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* The Helena National Forest (the Forest) covers about 975,000 acres (1,520
square miles) in west-central Montana. It lies in the vicinity of Helena, the
capitol city of Montana, and includes Federal lands within parts of five
counties: Broadwater, Jefferson, Meagher, Powell, and Lewis and Clark.

* Gold was discovered in the region in Powell County in 1852. Mining began in
the 1860's, and since then the Forest has produced gold, silver, copper, lead,
zinc, molybdenum, and phosphate minerals.

* At the time of this study, the only mineral production within the Forest is
gold from small-scale placer operations, although exploration continues.
Minerals are produced from areas adjacent to the Forest. Properties where
significant production is most probable in the immediate future are on land
adjacent to the Forest.

* Estimates of undiscovered resources contained in seven types of mineral
deposits are made. Statistical descriptions of the estimates are given for each
deposit type (table G3). Gold and copper are the commodities most likely to be
present in the Forest in significant quantities.

* Geologic maps, and maps that show areas where undiscovered deposits may exist,
are presented for a variety of types of mineral deposits. These are provided in
hard copy and are available in digital form (on a CD-ROM of companion report:
U.S. Geological Survey Open-File Report 96-683-B) for use in land management by
hydrologists, soils scientists, biologists, botanists and other scientists of the
Forest Service and other entities.

* The distribution of carbonate rocks (limestone and dolomite) is shown on a
separate map (also in digital form). These rock types act to neutralize acid,
thus fix (chemically bind) potentially hazardous chemical elements present in
surface and ground waters.

* Only part of the Forest is considered to have potential for oil and gas.
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CHAPTER A

THE HELENA NATIONAL FOREST STUDY AREA

By R.G. Tysdal and Steve Ludington

INTRODUCTION

The geology and mineral and energy resources of the Helena National Forest
(the Forest) (975,088 acres; fig. Al) were studied by the U.S. Geological Survey
(USGS) during 1993-1995. The study was conducted to assess the undiscovered
mineral resources of the Forest and to provide minerals information to the U.S.
Forest Service (USFS) for land-use planning in the management of Forest lands.
The study did not assess the mineral resource potential of the few large tracts
of private land that exist within the Forest boundary, mainly in the southern
part of the Big Belt Mountains (fig. A2). Mineral resources of lands adjacent
to the Forest were considered in the assessment process, however, because the
resource potential of the Forest lands were evaluated within a regional geologic
context. The study used published geologic mapping that was supplemented with
new mapping where needed. The study integrated existing geochemical data with
newly obtained data; conducted local detailed gravity, magnetic, and gamma-ray
aeroradiometric geophysical studies for specific areas of the Forest, augmenting
a Forest-wide database that had been acquired previously; and assembled pre-
existing mineral occurrence and current exploration data.

Importance of the Study

Mining and exploration activity and other lines of evidence from geologic,
geochemical, and geophysical data indicate the Forest has significant potential
for the occurrence of undiscovered resources. The Forest contains mining
districts/areas that historically have produced metals from both lode mines and
placer deposits. No lode mines were in production during the course of this
study, small-scale placering operations exist, mainly in Confederate Gulch in the
Big Belt Mountains. Properties where exploration/development is concentrated
currently are on land adjacent to the Forest--at McDonald Meadows, near Lincoln;
the Elkhorn mine, on the southern flank of the Elkhorn Mountains; and the Diamond
Hill prospect, on the eastern flank of the Elkhorn Mountains. The McDonald
Meadows hot-spring gold deposit contains about 8.2 million ounces of gold within
414 million tons of rock, of which about 5.2 million ounces of gold can be mined
economically at present (Canyon Resources Corporation, 1993). At a price of $375
per ounce, economically recoverable gold of the deposit has a value of about $2
billion.

This study of the Helena National Forest is primarily concerned with
mineral and energy resources. However, the geologic, geochemical, and
geophysical components that make up parts of the report also constitute
fundamental building blocks that pertain to other, related scientific studies
that may be undertaken--for example, mine remediation. The foundation of the
mineral resource assessment is a geologic map (scale 1:126,720, where 1 in.
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equals 2 mi), shown on plate 1. A derivative of the geologic map shows the
geologic formations that are largely composed of limestone and (or) dolomite
(plate 3, map C). The derivative map is important because calcareous rocks act
to fix (chemically bind) potentially hazardous chemical elements present in
streams, thus the rocks are naturally occurring remediation substances. The
geologic map also can be a fundamental building block for USFS hydrologists,
soils scientists, biologists, and botanists to use in conjunction with other
scientific studies conducted for effective management of Federal lands. Rock
chemistry is a primary control of the types of soils and plants that exist in an
area, the quality of water, and ultimately the health of wildlife in an area.
Maps of this report show the distribution of tracts of rock permissive for
different types of mineral deposits in the Forest, but they also give clues to
the distribution of naturally occurring chemical elements.

Location

The Helena National Forest is comprised of 975,088 acres that lie within
parts of seven counties: Broadwater, Cascade, Gallatin, Jefferson, Meagher,
Powell, and Lewis and Clark (fig. Al). No Federal land is present in the parts
of Cascade and Gallatin Counties that lie within the Forest boundary. The Forest
includes virtually all of the Big Belt Mountains; most of the Elkhorn Mountains;
and, west of 112° longitude, mountainous terrain that extends from about 46° 20'
N. latitude, southwest of Helena, to about 47° 15’ N., north of Lincoln, Mont.
(fig. A2). The Gates of the Mountains Wilderness lies within the Forest in the
northern extent of the Big Belt Mountains, and the southern part of the Scapegoat
Wilderness lies within the Forest in the mountains north of Lincoln (fig. A2).

