartz(?)
plus orthoclase(?). Field of view 0.4x0.25 mm.

sub-alkalic (gabbro-diorite) varieties of lamprophyre have
similar apparent enrichment and depletion trends, and
those trends are clearly separable on most multielement
plots. With increasing CO, concentration, TiO,, Fe num-
ber, Al,O3, Sr, K20, CaO, and P,Os decrease in apparent
concentration for both types of lamprophyre (fig. 34A-G).
Scatter within some element plots is greater than within
others, but the following trends are clear. On all plots, sub-
akalic lamprophyre samples plot at lower concentrations
than do akalic lamprophyre samples. At the highest CO,
concentrations, separation of the two trends is more diffi-
cult because the trends tend to converge. With increasing
CO, concentration, Cr, Ba, Ni, and MgO increase in appar-
ent concentration for both lamprophyres (fig. 35B-E).
Alkalic lamprophyre samples plot at lower concentrations
than sub-alkalic samples, with the exception of Ba. Cobalt
variation is somewhat enigmatic (fig. 35A) because sub-
alkalic lamprophyres show an apparent increase and some
alkalic lamprophyres exhibit an apparent decrease.

These patterns of apparent enrichment and depletion
are deceptive because they appear to suggest addition of
such refractory elements as Co, Cr, and Ni to the lampro-
phyres during CO, metasomatism. Asnoted in the section on
mineralogy, both groups of lamprophyres have higher con-
centrations of relict olivine phenocrysts as CO, concentra-
tion increases. Therefore, the apparent enrichment trends
may be only afunction of original phenocryst concentration.
A test of this possibility liesin the relationships between Ni,
MgO, and percentage of olivine phenocrysts.

Point counts of replaced olivine phenocrysts in CO,-
rich lamprophyres were made in order to assess the apparent
enrichment patterns of Ni, Cr, and MgO. As expected in
rocks containing olivine phenocrysts, Ni concentration in
our samples is highly correlated (r = 0.97) with modal per-
cent alivine (fig. 36A). The regression of figure 36A was
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constructed using both alkalic and sub-alkalic groups. How-
ever, the sub-alkalic group may define aregression of equal
slope but higher y-intercept, as suggested by the limited data.
Thisfinding is substantiated by other element plots (figs. 26,
34, and 35). Ni isalso highly correlated (r = 0.96) with MgO
concentration (fig. 36B). These high correlations indicate
that Ni, Cr, and MgO were not added to the lamprophyres
during CO, metasomatism. Rather, rocks originally rich in
olivine phenocrysts (and, hence, Ni and, to a lesser extent,
Cr) were the most susceptible to replacement by magnesite
and dolomite because of theinstability of olivine during CO,
metasomatism. Most of the apparent enrichment and deple-
tion trends (figs. 34 and 35) are therefore mixing lines
between olivine-rich lamprophyre (high MgO, Ni, Cr, Co)
and olivine-poor lamprophyre (low MgO, Ni, Cr, Co).

Compositions of CO,-metasomatized samples can be
compared to fresh samples(fig. 37). The major-element com-
position of the CO,-rich samples is expressed in the De
LaRoche plot as lowered Ry values, but little change in Ry
values (fig. 37A). From originally an akali gabbro, most
samples of thealkalic lamprophyre change to syenogabbro or
monzogabbro. Sub-alkalic olivine gabbro changesto gabbro-
diorite. These changesindicate that some combination of Ca,
Mg, and Al werelost from the system to account for thelow-
ered R, values. The largely unchanged R; values indicate
that, although the sum of Si, Na, K, Fe, and Ti remained con-
stant, individual components could have been lost or gained.
CO, metasomatism resulted in slightly higher A/CNK ratios,
but markedly lower SiO, concentrations (fig. 37B), approx-
imately constant KoO/K,0+NayO at decreasing SiO, (fig.
37C), and lower Fe numbers at decreased SiO; (fig. 37D).

REE patterns in COy-rich lamprophyres have LREE
enrichments similar to CO»-poor lamprophyre, but the
curves for CO»-rich rocks plot successively below those for
CO,-poor rocks (fig. 38). The patterns are consistent with
decreasing concentrations of apatite in CO,-rich rocks (fig.
27). No REE mohbility is suggested by the data, just lower
concentrations of REE in more olivine-rich rocks.

Figure 34 (previous page). CO, versus other component plotsfor
akalic and sub-alkalic lamprophyres showing apparent depletion
trends. A, CO, versus TiOy; B, CO, versus Fe number; C, CO, ver-
sus Al,O3; D, CO, versus Sr; E, CO, versus Ko0; F, CO, versus
Ca0; G, CO», versus P,Os. A and B have lamprophyre 1-4 broken
down by different plotting symbols. The remainder of the plots dis-
tinguish only between alkalic and sub-alkalic lamprophyres. Indi-
vidual groups (1-4) can be distinguished on the basis of their CO,
concentration. Lamprophyre 1 contains less than 2 percent CO,.
Lamprophyre 2 has 5-9 percent CO,. Lamprophyre 3 has 10-14
percent CO,. Lamprophyre 4 has 15-20 percent CO».

ELEMENT GAINSAND LOSSES DURING
CO, METASOMATISM

The apparent enrichment and depletion trends (figs. 34
and 35) are therefore controlled by two factors: (1) composi-
tional variation of the original lamprophyre; and (2) addition
of CO». Those rocks having low CO, concentrations repre-
sent samples of both groups of lamprophyres, none of which
has been CO, metasomatized. The CO,-poor rocks are nei-
ther the most primitive nor the most evolved; they are merely
those rocks that have totally escaped the metasomatic pro-
cess. CO,-rich rocks are those olivine-rich lamprophyres
that were most susceptible to replacement because of the
inherent instability of all phenocrystsin general and olivine
phenocrysts in particular. The concentration of CO, in both
groups of lamprophyres is not a function of the “complete-
ness or intensity” of alteration but rather the percentage of
olivine phenocryststhat existed and that could react with the
CO,-rich phase.

In order to quantify the true element enrichments and
depletions, point counts were made of COo-rich lampro-
phyresthat contained 15-20 percent CO». Pre-metasomatism
whole-rock chemical compositions were calculated from the
modes using published mineral chemistries of forsteritic oli-
vine, diopsidic augite, sanidine, biotite, magnetite, ilmenite,
apatite, and albite from alkalic basalt and alkalic gabbro
(Deer, Howie, and Zussman, 1977). Comparison of theresult-
ing, “primary” chemistries (table 9) with CO,-rich analyses
(table 1) allows a semiquantitative estimation of which ele-
ments and oxides were depleted during CO, metasomatism.