Previous and Concurrent Studies

Mineral resource assessment studies were conducted previously in three
regions of the Forest under consideration for Wilderness status, as mandated by
the Wilderness Act of 1964 (public law 88-577). Two of the three regions were
designated as wilderness and their boundaries are shown in figure Al. The Gates
of the Mountains Wilderness (about 45 sq mi; 28,600 acres), and proposed
additions thereto (about 16 sq mi; 10,000 acres), in the northern part of the Big
Belt Mountains, were examined in 1976 (Reynolds and Close, 1984; Close and Rigby,
1984). The Scapegoat Wilderness (375 sq mi; 240,000 acres), which includes about
130 sq mi (83,000 acres) in the Helena National Forest north of Lincoln, was
studied in the early 1970's (Mudge and others, 1974). Two proposed additions to
the Scapegoat (totaling 84 sq mi; 53,750 acres), which includes about 60 sq mi
(38,000 acres) within the Helena National Forest, were examined in the mid-1970's
(Earhart and others, 1977). Neither of the two proposed additions is recommended
for wilderness status by the Forest Service, and their boundaries are not shown
in figure Al; one area adjoined the wilderness to the south and the other
adjoined to the southeast. A large part of the Elkhorn Mountains also was
studied under the Wilderness Act (Greenwood and others, 1978, 1990), although the
area has not been designated a wilderness. This study encompassed about 135 sq
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Table Al. Mineral deposit types known or suspected to occur within the

Helena National Forest, and principal commodities expected.

Deposit type

Commodities expected

Porphyry copper-molybdenum
Climax molybdenum

Skarn gold

Skarn tungsten

Breccia pipe, tourmaline

Breccia pipe, polymetallic

Vein, gold-bearing

Vein and desseminated, gold-bearing
Vein, polymetallic

Vein, polymetallic, uranium-bearing
Polymetallic replacement
Hot-spring gold-silver
Epithermal vein, quartz-adularia
Epithermal manganese

York-type exhalative(?) gold
Sedimentary exhalative zinc-lead
Redbed sediment-hosted copper
Sediment-hosted copper, veins
Quartz veins

Vein, barite

Bog copper

Bog manganese

Shoreline placer

Limestone

Phosphate, upwelling type

Placer gold

Placer sapphire

Stone, building

Copper, molybdenum
Molybdenum

Gold

Tungsten

Gold

Gold, silver, lead, zinc
Gold

Gold

Gold, silver, copper, lead, zinc

Uranium

Gold, silver, copper, lead, zinc

Gold, silver

Gold, silver
Manganese

Gold

Zinc, lead

Copper, silver
Copper

High-purity silica
Barite

Copper

Manganese
Titanium, iron, zircon
Limestone
Phosphate

Gold

Sapphires

Building stone

Digital Products

The geologic map (plate 1) also was prepared in digital form (ARC/INFO) at
the request of the USFS. Several other maps, of plates 2-6, also are on the same
disk. Many figures, some of which contain closely spaced patterns (shading) that
does not reproduce well in black-and-white, also are contained on the same CD-ROM
(Green and Tysdal, 1996). A listing of the contents of the disk is provided in
the Appendix of this report.

ACKNOWLEDGMENTS

Many individuals in private industry, in the U.S. Forest Service, and
within the U.S. Geological Survey provided essential information for this study
or assisted the authors in various aspect of data compilation and mineral
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resource assessment. The initial meeting concerning the mineral resource
assessment of the Forest benefited from input of representatives of the Montana
Bureau of Mines and Geology, Butte; personnel from the U.S. Bureau of Mines,
Spokane; U.S. Forest Service representatives from the Deer Lodge and Helena
National Forests, and from the Region 1 Office, Missoula; and representatives
from the mining industry, including Noranda Mining Co., Phelps Dodge Corporation,
and Pegasus Gold, Incorporated.

U.S. Forest Service geologists Beth Ihle of the Townsend Ranger District
and Bill Straley of the Helena Supervisors Office were especially helpful in
providing information on active prospecting and exploration. Beth also very
kindly arranged for our use of Forest Service storage facilities, facilitated
arrangements with other USFS personnel and with private property owners, and
provided lively discussions of geologic exploration activities and needs of the
USFS. Several owners of private property permitted USGS personnel to cross their
land to gain access to Forest land that otherwise was not readily accesible. We
thank these persons for their cooperation.

Information of much significance to the mineral resource assessment of the
Forest was gained through discussions and visits to mines and exploration
projects. Geologists of the Phelps Dodge Corporation provided access and shared
information on the McDonald Meadows gold property adjacent to the Forest, near
Lincoln. Mike Maslowski, Greg Wittman, and Steve Petroni of Pegasus Resources
provided access to exploration properties, shared information, and conducted
field excursions to several properties on or adjacent to the Forest. Jeff Brooks
of Santa Fe Minerals Corporation conducted a field excursion to the Elkhorn mine,
adjacent to the Forest, on the south flank of the Elkhorn Mountains. Operators
of the French Bar and Lovestone placer sapphire mines, on alluvial bars adjacent
to the Missouri River, kindly provided access to their producing properties.

The assessment of oil and gas resources was ajded by David W. Ballard,
Bradford R. Burton, and John R. Warne, geologists from industry, who provided
source-rock samples. Subsurface data was provided by Melody R. Holm (U.S. Forest
Service) and James W. Halvorson, Montana Board of 0il and Gas Conservation.

G.N. Green of the USGS worked carefully and patiently to digitize maps
shown on plates in this report. These maps and a digital geologic map are
available on compact disk (Green and Tysdal, 1996). G.I. Selner of the USGS
provided advice on use of GSPOST and GSMAP used in compilation of some maps and
files. C.A. Wallace provided unpublished descriptions of Proterozoic and
Phanerozoic strata of the Butte 1° x 2° quadrangle, from which shortened
descriptions of rock units were derived for the geologic map; he also provided
an advance copy of a map that was subsequently published. Timothy Hall, a
seasonal geologist with the USGS, performed excellent field and laboratory
assistance to the geochemical part of this study. Steven S. Smith donated
several days of time to revise digital geochemical maps (plate 3 and 4, maps F,
G, H, I, J), and Gregory Lee provided help with the digital files of geochemical
data. Several of the figures were drafted by W.R. Stephens and later revised by
D.A. Lindsey of the U.S.G.S.
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CHAPTER B

GEOLOGIC SETTING OF THE HELENA NATIONAL FOREST STUDY AREA

By R.G. Tysdal

GEOLOGIC MAPPING

The geologic map compiled for this study (pl. 1) is at a scale of 1:126,720
(1 in. equals 2 mi), in accord with the scale of the "Forest Use Map of the
Helena National Forest", published by the U.S. Forest Service. No geologic map
with the appropriate geologic detail was available for the entire Helena National
Forest (the Forest). The database of maps used to compile the geologic map, and
the area covered by each map, is shown on plate 1. A geologic time chart is
given in the Appendix.

REGIONAL GEOLOGIC SETTING

Strata of Middle Proterozoic and younger age form a package of rocks tens
of thousands of feet thick in western Montana and an area of central Montana that
is delimited by the Wagner Gulch-Volcano Valley fault on the north and by faults
of the southwestern Montana Transverse Zone on the south (fig. Bl). The Forest
overlies this thick package of strata and the eastern part of the Forest lies
within the fault-bounded area. The faults at the north and south margins of the
fault-bounded area were active intermittently from the Proterozoic to the present
and influenced the distribution, facies, and thickness of sediments. Strata of
the Middle Proterozoic Belt Supergroup, and some Paleozoic and younger
stratigraphic units as well, accumulated to a much greater thickness in the
fault-bounded area of west-central Montana than in regions to the north and
south.

The rocks of western Montana and the fault-bounded area of west-central
Montana lie within the Cordilleran thrust belt terrane, in which large-scale
thrust faults displaced strata eastward during the Late Cretaceous to early
Tertiary. The Wagner Gulch-Volcano Valley fault and faults of the southwestern
Montana Transverse Zone, which delimit the north and south margins of the central
Montana area, also delimit the north and south margins of thrust terrane within
central Montana. This eastern protrusion of thrusted terrane is known as the
Helena structural salient, or simply the Helena salient (fig. Bl).

STRATIGRAPHY

Sedimentary rocks exposed in the Forest and directly adjacent areas include
Precambrian, Paleozoic, Mesozoic, and Cenozoic strata. Unconsolidated rock
materials such as gravels are present locally in the mountains, where they mainly
form veneers, and on mountain flanks and within intermontane valleys where they
form thick deposits. Individual rock units present in the Forest are described
on plate 1 and the descriptions are not repeated here. Where appropriate,
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however, map symbols from plate 1 (for example, Kk, for Cretaceous Kootenai
Formation) appear in parentheses in the text that follows. Carbonate (limestone
and dolomite) rock units are shown on a derivative geologic map (pl. 3, map C).
This derivative map was prepared at the request of the Forest Service for
applications in their ongoing botanical, biological, hydrologic, and soil
studies. Rocks shown as calcareous or dolomitic generally contain a small
percentage of calcite or dolomite.

Precambrian sedimentary rocks are comprised of the Middle Proterozoic Belt
Supergroup that, in aggregate, is several tens of thousands of feet thick in the
overthrust belt of western Montana, where these strata comprise the majority of
rocks (Harrison, 1972). This sequence extends well eastward within the embayment
into central Montana (McMannis, 1965). Belt strata constitute more than half of
the areal extent of rocks in the Forest and underlie the younger rocks in the
remainder of the Forest. The maximum thickness of the Belt strata exposed within
or directly adjacent to the Forest is greater than 35,000 ft. The lower two
units, the Newland and Greyson Formations, crop out only in the Big Belt
Mountains, except for slivers of the Greyson north of Lincoln. The two
formations total about 20,000 ft in combined thickness in the central to southern
part of the Big Belt Mountains (Nelson, 1963; Skipp and Peterson, 1965). Belt
Supergroup rocks only as young as the Helena Formation are present in the Big
Belt Mountains, whereas younger formations of the Supergroup are present in the
western part of the Forest, in the region north from U.S. Highway 12 to the
northern extent of the Forest. Several formations of the Belt Supergroup contain
mineral occurrences and the distribution of the minerals was determined by
processes that took place during sedimentation or shortly thereafter. Throughout
the region, rocks of the Belt Supergroup were metamorphosed to the lower
greenschist facies prior to deposition of Paleozoic and younger strata.

Paleozoic rocks of the Forest range from Middle Cambrian through Permian.
All systems except the Ordovician and Silurian are represented. Thickness of the
Paleozoic sequence generally is in the range of 4,500-6,000 ft. Facies changes
and erosional unconformities between and within formations account for part of
the variability, and juxtaposition via thrust faults of rock sequences originally
deposited distant from one another account for other thickness changes. Greater
than three-fourths of the thickness of the sequence is limestone and dolomite
(pl. 3, map C), and one-third to one-half of which is composed of the
Mississippian Madison Group (Mm); the remainder of the sequence is largely
sandstone and clay shale.

Mesozoic rocks are Jurassic and Cretaceous in age; no Triassic rocks are
known in the Forest. Mesozoic sedimentary rocks are exposed mainly in the
Elliston area of the southwestern part of the Forest, locally in the Elkhorn
Mountains, and at the northernmost and southernmost parts of the Big Belt
Mountains. The sedimentary rocks are chiefly sandstone, siltstone, mudstone, and
shale. The only limestones are a thin unit in the upper part of the Cretaceous
Kootenai Formation (Kk), and the lower part of the Jurassic sequence, in which
the 50-200 ft thick Jurassic Ellis Group (Sawtooth, Rierdon, and Swift
Formations; part of unit Ju) is chiefly limestone, very calcareous shale, and
calcareous sandstone. Dolomite is absent or uncommon in both Jurassic and
Cretaceous rocks. Orogenic conglomerate, an outlier of the Golden Spike
Formation (Kgs) that is widespread west of the Forest, crops out in the Priest
Pass area northeast of Elliston. The maximum thickness of the preserved
Mesozoic sedimentary rocks is about 4,000 ft, attained in the vicinity of
Elliston and at the southern end of the Big Belt Mountains.
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Mountains part of the Forest. Several large intrusive bodies (Ki),
compositionally similar to the volcanics, intrude the sequence in the Elkhorn
Mountains (Klepper and others, 1971; Greenwood and others, 1990). Only the
larger intrusive bodies are shown on the geologic map (pl. 1).

Two areas of Cretaceous volcanic rocks (Kv) are present in the Big Belt
Mountains. Volcanic rocks at the southernmost part of the range are several
thousand feet thick, but mostly lie outside the Forest boundary. These rocks,
part of the Maudlow Formation, are considered to be remnants of the Elkhorn
Mountains Volcanics field (Skipp and Peterson, 1965; Skipp and McGrew, 1977).
An area of andesitic volcanic rocks on the west flank of the range, northwest of
Confederate Gulch (pl. 1) (Mertie and others, 1951; Gualtieri, 1975), is included
within the Kv map unit because it probably also is an erosional remnant of the
same volcanic field.