Calculation of the percent of each oxide removed or
added during metasomatism is dependent on two factors:
(1) knowledge of the chemistry of the mineral phases, and
(2) accurate point counts of the pre-metasomatism phases.
Because chemistries of the mineral phases were picked
from published analyses of similar rocks, there is a large
potential uncertainty in this factor. We checked this uncer-
tainty by using the published chemistries to recalculate
compositions of CO»-poor samples from the modal mineral
percentages of those samples. Our published analyses and
the recalculated analyses were in excellent agreement.
Therefore, our assumed mineral chemistries do not contrib-
ute significantly to uncertainties in the percentages of
oxides removed or added during CO, metasomatism. Accu-
rate point counts of al minerals in the rocks containing
15-20 percent CO,, however, were more difficult to obtain.
Particularly for trace minerals such as apatite and albite, and
for low-percentage minerals such as ilmenite, the uncer-
tainty of the percentage of TiO,, P,Og that were lost is high.
Greatest confidence can be placed on the percentages of
SOy, Al,03, Fex03, FeO, MgO, Ca0, NayO, and K50 that
were lost because accurate point counts were possible for
relict olivine, clinopyroxene, magnetite, and for fresh
biotite, sanidine, and albite.
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Figure 35. CO, versusother component plotsfor alkalic and sub-
akalic lamprophyre showing apparent enrichment trends. A, CO,
versus Co; B, CO, versus Cr; C, CO, versus Ba; D, CO, versus Ni;
E, CO, versus MgO. Plotting symbols distinguish only between al-
kalic and sub-alkalic lamprophyres. Individual groups (1-4) can be
distinguished on the basis of their CO, concentration. Lamprophyre
1 contains less than 2 percent CO,. Lamprophyre 2 has 5-9 percent
CO,. Lamprophyre 3 has 10-14 percent CO,. Lamprophyre 4 has
15-20 percent COo.

By utilizing the above calculations, we estimate that
about 15 percent SiO,, 20-25 percent Al>,Os3, 40-50 percent
Fe,O3, 10-15 percent FeO, 40 percent CaO, and 40-50 per-
cent NapO were lost from the most CO,-rich rocks during
metasomatism. SiO, was lost from conversion of olivineand
diopsidic augiteto carbonate minerals, principally magnesite.
Reaction 1 (above) indicates that SO, islost during the con-
version. Petrographic observations reveal very little second-
ary quartz except in minor clinopyroxene phenocrystsin one
sample. Al,0O3 loss is accounted for by breakdown of diop-
sidic augite, which contains roughly 30 percent of the Al,O3
in the rock. Loss of Fe;Ogis principally from conversion of
magnetite to limonite, and secondarily from clinopyroxene
alteration to carbonate minerals. Magnetite in the lampro-
phyres accounts for 2040 percent of the Fe;Os in the rocks;
total conversion of it to limonite reduces Fe,O3 by 2040 per-
cent. FeO loss is much smaller than Fe,O3 loss. Because
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Figure36. Plotsillustrating relationships between Ni, MgO, and
percentage of modal olivinein akalic and sub-alkalic lamprophyre.
A, Ni versus modal olivine; B, MgO versus Ni. Equations are linear
regressions through all data pointsin each diagram. Lamprophyre 1
contains less than 2 percent CO,. Lamprophyre 2 has 5-9 percent
CO,. Lamprophyre 3 has 10-14 percent CO,. Lamprophyre 4 has
15-20 percent CO..

clinopyroxene containsmost of the FeO intherock, itsbreak-
down to carbonate minerals liberates most of the FeO. Some
FeO is reincorporated in siderite, but much remains in the
rock in the form of iron oxide stains around other minerals
and as FeO in limonite. Ca0 lossis chiefly by breakdown of
diopsidic augite because clinopyroxene accounts for more

Table 9. Recaculated, CO,-free compositions of CO»-
metasomatized lamprophyre samples, Golden Sunlight
mine area, southwestern Montana.

Recalculated COy-rich Percentage of
composition analysis of COgp-rich
Oxide based on altered oxidein
modal sample recal culated
mineralogy composition
Sample 88C1-283'
SO, 46.44 38.80 83
TiO, 0.77 0.35 45
Al,O3 8.49 6.34 75
Fe,O3 3.05 159 52
FeO 6.62 5.90 89
MgO 16.93 15.80 93
CaO 8.46 5.06 60
Na,O 1.32 0.67 50
K20 3.08 3.06 99
P,Osg 0.42 0.39 93
H,O* 1.00
H,O~ 0.92
CO, 20.00
Sample 191-173.5'

SO, 46.62 39.20 84
TiO, 0.71 0.44 62
Al,O3 8.12 6.69 82
Fe,O3 297 1.79 60
FeO 7.00 5.60 80
MgO 18.64 17.70 95
CaOo 7.84 5.03 64
Na,O 1.30 0.79 61
K20 3.00 174 58
P,Os 0.42 0.25 60
H,O* 2.00
H,O~ 0.90
CO, 15.50

than 85 percent of the CaO in the rock. Much of the CaO lib-
erated by breakdown of clinopyroxeneisretained in the car-
bonate minerals dolomite and magnesite, but reaction 2
(above) indicatesthat Caisin excess. NayO lossisfacilitated
by breakdown of clinopyroxene because diopsidic augite
contains roughly 20 percent of the NayO in the rock. Break-
down of groundmass albite may aid in the loss, but petro-
graphic observations do not support this possibility.

K0, although showing somelossin sample 191-173.5'
(table 9), is probably conserved during metasomatism
because biotite phenocrystsare not altered and sanidinein the
groundmass is fresh or only replaced by sericite. Also,
replacement of olivine phenocrysts by sericite and biotite is
evidence that potassium-bearing minerals were being
formed, not destroyed during CO, metasomatism. Changes
in P,Og and TiO, are more difficult to assess because of the
uncertainty of point counts. Petrographic observations do not
indicate a decrease in the amount of apatite needles in the
groundmass, so P,Os probably isnot substantially decreased.
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Figure 38. Chondrite-normalized rare-earth-element plot for
CO,-rich lamprophyre. Field for akalic, CO,-poor lamprophyre
shown for comparison.