Late Cretaceous to Paleocene lava flows, breccias, tuff, and associated
small intrusions of basalt to andesite composition (TKbv) lie unconformably on
lower rocks of the Elkhorn Mountains Volcanics in the area south of Elliston
(Ruppel, 1963; Schmidt and others, 1994). Widespread, isolated patches of Eocene
rhyolite (Tr) of 37-40 Ma (Schmidt and others, 1994, and references cited
therein) occur in the area from Helena to west and south of Elliston and locally
in the western part of the Elkhorn Mountains. These rocks are remnants of the
Helena volcanic field and probably had multiple sources.

The Lowland Creek Volcanics (Tlv), in the southernmost part of the Forest
west of the Elkhorn Mountains, are northern remnants of a large Oligocene
volcanic field that covered at least 600 sq mi. The field consists mainly of
extrusive rocks but contains related intrusives as well (Smedes, 1962; Becraft
and others, 1963; Wallace and others, 1986). The Lowland Creek Volcanics
probably had many sources.

The Lincoln volcanic field covers an extensive area of the Forest east of
Lincoln. It consists of early Eocene or late Paleocene andesitic flows and tuffs
(Ta) and late Oligocene rhyolitic volcanic rocks (Tr). The volcanic centers for
these rocks are within the areas where the field is preserved.

PLUTONIC ROCKS

Plutonic rocks that range from mafic to felsic in composition are abundant
in the Forest. The oldest known plutonic rocks are Middle Proterozoic sills of
andesite, basaltic andesite, and dacite that locally intrude strata of the Middle
Proterozoic Belt Supergroup in the northwestern part of the Forest. Late
Proterozoic sills of gabbro, microgabbro, diorite, and locally diabase (Zd)
intrude Belt strata throughout the Forest. The sills, which range up to 1,500
ft thick, are present mainly in the northwestern part of the Forest and in the
Big Belt Mountains. Radiometric dates on the Late Proterozoic sills are in the
750-850 Ma range. A sill in the northwestern part of the Forest yielded a date
of 740 + 31 Ma (Earhart and others, 1977). On the southwest flank of the central
part of the Big Belt Mountains, two sills yielded dates of 826 + 41 and 744 + 37
Ma (Marvin and Dobson, 1979, p. 20).

The Cretaceous Boulder batholith is a granitic mass about 60 mi long and
30 mi wide, extending from south of Butte to directly south of Helena (fig. Bl).
It crops out extensively in the Elkhorn Mountains and in the southern part of the
Forest south of U.S. Highway 12 (pl. 1). The batholith is a composite of several
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intrusions, but the Butte Quartz Monzonite (Kmgd) makes up three-fourths of the
mass (Knopf, 1963; Becraft and others, 1963; Ruppel, 1963; Rutland and others,
1989). The thickness of the batholith is estimated to range from 3 mi (Hamilton
and Meyers, 1967) to 9 mi (Klepper and others, 1974), based mainly on gravity and
magnetic data; to 10-11 mi, based on seismic and gravity data (Schmidt and
others, 1990). The batholith was intruded between about 80 and 70 Ma (Tilling
and others, 1968; Tilling, 1974; Rutland and others, 1989).

The origin of the Boulder batholith, associated rocks, and structures has
been the subject of extensive study and debate over the years. The following
publications, in addition to those cited above, provide a sampling of the
literature: Knopf (1957), Klepper and others (1971), Tilling (1973), and Hyndman
(1978).

In addition to the main mass of the Boulder batholith, several satellite
intrusions (Kgd, Kgdm, Kgdo, Kgdb, Kgdd), generally more mafic and older than the
Butte Quartz Monzonite, are present near the eastern, northern, and western
margins of the batholith (pl. 1). North of the batholith, these intrusions are
mainly granodiorite in composition and most are of Late Cretaceous age (Schmidt
and others, 1994); one, the Heddleston intrusive complex (Tmp) about 14 mi
northeast of Lincoln, is Eocene (Miller and others, 1973).

Granitic intrusions of similar age also are present in the central part of
the Big Belt Mountains. One of these, centered near Boulder Baldy, has a range
of compositions that form a concentric pattern of rock types (pl. 1) (Gualtieri,
1975; du Bray, 1995). The other major pluton of the Big Belt Mountains crops out
in the Mount Edith area. It is compositionally similar to a phase of the Boulder
Baldy pluton and to a third pluton (not shown on pl. 1) that lies west of the
Forest and yielded radiometric dates of about 64 and 72 Ma (Daniel and Berg,
1981, p. 80; du Bray, 1995).

STRUCTURE

The Forest overlies folds and thrust faults of the Cordilleran thrust belt
of western Montana and the area of central Montana delimited by the Wagner Gulch-
Volcano Valley fault on the north and faults of the Southwest Montana Transverse
Zone on the south. This eastward protrusion of the Cordilleran thrust belt is
known as the Helena structural salient. Across the north-south width of the
salient, the general structural pattern is one of faults and folds that are
convex to the east (fig. Bl).

The faults that delimit the north and south boundaries of the salient
separate it from the stable craton (foreland) of central and southwestern
Montana, respectively. The craton is composed of Archean metamorphic rocks,
which are widely exposed in southwestern Montana but in central Montana are
largely concealed beneath a thin sequence of Middle Proterozoic and Paleozoic
strata, and Mesozoic strata that are predominantly of Cretaceous age. During
Late Cretaceous-early Tertiary deformation, plates of strata were thrust eastward
within the Helena salient. As the plates moved eastward past the stable,
resistent, cratonic areas north and south of the salient, complex patterns of
faults and folds formed at the mutual edges of the salient and the cratonic areas
(Bregman, 1976; Schmidt, 1977; Woodward, 1981; Schmidt and O‘Neill, 1982; Schmidt
and others, 1988; Banowsky and others, 1989; and references cited in these
publications).
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For the sequence of strata within the Helena salient to have moved
eastward, it must be underlain by a fault(s) that separates ("decouples") the
displaced sequence from rocks that lie still deeper. Such a fault(s) likely
would be present deep within the Proterozoic strata, the oldest rocks of the
displaced sequence, or at the base of the Proterozoic strata, at their contact
with deeply buried Archean metamorphic rocks (Robinson, 1959; Woodward, 1981,
1983; Schmidt and O’Neill, 1982; Schmidt and others, 1990).

General descriptions of structures within the Forest are presented in the
following order (fig. Bl): Lewis and Clark line, a several-mile-wide belt of
deformed rock that trends northwest across the Forest; Sapphire thrust terrane;
region north of the St. Marys-Helena Valley fault, which is the northernmost
fault of the Lewis and Clark line in the Forest; Big Belt Mountains; and the
large area south of the St. Marys-Helena Valley fault (exclusive of Sapphire
thrust terrane), including structures in the Elkhorn Mountains. The Forest also
lies within a northeast-trending, diffuse zone of structural features known as
the Great Falls tectonic zone, which is described briefly. Basins that separate
the forest into eastern and western parts are described last.

Lewis and Clark Line

The Forest is transected by northwest-trending, steeply dipping strike-slip
faults that are part of the Lewis and Clark line, a several-mile-wide belt of
structural weakness that extends for about 250 mi across west-central Montana
into Idaho (Billingsley and Locke, 1939) (fig. Bl). Reynolds (1979) considered
the principal faults of the line to terminate in the vicinity of Townsend Valley,
which lies southeast of Helena. Conversely, some workers (for example, Smith,
1965; Lorenz, 1984) considered the Lewis and Clark line to extend more than 100
mi farther east, into south-central Montana. Differing interpretations also
exist concerning displacement of rocks along the line, and faults within it.
Some believe it is right-lateral, others suggest left-lateral. Faults along this
line have been active since the Middle Proterozoic (Hobbs and others, 1965;
Harrison and others, 1974; Reynolds, 1979; Wallace and others, 1990).

Two principal faults of the Lewis and Clark line are exposed within the
western part of the Forest. Farther east they are concealed beneath
unconsolidated rocks of the Helena Valley, then, still farther east, the northern
of the two faults is again exposed on the west flank of the Big Belt Mountains.
One of these faults, which forms the northern boundary of the Lewis and Clark
line in the study area, is the St. Marys-Helena Valley fault. A segment of this
fault trends northwest across the western part of the Forest (pl. 1). Within the
Forest it is a Tertiary right-slip fault that is downthrown on its south side.
The St. Marys-Helena Valley fault is concealed beneath unconsolidated deposits
of the Helena Valley directly east of the western part of the Forest, is exposed
locally farther east (Bregman, 1976, 198l) (in an area of the Helena Valley for
which rocks are not shown on pl. 1), and is exposed again along the western
margin of the Big Belt Mountains (Schmidt, 1977, 1986). The easternmost segment
of the St. Mary'’s-Helena Valley fault is a right-slip feature that becomes a dip-
slip fault where it turns south along the west side of the Big Belt Mountains
(Reynolds, 1979). Most of the right-slip offset along this fault took place
between Late Cretaceous and early Eocene time (Wallace and others, 1990, p.
1026), but the fault may have experienced some recent movement because the
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epicenter of the 1935 Helena earthquake lies near the fault trace (Schmidt, 1986,
p. 16).

The St. Mary’s-Helena Valley fault truncates the thrust faults in the
northern part of the Forest (pl. 1), shown by the maps of Mudge and others (1982)
and Whipple and others (1987). It also truncates thrust faults at the
northwestern margin of the Big Belt Mountains, as shown by the maps of Schmidt
(1977, 1986).

The Bald Butte fault (fig. Bl, pl. 1) is the other principal fault of the
Lewis and Clark line within the Forest area (Schmidt, 1986). Within the western
part of the Forest, Schmidt and others (1994) concluded that sedimentary rocks
on the north side of this steeply dipping strike-slip fault were displaced
southeastward about 17 mi relative to correlative rocks on the south side. Major
movement on the fault is not well confined, but it occurred between about 97 and
47 Ma, during the Late Cretaceous to middle Eocene (Wallace and others, 1990;
Schmidt and others, 1994). From the edge of the Forest about 10 mi northwest of
Helena, to the Helena Valley southeast of Helena, the Bald Butte fault is
concealed by unconsolidated deposits. The southeastern limit of this concealed
fault is uncertain; the fault is shown as ending in the Townsend Valley on the
geologic map of plate 1. The fault may continue along the south margin of the
Helena Valley and join a fault along the northern front of the Elkhorn Mountains
(Schmidt, 1986; Smedes, 1966), and then turn southward into the Townsend Valley
(Reynolds, 1979).

Sapphire Thrust Terrane

Rocks west of the Boulder batholith and south of the Lewis and Clark line
(fig. Bl) form a distinctive sequence that here is termed the Sapphire thrust
terrane. These rocks were called the Sapphire thrust plate by Wallace and others
(1989). The Sapphire thrust terrane is a deformed package of thrust faults and
associated folds (Hyndman, 1980; Ruppel and others, 1981; Sears, 1988; Wallace
and others, 1989). The thrust faults delimit thrust plates, which were displaced
eastward during Late Cretaceous compressional deformation (Ruppel and others,
1981; Wallace and others, 1989). The leading edge of the package of structures
is at the western boundary of the Forest, in the wvicinity of Elliston (pl. 1),
where it consists of a zone of anastamosing, gently westward dipping imbricate
thrust slices (Schmidt and others, 1994). The zone turns south near Elliston and
is truncated by granitic rocks of the Boulder batholith (Wallace and others,
1989).

Rocks within the thrust slices have been displaced eastward over younger
strata, and contain strata originally deposited west of their present location.
The strata commonly are distinctly different from time-correlative strata east
of the frontal zone of this thrust terrane, as described in the "Rock Unit
Descriptions" that accompany the geologic map of Plate 1.

North of the St. Mary’s-Helena Valley Fault
In the northern part of the Forest, northeast from the St. Mary’s-Helena

Valley fault, overthrust terrane is comprised of parts of three thrust plates
(pl. 1; fig Bl). From south to north, they are the Scapegoat, Hoadley, and
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Eldorado plates (Mudge and others, 1974, 1982; Earhart and others, 1977; Whipple
and others, 1987). (The eastern edge of each of the three thrust plates is
delimited by the fault of the same name; the Scapegoat fault is not labeled on
figure Bl, however.) Northward from the Forest, the Hoadley fault dies out and
displacement is taken up by the Lewis thrust fault (fig. Bl). In the Forest, the
thrust plates are comprised mainly of Proterozoic rocks, but two small areas of
Paleozoic carbonate strata also are present. Only the thrust faults at the base
of the Scapegoat and Hoadley plates are exposed in the Forest. The Hoadley
thrust is the westernmost fault of the Montana disturbed belt, a zone of closely
spaced folds and imbricate thrust faults that extends from the Canadian border
southward along the eastern front of the Rocky Mountains into the area north of
Helena (Mudge and Earhart, 1980).