TiO, may decrease from alteration of ilmenite to limonite,
but some TiO, that is liberated may be reincorporated in
groundmassbiotite or in sericiteand biotitereplacing olivine.

MgO shows no measurable decrease in rocks with the
highest CO, concentrations (table 9). Although reactions
1 and 2 support magnesium loss, the mass balance does
not. Perhaps more magnesite is present in pseudomorphs
of clinopyroxene than we estimated through optical and
X-ray techniques.

Truelosses (and some possiblegainsin additionto COy)
of constituent elements and oxides can be shown in multiele-
ment plots (fig. 39). In these plots, CO»-poor and CO,-rich
lamprophyres are plotted as well asthe recal culated analyses
from the most CO,-rich samples. All plotsreveal thedistinc-
tion between akalic and sub-alkalic lamprophyres. Most
plotsindicate which elements and oxideswerelost or gained
during CO, metasomatism. In the discussion that follows,
most emphasisis placed on the akaliclamprophyres because
we have more analyses of them. For al plots, we show the
field containing CO»-poor akalic lamprophyre samples.
Also, aplusindicates recal culated compositions of CO,-rich
alkalic lamprophyres having 6-20 percent CO». The region
between the field and the plus corresponds to the primary
igneous composition of lamprophyres before CO, metasom-
atism. Samplesthat plot outsidethat trend have gained or loss
constituents during metasomatism.

In the TiO, versus K,0 plot (fig. 39A), there is little
variation in K5O concentration indicated by data pointsfrom
CO,-rich samples outside the trend from CO,-poor, alkalic
lamprophyre to recal culated compositions of CO,-rich aka-
lic lamprophyres. However, some points, especially lampro-
phyre with the highest CO, concentration, plots at TiO,
concentrations much lower than the recalculated point. We
interpret this plot to indicate little loss of K,O during CO,

metasomatism, but probable loss of TiO,. Points
representing sub-alkalic lamprophyres plot at much lower
TiO, and K50 concentrations than alkalic lamprophyres.

The MgO versus CaO plot (fig. 39B) shows the origi-
nal control of olivine and clinopyroxene phenocrysts on the
composition of the rock. At highest MgO concentrations,
CaO islow and is explained by the greater percentage of
olivine phenocrysts to olivine plus clinopyroxene pheno-
crysts. As MgO decreases from more than 16 percent to
about 10 percent, clinopyroxene phenocrysts increase and
Ca0 increases. From about 10 percent to 8 percent MgO,
both the percentage of clinopyroxene phenocrysts decreases
rapidly and CaO shows a parallel decrease. Notably in this
plot, samples of CO»-rich lamprophyre plot at lower CaO
concentrations than the trend from CO, poor to recal cu-
lated compositions. We interpret this dispersion, in combi-
nation with the recalculated chemical compositions, to
show major CaO loss during metasomatism. Minor MgO
gain during alteration may be suggested by the plot, but the
scatter is within our uncertainties of point counts and
recalculated chemistries.

A similar trend that can be explained by the percentage
of clinopyroxene phenocrysts is apparent in the Al,O3 ver-
sus CaO plot (fig. 39C). Highest Al,O3 concentrations are
for the most evolved, most sanidine and albite rich rocks.
Highest CaO concentrations correspond to less evolved, cli-
nopyroxene-rich rocks. Lowest CaO and Al,O3 concentra
tions are for olivine-rich rocks. All samples from COx-rich
rocks plot below the igneous trend and substantiate CaO
loss. Al,O3 loss is suggested by the shift of CO,-rich sam-
plesto lower concentrations.

K0 versus P,Os (fig. 39D) reveals a similar, crescent
shape for the igneous trend from olivine-rich rocks at low
K50 and low P,Og concentrations, through clinopyroxene-
rich rocks at high K,O and intermediate P,Og concentra-
tions, to olivine- and clinopyroxene-poor rocks at low K,O
and high P,Og values. A dlight loss of P,Og may beindicated
by the data. Sub-alkalic lamprophyres plot at much lower
concentrations of both oxides than do alkalic lamprophyres.

Some alkalic lamprophyre samples indicate strontium
gain during CO, metasomatism (fig. 39E), but many retain
their original values despite major loss of CaO. Much of the
strontium must be in albite and clinopyroxene, but a major
component could be in sanidine as well. Because we do not
fully understand the sites in which strontium is residing, we
cannot assessits gain or loss in the system.

The decreasein CaO concentrationsis largely indepen-
dent of P,Og variation (fig. 39F). Thisfactor is explained by
calcium loss being effected through clinopyroxene, not apa-
tite, replacement. However, this plot (and fig. 39D) does
suggest minor P,Og loss.
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GOLD ANALYSESOF LAMPROPHYRE
AND OTHER IGNEOUSROCKS

Although lamprophyre dikes clearly cut the mineral-
ized breccia pipe, their spatial association with late shear
zones and veins that produced high-grade gold during the
period of early mining has led to speculation concerning a
possible genetic relationship between gold deposition and
lamprophyre emplacement. Also, the presence of magnesite
as ganguein the breccia pipe and as replacement products of
olivine and clinopyroxene in the lamprophyres may suggest
that the latest stages of gold mineralization were coincident
with lamprophyre emplacement. In their review of “calc-
akaline” lamprophyres, Rock and Groves (1988) suggest
that lamprophyres may be an under-appreciated clan of rocks
related to gold mineralization. As atest of the lamprophyre-
gold model, all the samples of both lamprophyre groups col-
lected at the Golden Sunlight mine were analyzed for gold,
as were the other rock types for which we report major- and
minor-element chemistry.

Of the 21 samples of lamprophyre, al but two have less
than 0.05 ppm Au (table 10). Two samples of pyrite-bearing
(about 2—3 percent pyrite) lamprophyre (88C1-301.5', and
191-173.5") have 0.1 and 0.05 ppm Au, respectively. Any
suggestion of a genetic link between lamprophyre emplace-
ment and gold mineralization is difficult to support with our
data. Of three samples of rhyalite, only one, which contains
pyrite (88GS-12), had a detectable concentration of gold
(0.05 ppm Au). This sample, however, came from immedi-
ately adjacent to the breccia pipe (fig. 4) and should not be
used to suggest that some of the rhyolite sills contained gold
related to their emplacement. Wertz (1971) also suggested
that rhyolite bodies removed from the breccia pipe were
exceptionally low in base and precious metals.