Eastward transport on the Hoadley thrust fault has been estimated to be as
great as 45 mi (Mudge and Earhart, 1980). Stratigraphic displacement of
Proterozoic strata 1s greatest across the Hoadley thrust: lithofacies of
Proterozoic rocks on the Hoadley and Scapegoat plates are from a more basinward
facies than equivalent lithofacies on the Eldorado plate (Whipple and others,
1987). The relative displacement between the Hoadley and the Scapegoat plates
is uncertain, but the Helena Formation is nearly twice as thick in the Scapegoat
plate as in the Hoadley plate, suggesting significant transport on the Scapegoat
thrust fault (Mudge and Earhart, 1980; Whipple and others, 1987).

An exploratory borehole for petroleum was drilled about 18 mi due east of
Lincoln, less than 1 mi east of the Forest boundary. The borehole went through
12,000 ft of Proterozoic rocks of the thrust plates, through the Eldorado thrust
fault at the base of the Eldorado plate, and then penetrated Cretaceous,
Jurassic, and Paleozoic strata (Peterson and Sims, 1992). The findings
demonstrated that the Proterozoic rocks are allochthonous--they have been thrust
into their present position--displaced eastward during the Late Cretaceous to
early Tertiary (Whipple and others, 1987).

Big Belt Mountains

The Big Belt Mountains 1lie in the northwestern part of the Helena
structural salient. Here thrust faults and folds change orientations from the
northwesterly trends typical of the northern part of the Helena salient to the
northerly trends of the Montana disturbed belt and terrane present to the west
and northwest. The gently westward dipping Eldorado thrust fault, the major
discontunity penetrated by the borehole about 10 mi to the west, comes to the
surface in and adjacent to the westernmost part of the Forest in the Big Belt
Mountains (pl. 1). Geologic studies of M.W. Reynolds in the Big Belt Mountains
suggest that rocks above the Eldorado thrust fault have been displaced eastward
a minimum distance of 20 mi (Tysdal and others, 1991, p. 14).

Within the northern part of the Big Belt Mountains, rocks east of (and
structurally below) the lower plate of the Eldorado thrust are deformed into
complex geologic structures that include more thrust faults and intensely folded
strata, thrust faults overriding other thrusts, and refolding of thrust plates.
Folds beneath one of the thrust faults can be traced for at least 18 mi southeast
from the Gates of the Mountains Wilderness. Progressively older formations are
exposed southeastward along the principal fold (Reynolds and Close, 1984). The
oldest strata of the Big Belt Mountains, Middle Proterozoic strata, are exposed
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in the central area of the southern part of the range.

Compressional structures in the Big Belt Mountains are genetically related
to associated thrust faults, folds, and plates that formed between the range and
the stable craton north of the Helena salient, as shown by Banowsky and others
(1989). The Volcano Valley segment of the Wagner Gulch-Volcano Valley fault
forms the north edge of the Helena salient (fig. Bl). This segment was active
during deposition of Middle Proterozoic sediments and active intermittently in
the Paleozoic, Mesozoic, and Tertiary as well (Godlewski and Zieg, 1984). The
Wagner Gulch-Volcano Valley fault, which is 65 mi long, was an active thrust
fault during the Late Cretaceous-early Tertiary deformation. The Volcano Valley
fault segment, which displays a left-slip component of movement, formed as the
overlying thrust plate moved east-northeastward onto and south of the cratonic
area north of the salient. Strata north of the fault are not severely deformed
(Woodward, 1981; Banowsky and others, 1989).

South of St. Marys-Helena Valley Fault, exclusive of Sapphire Thrust Terrane

For the western part of the Forest exclusive of the Sapphire terrane, the
entire region south of the St. Marys-Helena Valley fault is underlain by thrust
faults (pl. 1). Within the Choteau and Butte 1° x 2° quadrangles (fig. A2), the
most intense development of thrusts and associated folds took place during the
Late Cretaceous. Most Late Cretaceous granitic stocks and the Boulder batholith
intruded the already deformed terrane (Ruppel, 1963; Wallace and others, 1986;
Elliott and others, 1992; Schmidt and others, 1994). Steep, northeast-trending
gravity gradients at the northern, northeastern, and eastern margins of the
Boulder batholith are evidence that emplacement of this intrusion was strongly
influenced by steeply dipping faults that bordered these sides (Hanna and others,
1994). Some faulting and folding also took place concurrently with extrusion of
the Elkhorn Mountains Volcanics (Ruppel, 1963).

In the Elkhorn Mountains, directly east of the Butte 1° x 2° quadrangle,
geologic mapping demonstrates again that deformation preceded intrusion of the
Boulder batholith. It also shows that deformation preceded deposition of the
Late Cretaceous Elkhorn Mountains Volcanics and that tectonism took place
concurrently with volcanism and plutonism (Klepper and others, 1957; 1971;
Freeman and others, 1958; Knopf, 1963; Smedes, 1966; Robinson and others, 1968;
Greenwood and others, 1978, 1990; Hanna and others, 1994). Schmidt and others
(1990) recently suggested that, based on data from an unpublished seismic line,
a nearly horizontal detachment fault lies at a depth of 10-11 mi beneath the
Boulder batholith, and that the batholith was emplaced as the sedimentary rocks
were translated eastward several miles on the fault surface.

Great Falls Tectonic Zone

A broad belt of diverse types of geologic structures that trend northeast
across central Idaho into western and central Montana has been named the Great
Falls tectonic zone (O’Neill and Lopez, 1985). The zone ranges from about 90 to
150 mi wide and, in west-central Montana, includes the entire area of the Forest
(fig. Bl).