Porter and Ripley (1985) observed that the lampro-
phyres they studied lacked sulfide minerals. Two of our core
samples and one outcrop sample contain 2—3 percent pyrite
in veinlets and as disseminations (88C1-301.5', 191-173.5',
88GS-8). We speculate that this sulfide mineraization is
related to emplacement of the lamprophyre bodies and is
younger than the breccia pipe mineralization. With our
present data, however, we cannot rule out the possibility that
the latest stages of breccia pipe formation overlapped intime
with lamprophyre emplacement. Another, less likely, possi-
bility isthat lamprophyre magmaentrained small amounts of
auriferous pyrite from the breccia pipe or remobilized sulfur,
gold, and iron from country rock on its ascent.

Figure 39 (previous page). Multielement plotsillustrating differ-
entiation and ateration trendsin lamprophyre. A, TiO, versus Ko0;
B, MgO versus Ca0; C, Al,O3 versus CaO; D, K,0 versus P,Os; E,
Ca0 versus Sr; F, CaO versus P,Os. Field of CO,-poor alkalic lam-
prophyre shown for comparison. Heavy, curved and dashed line
connects COx-poor akalic lamprophyre with recal culated composi-
tion of original, non-metasomatized alkalic lamprophyre.

Table 10. Gold concentrations of igneous rocks in the
Golden Sunlight mine area, southwestern Montana.

[0.05 ppm = 50 ppb; N, not detected at value shown. Analyses by B.H.
Roushey]

Rock type Sample no. Au (ppm)
Basalt 88GS-1 NO.05
Tondite 88GS-2 NO0.05
Tondlite 88GS-4 NO.05
Rhyolite 88GS-7 NO.05
Rhyolite 88GS-12 0.05
Rhyolite 88GS-L NO0.05
Lamprophyre 88GS-3 NO0.05
Lamprophyre 88GS-5 NO0.05
Lamprophyre 88GS-6 NO.05
Lamprophyre 88GS-8 NO0.05
Lamprophyre 88C1-256' NO.05
Lamprophyre 88C1-283 NO.05
Lamprophyre 88C2-559.5 NO.05
Lamprophyre 88C3-292 NO0.05
Lamprophyre 88C3-299 NO0.05
Lamprophyre 88C3-301.5 0.10
Lamprophyre 88C3-353.75 NO.05
Lamprophyre 115-1537.5 <0.05
Lamprophyre 115-1876 NO.05
Lamprophyre 115-1882 NO0.05
Lamprophyre 151-417 <0.05
Lamprophyre 189-642 NO0.05
Lamprophyre 190-642 NO.05
Lamprophyre 190-1223.5 <0.05
Lamprophyre 191-1735 0.05
Lamprophyre 191-1034 NO0.05
Lamprophyre 191-2025 NO0.05

MODEL FOR CO, METASOMATISM

Petrographic and chemical evidence reveal that addi-
tion of large amounts of CO5 to lamprophyres in the Golden
Sunlight mine area resulted in profound mineralogic and
chemical changes to the rocks. Phenocrysts of olivine and
clinopyroxene and groundmass clinopyroxene were exten-
sively replaced by magnesite, dolomite, and minor sericite
and biotite. Groundmass sanidine and albite were largely sta-
ble during the CO, metasomati sm but werelocally converted
to sericite and mixtures of quartz and orthoclase. Shapes and
sizes of relict phenocrysts and the unchanged texture and
size of groundmass minerals indicates that volume change
wasinsignificant during metasomatism. Mineral chemistries
and modal datafor the most CO,-rich lamprophyresindicate
that 40-50 percent of the Fe;O3, Ca0, and N&,O; 20-25 per-
cent of the Al,O3; and 10-15 percent of the SIO, and FeO
were removed during addition of 15-20 weight percent CO..
Concentrations of MgO, K»O, Cr, Ni, and possibly Co
remained unchanged during metasomatism.
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We believe that the most plausible explanation for the
above observations is that a magmatic COo-rich fluid or gas
enriched in akali-earth elements attacked olivine and cli-
nopyroxene phenocrysts in the mafic magma as the ground-
mass minerals were crystallizing during dike emplacement.
The COo-rich fluid most likely exsolved from the primary
magma upon cooling. Fine-grained, euhedral, interstitial car-
bonate minerals within the groundmass that are not replace-
ment productsindicate that fairly large amounts of CO, were
dissolved in the magma before solidification. Although we
lack isotopic data that could substantiate a genetic link, we
believe that this CO»-rich fluid or gas was derived from the
original partial melting event in the mantle that generated the
alkalic lamprophyre magma. Except for the possible addition
of minor amounts of Sr to the system, we see no evidence of
the types of element enrichments typically found in carbon-
atite settings (i.e., LREE, Cu, Na, P, etc.). Therefore, thelam-
prophyre dikes do not appear to be related to a more
complex, but unexposed, igneous center.

A further indication that CO, metasomatismwasaninte-
gral part of the magmatic history, and not of alater, unrelated
alteration, is the paucity of CO»-poor lamprophyre samples
having high MgO and modal olivine. Our sampling of surface
outcrops and drill core indicates that, for the most part, only
COy-rich samples contain relicts of olivinegreater than 5 vol-
ume percent. In other words, if the lamprophyre magma con-
tained abundant olivine, that olivineisinvariably transformed
into carbonate minerals. The moreprimary olivinethemagma
contained, the greater the present percentage of carbonate
minerals. If CO, metasomatism had been a later, unrelated
event, or one controlled by structures or fractures, the pattern
of olivine replacement would not be so predictable.

The existence of CO»-poor lamprophyre grading into
COy-rich lamprophyre in drill-core samples is explained by
original variability in phenocryst percentages. In drill hole
C3, lamprophyre samples at 299" depth (table 1) contain 8
percent CO,. Lamprophyre sampled at 292’ depth (table 1)
contains 0.4 percent CO,. Petrographically, sample 299 has
10 percent olivine, but sample 292 contains about 5 percent
olivine. More olivine was present in sample 299, so more
was replaced by the COo-rich fluid or gas phase in the
magma. What at first looks like a possible structural control
to CO, metasomatism turns out to be acompositional control
imparted by the phenocrysts.