The Great Falls tectonic zone is inferred to constitute a genetic
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association of structures that reflect some fundamental weakness of the earth's
crust. The weakness served as a locus of high-angle faults, shear zones,
depositional patterns of Paleozoic and Mesozoic sedimentary rocks, Late
Cretaceous to Early Tertiary igneous intrusions and volcanic rocks, linear
gravity and aeromagnetic anomalies in basement rocks, and associated
mineralization (0’Neill and Lopez, 1985; Foster and Childs, 1993, and references
cited therein). Some features of the zone formed as early as the Middle
Proterozoic and have been active recurrently throughout Paleozoic, Mesozoic, and
Tertiary time (O’Neill and Lopez, 1985).

Extensional Faulting

The two principal basins in the map area of plate 1, the Helena and
Townsend Valleys, separate the Forest area of the Big Belt Mountains from the
Forest of the Elkhorn Mountains and the region to west and north. These basins
are near the end of the Lewis and Clark Line, which ends in west-central Montana
in a series of basins and ranges; the faults display dip-slip movment that
developed during regional extension (Reynolds, 1979). The basins contain
Tertiary sedimentary, volcanic, and volicaniclastic rocks up to several thousand
feet thick. The rocks are largely concealed beneath unconsolidated sediments
(Pardee, 1950; Mertie and others, 1951; Nelson, 1963; Reynolds, 1979; Schmidt,
1986). The structures that form the mutual boundaries of the basins and the
ranges generally are steeply dipping normal faults along which the basins have
been downdropped relative to the ranges.

The timing of fault movement coincident with basin development has been
ascribed variously to middle Eocene and younger, Oligocene and younger, and
Miocene and younger ages (Reynolds, 1979; Fields and others, 1985; Ruppel, 1993;
and many references cited in these papers). Based on studies in the Butte 1° x
2° sheet, in and adjacent to the western part of the Forest, Wallace and others
(1990) and Schmidt and others (1994, p. 20-22) found that the earliest slip on
normal faults took place in the Late Cretaceous, and they suggested that outlines
of the main ranges and valleys in the region predate volcanic rocks of middle
Eocene age.
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CHAPTER C

GEOPHYS8ICS OF THE HELENA NATIONAL FOREST

AEROMAGNETIC AND GRAVITY STUDIES

By Anne E. McCafferty

Aeromagnetic and Gravity Data

Aeromagnetic anomaly data are available for the Helena National Forest and
surrounding area. Aeromagnetic anomaly maps show changes in the earth’s magnetic
field that reflect variations in the amounts of magnetic minerals in rocks,
typically the mineral magnetite. Most sedimentary rocks have low to negligible
amounts of magnetic minerals and therefore contribute little to a study of
magnetic anomalies. A magnetic anomaly map primarily reflects abrupt lateral
lithologic, hydrothermal, and structural changes related to the magnetic rock
properties of volcanic and crystalline rocks that contain enough magnetic
minerals to produce anomalies. Aeromagnetic anomaly maps are particularly useful
in identifying buried geologic features such as intrusive bodies, which commonly
have strong magnetization contrasts with the surrounding rock.

Figure Cl is a magnetic anomaly map of the Forest compiled from ten
separate surveys, represented at a constant elevation of 1000 ft (305 m) above
the ground. The data are from a larger regional aeromagnetic compilation of
Idaho and southwest Montana (McCafferty, 1992). Table Cl shows surveys used in
the compilation and the index map (fig. C2) shows area of the original survey.

Gravity anomaly data were compiled for the Helena National forest and
surrounding area (fig. C3) from regional compilations covering most of Idaho and
southwest Montana (Bankey, 1992) and from a gravity study of the Choteau 1° x 2°
quadrangle (Kulik, 1983). In general, gravity anomalies are primarily a response
to lateral density variations in rocks and provide useful information regarding
the distribution and configuration of geologic features that have strong density
contrasts. Because different rock types are often characterized by contrasting
densities, gravity maps are useful in extending the geologic mapping into areas
covered by surficial deposits and in determining the subsurface position and
attitude of such density boundaries.

The gravity station distribution (see Bankey, 1992 and Kulik, 1983 for
gravity station locations) and flight line spacing of the magnetic anomaly data
(figure C2) does not allow a detailed interpretation of the structural and
lithologic complexities of the Forest and adjacent area. However, the anomaly
maps point to large geologic units that have strong magnetization or density
contrasts. The aeromagnetic data are especially useful in determining the
lateral extent of buried and partially exposed plutons, many of which have
spatially and genetically associated mineralization.

Previous Aeromagnetic and Gravity Studies

Aeromagnetic and gravity data for the northern and western parts of the
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Forest have been previously studied as parts of U.S. Aeromagnetic data over the
valleys east of the Big Belt Mountains were studied in the 1960's to delineate
igneous rock masses and determine the configuration of the bedrock surface
beneath the Cenozoic sedimentary rocks in the main valleys (Kinoshita

and others, 1964, 1965; Davis and others, 1963).

Magnetization and Densities of Rocks

The physical properties that relate aeromagnetic and gravity anomalies to
their sources are magnetization and density, respectively. Rocks of the Forest
area exhibit a wide range of physical properties, reflecting the diverse geology.
Magnetization values measured from rock samples collected within and around the
study area (Hanna and others, 1994, and for this study, samples collected by E.
du Bray and Steve Ludington) range over five orders of magnitude. There are too
few measurements to permit average estimates of magnetization for different rocks
units, but some qualitative generalizations can be made. The most magnetic rock
units are, as expected, the more mafic igneous units. Induced magnetization is
the main contributor to the overall magnetic anomaly patterns in the Forest area;
remnant magnetization contributes only a minor amount to the overall total
magnetization. Exceptions to this are seven rock units within the Elkhorn
Mountain Volcanics and five units within the Lowland Creek Volcanics in which
remnant magnetization is dominant. However, only two of these units have
sufficient intensity to cause anomalies (Hanna and others, 1994).

Hanna and others (1994) summarized investigations from the past 30 years
of measured densities of various rock types within the Butte 1° x 2° quadrangle
and they updated this information with their own study of additional rock
samples. Although only about one-third of the Helena National Forest lies within
the Butte 1° x 2° quadrangle, the same rock types occur within the Forest
adjacent to the quadrangle. Densities of the diverse suite of rocks in the Butte
quadrangle are assumed to be characteristic of the surrounding region, including
the remainder of the Forest; these densities are summarized in table C2.