Abundant sanidine in the groundmass of the dikes indi-
cates emplacement temperatures of the lamprophyre dikes of
at least 700°C. This temperature is notably higher than the
maximum temperature of 600°C suggested by Rock (1984)
for typical lamprophyre magmas and suggests that intrusives
at the Golden Sunlight mine may not be “typical” lampro-
phyres. Based on the phenocryst assemblage (olivine and cli-
nopyroxene and lack of plagioclase and orthopyroxene),
Swanson (1989), using the summary of Edgar (1987), sug-
gested that phenocrysts crystallized at depths between about
24 and 41 km and temperatures of about 1,210°-1,270°C.

Without a critical comparison of the chemistry of the sample
guoted by Edgar (1987) and the lamprophyre bodies at the
Golden Sunlight mine, we cannot evaluate whether the
experimental results are directly applicable.

What became of the elements that were depleted from
the lamprophyres during CO, metasomatism? No extensive
alteration envelopes related to the mafic dikes are currently
recognized in the vicinity of the Golden Sunlight mine, nor
are there extensive vein networks that could contain the
deposited products of the COo-rich gas or fluid. If the
depleted elements were transported away from the lampro-
phyre bodies in a CO»-rich hydrothermal fluid, that fluid,
upon cooling, would precipitate epidote, quartz, calcite, and
trace albitein the approximateratios 6:2.5:1.5:trace. Because
wedo not seethisvein or ateration assemblage at the Golden
Sunlight mine, we can infer only that the depleted elements
were carried farther upward or outward from the immediate
areathat we sampled.

Hypotheses have been proposed for the formation of
some lamprophyre magma involving direct melting of nor-
mal mantle peridotite under high Pco, conditions with or
without “zone refining” (Velde, 1971; Rock, 1984). Other
models have suggested that lamprophyres result from 1-20
percent partial melting of mantle Iherzolite. Regardless of
which model(s) are appropriate, most workers agree that
alkalic rocks of this composition had their ultimate source
in the mantle. Rapidly changing physical and chemical con-
ditions of the lamprophyre magma are indicated by strongly
zoned and partially resorbed clinopyroxene phenocrysts and
strongly embayed biotite phenocrysts. These changes prob-
ably took place during rapid ascent of the magmato the sur-
face. The validity of any specific models for the
lamprophyre dikes at the Golden Sunlight mine is uncertain
until additional isotopic studies, especialy Rb-Sr, C, and
Sm-Nd, can be undertaken.

The separation on nearly all multielement plots of alka-
lic lamprophyres (alkalic gabbro and olivine gabbro) from
sub-alkaliclamprophyres (gabbro-diorite) indicatesto usthat
the two lamprophyres are probably derived from separate,
though possibly related, magmas. Whether or not one group
is older than the other is not known. Both have CO,-metaso-
matized variants and both have similar apparent and real ele-
ment enrichment and depletion trends. Were these two
groups formed independently in the mantle, only to arrive at
the same place in the upper crust? Did the two groups evolve
from a common parent magma in the mantle? Only further,
more detailed data will answer these questions.

Another possible, but we think less probable, model for
CO, metasomatism involves incorporation of CO, from
reaction with limestone and dolomite in the Proterozoic or
Paleozoic strata in the area. Major thrusting of Precambrian
Belt Supergroup rocks over Paleozoic to M esozoi ¢ sedimen-
tary and volcanic strata during the Late Cretaceous took
place in the vicinity of the Golden Sunlight mine (Schmidt
and others, 1988). Any thrusts are now buried by Cenozoic
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Figure40. Location map of southwestern Montana showing localities and rock units dis-
cussed in text. Drill hole on Devils Fence anticline shown by plus sign inside circle.

deposits south of the Golden Sunlight mine. One fault at the
Mayflower mine in the northern Tobacco Root Mountains
(fig. 40) juxtaposes Belt Supergroup rocks and rocks as
young as Late Cretaceous (Elkhorn Mountains Volcanics),
but it may be areverse fault. A major transverse (east-west-
striking) fault zone has been mapped (Alexander, 1955;
Robinson, 1963; Schmidt and others, 1988) south of White-
hall that could be interpreted as a tear fault between thrust
plates. The aggregate eastward transport of the block occu-
pied by the Golden Sunlight mine was at least 15 km. Possi-
ble evidence for magjor thrusting is provided by a 4,525 m
(14,846 ft) drill hole on the Devils Fence anticline approxi-
mately 30 km northeast of the mine (Burton and others,
1991; Balard and others, 1994). There, a mgjor thrust,

possibly the Lombard, was suggested at a depth of 2,130 m,
which juxtaposed upper plate Belt Supergroup rocks of the
Spokane, Greyson, and Newland Formations with Creta-
ceous Elkhorn Mountains Volcanics and the Slim Sam and
Blackleaf Formations. The presence of Cretaceous stratawas
interpreted, partly, on the basis of Cretaceous dinoflagel-
lates, which W.J. Perry, Jr., M.J. Pawlewicz, T.A. Daws,
T.S. Dyman, and G.A. Desborough (written commun., 1995)
consider to be apossible contaminant from bentonite drilling
mud that contained Cretaceous fossils. Stratigraphy of the
sedimentary rocks in question, the presence of porcellenite
beds, and minor diabasic sills in the sedimentary rocks sug-
gest that the rocks below the possible thrust may be part of
the Belt Supergroup.
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CORRELATION OF LAMPROPHYRES
AND RHYOLITE WITH ROCKSIN
SURROUNDING AREAS

Rocks as mafic or akalic as the lamprophyres at the
Golden Sunlight mine are not widely known in southwestern
Montana. However, slightly more evolved basaltic to andes-
itic volcanic rocks in surrounding areas could be related to
the lamprophyres. Felsic vol canic rocks are quite widespread
in southwestern Montana, and some could be related to the
sills of rhyolite that are so numerous in the mine area. We
suggest the following correlation, based on analysis of chem-
ical data (Ruppel, 1963; Schmidt, 1978; Lambe, 1981; Rut-
land, 1985; Ivy, 1988) from intrusive and extrusive rocks
from south of Great Falls to north of Dillon (fig. 40).

Rocksthat are chemically similar to the alkalic lampro-
phyres are augite trachybasalt found in the Adel Mountains
Volcanicsin the Wolf Creek area north of Helena (Schmidit,
1978). Although not as mafic asthe lamprophyres (fig. 41A),
thetrachybasaltisalkalic to alkali-calcic and rangesin chem-
ical composition from trachybasalt to latite and easily could
be related to the lamprophyres by fractional crystallization.
A relationship through fractional crystallization would also
explain thetrends away from the alkalic lamprophyresin alu-
mina saturation (fig. 41B) and iron enrichment (fig. 41D).
The trend toward a more sodic nature (fig. 41C) is not well
explained by fractional crystallization, however. The trachy-
basalt flows lack olivine phenocrysts, but contain abundant
augite in a groundmass of labradorite, sanidine, magnetite,
and apatite. A Late Cretaceous paleomagnetic pole age
(Gunderson and Sherif, 1991) for the Adel Mountain Volca
nics agrees with the 77-Ma date determined by 4CAr-39Ar
analyses for biotite from one lamprophyre in this study. The
best estimate by Harlan and others (1991) for the age of flow
unitsin the Adel Mountain Volcanicsis 75-76 Ma, which is
also in reasonable agreement with the 77-Ma biotite date.

The one picritic (ultramafic) analysis of the Y ogo Peak
plutonalsoissimilar in chemistry totheakaliclamprophyres
(fig. 41A). Interms of aluminasaturation (fig. 41B) and alka-
linity (fig. 41C), the analysis of the pluton is more similar to
the alkalic lamprophyres than are the analyses of the Adel
Mountains Volcanics. Additional geochemica data would
aid in our interpretation of chemical similarity to the data of
Embry (1987). Existing geochronologic data (Marvin and
others, 1973) suggest an age of 50 Maage for the Y ogo Peak
pluton, so the lamprophyre at the Golden Sunlight mine does
not appear to be time correlative to the Y ogo Peak pluton.

Rocks that are chemically most similar to the sub-alka-
lic lamprophyres are the mgjority of flows in the informally
named unit 8 of the Elkhorn Mountains Vol canics (Rutland,
1985). These calc-akalic andesitic basalts to andesites are
dightly more felsic than the gabbro-diorite at the mine (fig.
41A), but have similar alumina saturations (fig. 41B), are
very potassic (fig. 41C), and are very Mg rich (fig. 41D).

Unit 8 of the Elkhorn Mountains Volcanics averages 440
ppm Cr, 113 Ni, and 681 ppm Sr, and has REEcy profiles
that are LREE enriched and have no Eu anomalies (Rutland,
1985)—these values are very similar to the sub-alkalic lam-
prophyres (fig. 42). Estimated ages for the Elkhorn Moun-
tains Volcanics are 77—79 Ma (Tilling and others, 1968),
which are in agreement with the 77-Ma biotite date. Basalt
flows in the Elkhorn Mountains Volcanics just west of the
mine (Prostka, 1966) have amodal mineralogy similar to the
alkalic lamprophyre, but chemical analyses are lacking for
these flows.

Other units (fig. 41) that have chemical similarity to the
sub-alkalic lamprophyres are rocks that intrude the Elkhorn
Mountains Volcanics (Klepper and others, 1971) and some
flow unitsfrom thelower part of the volcanicsof Cold Spring

Figure 41 (following page). Major-element plots of Cretaceous-
Tertiary mafic rocks in western Montana. Fields of akalic (A) and
sub-alkalic (SA) lamprophyre at the Golden Sunlight mine shown
for comparison. Adel, Adel Mountains Volcanics, data from
Schmidt (1978). Wolf Creek, volcanics near Wolf Creek that are
possibly correlative with Adel Mountains Volcanics, data from
Schmidt (1978). Kokoruda, Kokoruda phase of the northern part of
the Boulder batholith; data from Smedes (1966). Yogo dike, sap-
phirine-bearing Y ogo dike; data from Clabaugh (1952) and Dahy
(1991). Yogo Peak, Yogo Peak pluton; data from Embry (1987).
Boulder batholith (mafic), mafic rocks that predate the main part of
the Boulder batholith; data from Lambe (1981). Elkhorn Volcanics,
unit 8, informal unit 8 of the Elkhorn Mountains Volcanics, which
corresponds to the upper part of the volcanics (Smedes, 1966; Klep-
per and others, 1971); datafrom Rutland (1985). Elkhornintrusives,
intrusive rocks that cut the Elkhorn Mountains Vol canics, datafrom
Klepper and others (1971). Cold Spring, lower, lower part of the
volcanics of Cold Spring Creek; datafrom lvy (1988). A, Ry versus
R, plot (De LaRoche and others, 1980); Picritic, picritic composi-
tion or ultramafic rocks; Thr, therallite; Gb-No, gabbro-norite; T
Bas, trachybasalt; Lat Bas, latibasalt; And-Bas, andesitic basalt
(gabbro-diorite is plutonic equivalent); T And, trachyandesite; L at,
latite (monzonite is plutonic equivalent); Lat-And, lati-andesite
(monzodiorite is plutonic equivalent); And, andesite (diorite is plu-
tonic equivalent); Q Tr, quartz trachyte; Q Lat, quartz latite; Dac,
dacite (tonalite is plutonic equivalent); R dac, rhyodacite. Fields of
akalinity modified dightly from DeWitt (1989). Samples that plot
to left of diagram are shown on |eft margin and have arrows leading
to theleft. B, SIO, versus A/CNK plot; A/CNK, molar alumina/sum
of molar calcium, sodium, and potassium; field of unaltered igneous
rocks from DeWitt (unpub. data, 1994). Samplesthat plot below the
diagram are shown on the bottom border and have arrows leading
down. C, K,O/(K,0+Na0) versus SiO, plot; x-axisis “K number”
listed in table 1; field boundaries from DeWitt (unpub. data, 1995).
Samples that plot below the diagram are shown on the bottom bor-
der and have arrows|eading down. D, (FeO+0.89Fe,0O3)/(FeO+0.89
Fe,O3+MgO) versus SiO, plot; x-axisis“Fe number” listed in table
1; field boundaries modified from DeWitt (1989). Samples that plot
to the left of the diagram are shown on the left border and have ar-
rows leading to the left. Samples that plot in the very Mg-rich field,
below plot (C), have arrows leading to the left or up.
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Creek near Bannack (lvy, 1988). 40Ar-39Ar dates of horn-
blende from flows and ash flows in the volcanics of Cold
Spring Creek are 76—78 Ma (Ivy, 1988), in agreement with
the 77-Mabiotite date. Although a direct age-equivalent cor-
relation cannot be proven with existing data between lampro-
phyre bodies at the Golden Sunlight mine and other mafic
rocks in southwestern Montana, the data do indicate that
mafic, alkalic plutonism and volcanism was taking place in
western Montanain Late Cretaceous time. Further work will
undoubtedly refine the correlations suggested by this work.