Terrace Maps

"Terracing" is a data processing technique (Cordell and McCafferty, 1989)
that converts potential field data into maps of physical properties. When
applied to gravity data, the technique results in a "terrace-density" map showing
large, sharply bounded domains of similar density. When applied to magnetic
data, the result is a "terrace-magnetization" map. For this study, the aero-
magnetic and gravity data were converted to terrace maps in order to (1) map
physical property domains corresponding to both known and unknown geologic
structures; and (2) objectively locate positions of boundaries between geologic
units with differing physical properties. The terrace method assumes the
physical property domain edges are steeply dipping to nearly vertical. If the
boundaries are not steeply dipping, location of the domain edge will be offset
slightly down dip from the contact (Grauch and Cordell, 1987). Terrace-density
and terrace-magnetization maps were calculated from the aeromagnetic and gravity
data of the Forest, leading directly to inferred physical-property (density and
magnetization) maps. The terrace-magnetizationwas used in the resource assessment
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Helena SEM mineral scan
Elliston district concentrates
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Figure D24. Graphs showing the SEM-EDS determined major composition
of heavy mineral concentrates from the Elliston mining disrict.

Helena SEM mineral scan
Marysville district concentrates
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Figure D25. Graphs showing the SEM-EDS determined major composition
of heavy mineral concentrates from the Marysville mining district.
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Helena SEM mineral scan
Stemple-Gould district concentrates
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Figure D26. Graphs showing the SEM-EDS determined major composition
of heavy mineral concentrates from the Stemple-Gould mining district.
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Table D1. Lower limits of determination for the six-step semi-quantitative
emission spectrographic analytical method (%, weight percent; ppm, parts per
million).

Element Minimum limit of detection Element Minimum limit of detection
Ca 3 0.05 Ge ppm 10.0
Fe % 0.05 La ppm 50.0
Mg % 0.02 Mn ppm 10.0
Na 3 0.20 Mo PP 5.0
P % 0.20 Nb ppm 10.0
Ti 3 0.02 Ni PpO 5.0
Ag ppm 0.50 Pb ppm  10.0
As ppm 100.00 Sb ppm 100.0
Au ppm 10.00 Sc pPpm 5.0
B ppm 5.00 Sn PPm 5.0
Ba ppm 50.00 Sr ppm 100.0
Be ppm 1.00 v ppm 10.0
Bi ppm 10.00 %) ppm 20.0
cd ppm 20.00 Y ppm 10.0
Co ppm 10.00 Zn ppm 200.0
Cr ppm 10.00 Zr ppm 10.0
Cu ppm 5.00 Th ppm 100.0
Ga ppm 5.00

Table D2. A list of the NURE analytical techniques and elements analyzed for
the 2,151 stream sediments used in this report (Grimes, 1984).

Analytical technique Elements analysed for

Delayed-Neutron Counting U

Energy Dispersive X-ray
Flourescence Ag, As, Bi, Cd, Cu, Nb,
Ni, Pb, Se, Sn, W, Zr

Neutron Activation Analysis Al, Au, Ba, Ca, Ce, CI, Co,
Cr, Cs, Dy, Eu, Fe, Hf, K,
La, Lu, Mg, Mn, Na, Rb, Sb,
Sc, Sm, Sr, Sr, Ta, Tb, Th, Ti,
V, Yb, Zn.




Table D3. Statistical summary of the spectrographic analysis of USGS (RASS)
outcrop samples collected within the study area. The list below gives the
minimum, maximum, and mean values (in %, weight percent; all other values are
in ppm, parts per million) as well as the standard deviations of all
unqualified values in addition to the numbers of qualified values.

[Qualifiers on data include: Valid, number of samples used in statistical
analysis; B, number of samples not analyzed; L, number of samples detected
with spectrographic analysis but measured below lowest standard; N, number of
samples not detected; G, number of samples with values greater than the
highest standard]

Element Standard

Min. Max. Mean Dev. Valid B L N G
Fe% 0.02 50 4.755227 5.111292 1833 0 19 29 35
Mg% 0.03 10 1.502993 1.850895 1862 0 50 0 4
Ca% 0.01 20 4.013549 5.318001 1696 1 148 11 60
Ti% 0.005 1 0.291861 0.253625 1852 0 33 28 3
Mn 5§ 10000 676.2856 829.7076 1845 10 11 2 48
Ag 0.5 5000 1428114 435.6688 721 O 111 1080 4
As 50 10000 2132.5 2684.14 240 O 11 1611 54
Au 10 150 26.66667 26.45121 51 7 20 1838 0
B 10 2000 91.11324 226.7479 1307 O 171 376 62
Ba 20 5000 823.6401 830.1956 1728 0 66 108 14
Be 1 150 3.718049 11.25167 1025 O 443 448 O
Bi 10 10000 154.5561 699.767 214 0 - 49 1642 11
Cd 20 500 136.4835 132.5257 91 0 16 1780 29
Co 5 1500 20.42153 52.18093 1217 O 205 494 0O
Cr 7 5000 151.294 322.8122 1439 0 284 193 O
Cu 5§ 20000 761.5003 2711.267 1599 0 211 97 9
La 20 700 40.32441 41.88604 1233 68 243 372 O
Mo 5§ 5000 62.46192 290.6244 407 0 66 1440 3
Nb 10 150 41.58333 27.19354 120 0 447 1349 0
Ni 5 700 34.48748 66.0005 1477 0 333 106 O
Pb 10 50000 749.6122 2875.64 1599 10 119 114 74
Sb 30 10000 1248.049 2349.765 164 1 42 1706 3
Sc 5 70 13.08982 8.050104 1258 0 229 429 O
Sn 10 1000 49.54546 113.5765 143 0 36 1737 0
Sr 100 5000 544.0618 406.4169 1263 1 136 516 0
A" 10 5000 125.0593 236.9372 1772 0 102 37 5
W 50 1000 120.3571 151.5132 56 0 77 1783 0
Y 7 1000 28.2159 44.54991 1459 1 175 281 O
Zn 200 20000 2282.449 3098.476 245 0 57 1553 61
Zr 10 1000 127.967 105.6292 1697 0 46 172 1
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Table D5. Percent frequency distributions
of spectrographic analyses of USGS (RASS)

outcrop samples. Scale: reported spectro-
graphic intervals in % (weight percent) or
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