Rocks similar in age and chemistry to the rhyolite sills
at the Golden Sunlight mine are present in the informally
named units 7, 9, and 11 of the Elkhorn MountainsV ol canics
(Rutland, 1985). Alkali-calcic lati-andesite to rhyodacite
welded tuff units plot on a trend that would intersect the
freshest felsic sills at the mine (fig. 43). Unit 11 is the most
similar to rhyolite at the mine in terms of alumina saturation
(fig. 40B), akali enrichment (fig. 43C), and iron enrichment
(fig. 43D). Limited analyses of units 7 and 9 may obscure
their similarity to rhyolite at the mine. The most evolved of
the rhyolites in unit 7 have Sr, Zr, and Fe numbers that are
similar to those of the freshest rhyolite sills at the mine. Sam-
ples of rhyoalitic welded tuff from the middle part of the
Elkhorn Mountains Vol canics (Smedes, 1966) are also simi-
lar in major element composition to the sills at the mine.

If therhyolite sillsat the mine are temporally and genet-
ically related to emplacement of voluminous ash-flow depos-
itsof unit 7, 9, or 11 of the Elkhorn Mountains Vol canics, the
sourcefor both sills and tuffs may have been within the crust,
assuggested by Rutland (1985). If basaltic flows of unit 8 are
temporally and genetically related to emplacement of lam-
prophyre dikes, their source may have been in the mantle, not
within the crust. Therefore, differing source areas over time
may characterize parts of the Elkhorn Mountains Volcanics.
A complete analysis of this possibility awaits further study.

CONCLUSIONS

The gold-mineralized breccia pipe at the Golden Sun-
light mine, southwestern Montana, cuts strata of the Belt
Supergroup and sills of Late Cretaceous rhyolite. Within the
pipe, rhyolite forms the matrix for downdropped fragments
and is mineralized by disseminated, auriferous pyrite,
molybdenite, and hematite. The pipe is inferred to grade
downward into an akalic, porphyry molybdenum deposit.
Dikesand sills of alkalic and sub-alkalic lamprophyre cut the
pipe, and they possibly locally remobilized minor amounts of
gold aong their margins. Late shear zones and veins that
contain high-grade gold also contain mineralized lampro-
phyre bodies. Determining the petrogenesis and age of the
rhyolite, gold mineralization, and lamprophyres was the
focus of thisinvestigation.

EXPLANATION

Golden Sunlight mine,
all lamprophyre bodies

Elkhorn Mountains
Volcanics, unit 8

CHONRDITE-NORMALIZED RATIO

La  Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
RARE EARTH ELEMENT

Figure42. Chondrite-normalized rare-earth-element plot for ma-
fic volcanic rocks in unit 8 of the Elkhorn Mountains Volcanics.
Datafrom Rutland (1985). Lamprophyre of group 1 (CO; less than
2 percent) from Golden Sunlight mine plotted for comparison. Top
four dashed curves are for alkalic lamprophyre; bottom two dashed
curves are for sub-alkalic lamprophyre.

The rhyolite was difficult to characterize chemically
because of its altered nature. Least atered samples are
akali-calcic, mildly peraluminous, very sodic, and Mg rich.
Alteration near the breccia pipe creates hydrothermal seric-
ite and orthoclase and turns the rhyalite into an alkalic
guartz syenite that is strongly peraluminous, potassic to
very potassic, and Ferich to very Ferich. No REE mobility
was verified during alteration.

Figure 43 (following page). Major-element plots of Cretaceous-
Tertiary felsic rocks in the Elkhorn Mountains Volcanics, western
Montana. Field of “unaltered” rhyolite at the Golden Sunlight mine
shown by stippled area. Elkhorn air-fall tuff, air-fall tuff from the
Elkhorn Mountains Volcanics; data from Rutland (1985). Elkhorn
01 through 13, welded tuff from the Elkhorn Mountains Vol canics
[numbers increase up-section]; data from Rutland (1985). Elkhorn,
lower, welded tuff from lower part of the Elkhorn Mountains Vol-
canics; data from Ruppel (1963). Elkhorn, middle, middle part of
the Elkhorn Mountains Volcanics; data from Smedes (1966) and
Klepper and others (1971). Elkhorn, upper, upper part of the
Elkhorn Mountains Volcanics; data from Knopf (1913), Ruppel
(1963), and Robertson (1953). A, R; versus R, plot (De LaRoche
and others, 1980); T Bas, trachybasalt; Lat Bas, latibasalt; And-Bas,
andesitic basalt (gabbro-diorite is plutonic equivalent); T And, tra-
chyandesite; L at, latite (monzoniteis plutonic equivalent); Lat-And,
lati-andesite; And, andesite (diorite is plutonic equivalent); Tr, tra-
chyte; Q Tr, quartz trachyte; Q Lat, quartz latite; Dac, dacite; R Dac,
rhyodacite; Rhy, rhyalite; Alk Rhy; alkali rhyolite. Fields of alka
linity modified slightly from DeWitt (1989). B, SiO, versus A/CNK
plot; A/CNK, molar alumina/sum of molar calcium, sodium, and
potassium; field of unaltered igneous rocks from DeWitt (unpub.
data, 1994). C, K,0/(K,O+NayO) versus SiO, plot; x-axis is “K
number” listed in table 1; field boundaries from DeWitt (unpub. da-
ta, 1995). D, (FeO+0.89Fe,053)/(Fe0+0.89 Fe,03+MgO) versus
SO, plot; x-axisis “Fe number” listed in table 1; field boundaries
modified from DeWitt (1989).
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Determination of a precise crystalization age of the
rhyolite from analysis of zircon by the U-Th-Pb method
was made difficult by the presence of inherited lead or
inherited zircon of Late Archean age. If an emplacement
age of about 80 Ma is assumed for the rhyolite, an age of
inheritance of 2,600 Ma can be calculated. That age agrees
with basement ages determined for much of southwestern
Montana. Determination of a crystallization age of the rhy-
olite by fission-track methods was not possible, but the zir-
con fission-track data are permissive of indicating slow
uplift during Laramide time. Additional data would be nec-
essary to corroborate this possibility.

Common lead dating of altered Belt Supergroup
strata and rhyolite in and near the breccia pipe resulted in a
206pp-238 date of 84+18 Ma We interpret the alteration
to be related to gold deposition in the breccia pipe. Other
Pb-Pb dating techniques corroborate this date, but are less
precise. Attempts to date hydrothermal sericite from the
rhyolite were unsuccessful, possibly in part because of
chemical treatments that had to be employed during the
mineral-separation process.

Lamprophyre dikes and sills that cut the breccia pipe
are of two distinct groups, one akalic and the other sub-
alkalic. The akalic group is predominately akali gabbro
that is metaluminous, very potassic, and has little iron
enrichment. The sub-alkalic group is gabbro-diorite that is
metaluminous very potassic, and very Mg rich. The lampro-
phyre bodies are heterogeneous, show wide variation in
phenocryst mineral percentages, and range from CO, poor
to CO, rich (0.2-20 weight percent CO5). Primary igneous
textures are generally well preserved. The alkalic lampro-
phyre averages 3.8 percent K,0, 0.9 percent TiO,, 87 ppm
Ni, and 337 ppm Cr. The sub-lamprophyre averages 3.1
percent K0, 0.64 percent TiO,, 250 ppm Ni, and 640 ppm
Cr. Phenocrysts (in decreasing order of abundance) in both
groups are clinopyroxene (diopsidic augite), olivine (about
Fogs_gp), and much lesser amounts of biotite that has ele-
vated concentrations of Cr, Ni, V, and Ba. Magnesium
numbers indicate that the CO»-poor, sub-alkalic lampro-
phyres represent primitive magmas that are somewhat
enriched in incompatible elements. The two groups are
interpreted to be cogenetic, but they possibly were derived
from different degrees of partial melting or different source
regions in the mantle.

Extensive CO, metasomatism of both groupsresultedin
destruction of olivine phenocrysts and creation of an alter-
ation assemblage dominated by magnesite. CO»-rich lampro-
phyre has olivine relicts that are replaced by: (1) limonite(?)
and magnesite, (2) magnesite, sericite, and minor biotite, and
(3) magnesite. Skeletal diopsidic augiteisaltered to dolomite
and minor amounts of magnesite. Quartz is present in one
sample as a breakdown product of augite but is absent in all
other rocks. Biotite phenocrysts are mostly unaltered but are
strongly embayed by groundmass minerals. Much biotite in
the groundmass is unaffected, but some is replaced by seric-

ite. Where carbonate metasomatism is extreme (10-20 per-
cent CO,), clinopyroxene is completely replaced by
dolomite, magnesite, and minor siderite. Sanidine in the
groundmass may or may not be replaced by sericite. Metaso-
matic alteration of the lamprophyresinvolved introduction of
CO,, and depletion of Ca0, Fe;O3, NapO, Alo03, SiO,, and
FeO, in decreasing percentages.

The two groups of CO»-poor lamprophyres have simi-
larly shaped chondrite-normalized rare-earth-element (REE)
patterns, but the alkalic group plots above and distinctly sep-
arate from the sub-alkalic group. With increasing concentra-
tion of COy, lamprophyres retain their La/Y boy values, but
possess overall lower concentration of all REE. This appar-
ent decrease may be simply a function of the most olivine-
rich lamprophyres having originally had the lowest concen-
trations of REE. True mobility of rare earth elements during
CO, metasomatism cannot be documented.

The lamprophyres possibly began to crystalize at
depths between 24 and 41 km and temperatures of about
1,210°-1,270°C (Swanson, 1989). Initial crystallization
involved precipitation of olivine and clinopyroxene fol-
lowed by phlogopite-biotite. Strong zoning of clinopyrox-
ene suggests highly variable physico-chemical conditions
during crystallization, which may have been caused by
rapid ascent of the magma during clinopyroxene crystalliza-
tion. Crystalization of the fine-grained groundmass took
place during or after dike emplacement because no subsoli-
dus deformation or flow foliation is noted. Textural evi-
dence indicates that CO, metasomatism during and after(?)
dike emplacement was caused by an alkali-rich, CO»-rich
fluid that was out of equilibrium with early-formed pheno-
crysts, but in equilibrium with sanidine, bictite, and apatite
in the groundmass. The extent to which lamprophyre bodies
were CO, metasomatized was controlled by the percentage
of olivine and clinopyroxene phenocrysts that were avail-
able to be atered. The CO,-rich fluid is presumed to be of
magmatic origin and related to generation of the lampro-
phyres from mantle materials.

Two biotite separates from different |lamprophyre bod-
ies have a conventional K-Ar date of 79.8+2.8 Ma and a
“Oar-Sar plateau date of 76.9+0.5 Ma. We interpret the
76.9-Ma date to indicate |lamprophyre emplacement in Late
Cretaceous time. Whether or not the generation of CO,-rich
lamprophyre magma from mantle depths had any impact on
the generation of the Golden Sunlight breccia pipe cannot be
proven without additional isotopic data.

Some volcanic rocks in southwestern Montana bear
close chemical similarity to both rhyolite and lamprophyre at
the Golden Sunlight mine. Rhyalitic ash flow tuffs in the
Elkhorn Mountains Volcanics, especially informally named
units 7, 9, and 11 (Rutland, 1985), are very similar chemi-
cally to the least altered rhyolite at the mine. The estimated
age of The Elkhorn Mountains Volcanics of about 75 to 80
Mais in agreement with the estimated age of the rhyolite at
the mine. The Adel Mountains Volcanics are dightly more
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felsic than lamprophyre bodies at the mine, but are chemi-
cally very similar. Estimated ages of the Adel Mountains
Volcanicsof 75to 76 Maarein excellent agreement with the
77-Ma age of bhiotite from the lamprophyre. Informally
named mafic unit 8 of the Elkhorn Mountains Volcanics is
also very similar to both alkalic and sub-alkalic lamprophyre
at the mine. If the correlation of unit 8 and the lamprophyre
at themineisvalid, unit 8 may proveto beatimelinefor the
Elkhorn Mountains Vol canics.
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