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Cover photograph. View to the north of the Lucky Horseshoe prospect (middle
left of photograph), which is one group of numerous exploration trenches,
cuts, and short adits that explored thorium-rich vein systems of the Lemhi Pass
thorium district in the 1950s to 1980s. More than 200 thorium-rich veins in the
Beaverhead Mountains form the Lemhi Pass district, Idaho and Montana. This
district is thought to contain the largest concentration of thorium resources in
the United States and is the site of renewed thorium exploration activity.



Thorium Deposits of the United States—
Energy Resources for the Future?

By Bradley S. Van Gosen, Virginia S. Gillerman, and Theodore J. Armbrustmacher

Circular 1336

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
KEN SALAZAR, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2009

For more information on the USGS—the Federal source for science about the Earth,
its natural and living resources, natural hazards, and the environment,
visit http://www.usgs.gov or call 1-888-ASK-USGS

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http://store.usgs.gov

Any use of trade, product, or firm names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Although this report is in the public domain, permission must be secured from the individual
copyright owners to reproduce any copyrighted material contained within this report.

Suggested citation:

Van Gosen, B.S., Gillerman, V.S., and Armbrustmacher, T.J., 2009, Thorium deposits of the United States—
Energy resources for the future?: U.S. Geological Survey Circular 1336, 21 p.

[Only available at URL http://pubs.usgs.gov/circ/1336]



Contents
INEFOAUCTION. .ttt ettt bt 1
Thorium Deposits of the UNited STAtes ...t ssnssns 1
EPIgENETiC VEIN DEPOSIES ..ottt sttt sesee st eenesnen 3
Lemhi Pass Thorium District, Montana-1daho ... 3
Wet Mountains Area, Colorado.......mniirenensineinsiseesesesesssssssessssssssssssssessessessssssssssssessns 6
Other Thorium Vein Districts in the United States........ccoceeueeeecueeeeeeeeeeeeeeeeeeeee e, 7
Environmental ConSiderationS........cc.eureereerresereeeneeneeseeseeseeesessesssss s sssessesssssssssssssssesssssesssees 8
Disseminated Low-Grade Thorium Deposits .......cceeeceecivenecinere ettt sessesnsans 9
CarbONALItE STOCKS w....ueeeeeeceet ettt ettt ettt 9
ALKAIINE INTFUSIONS ...ttt ce bbb st een 10
Black Sand Placer Thorium DEPOSItS.....couureerierrerrieinesseessessisssssessssssssssssssssssssssssssssssssssssssnens 1
Placer Deposits of North and South Caroling.........c.cccvvveeereeneneensinsiesssssssse s 1
Placer Deposits 0f 1daN0 ..ot nsenaes 14
Florida-Georgia BEach PlaCers ...ttt naes 14
R YU ] 01 TP 18
REfEIENCES CItBA.....ueecececeeri ettt bbb 18
Figures
1. Index map of thorium districts in United States .......c.coeeeeereneerreneneensereesseeseseseessesssesseees 2
2. View to west of Lemhi Pass, Beaverhead Mountains, Idaho-Montana...........ccccecvuveeenne.. 4
3. View of outcrop of Wonder vein, Lemhi Pass diStrict..........cooeververneseccrneseesesessieeenienns 5
4. View of Sewell Ranch thorium vein, Wet Mountains, Colorado............cooovececerereeeecccnnne 7
5. View to west of McClure Mountain, Fremont County, Colorado.........ccccoeveverereeneeneeneeennens 8
6. View to northwest of Iron Hill, Gunnison County, Colorado.........cccccoveveeevcrvenerceccrserneennnens 10
7. Closeup view of heavy-mineral layers in quartz beach sand, Chennai, India.................. 12
8. Generalized map of known monazite-bearing placer deposits in Piedmont
region of North and South Carolina.........ceeceeceeeececeee e 13
9. Generalized map of known monazite placer districts in 1daho........cccoeovenereneireeninsinnens 15
10. Photograph of Porter Brothers dredge in Bear Valley, Idaho, circa 1955-1960............... 16
11.  Photograph of heavy-mineral sands dredge in southeastern United States................... 17

Tables

1. Ideal compositions of thorium minerals described in this report..........ccccceveuneee.
2. Estimated reserves of ThO, in significant thorium districts of United States




Conversion Factors

Multiply By To obtain
kilometer (km) 0.6214 mile (mi)
meter (m) 3.281 foot (ft)
square kilometer (km?) 0.3861 square mile (mi?)
metric ton (t) 1.1023 ton, short (2,000 1bs.)




Thorium Deposits of the United States—
Energy Resources for the Future?

By Bradley S. Van Gosen, Virginia S. Gillerman, and Theodore J. Armbrustmacher

Introduction

Many nations are exploring new ways to meet their grow-
ing energy supply needs, with a particular focus upon methods
that produce lower carbon dioxide emissions compared to
traditional oil, natural gas, and coal power plants. As a result,
thorium-based nuclear power has experienced renewed atten-
tion as a potential energy source (Branan, 2008).

India, in particular, has committed much research
towards the development of thorium-based nuclear energy.
An internet search of the terms “India” and “thorium” reveals
considerable information on India’s recent efforts to bring a
thorium-based reactor online in the near future. One of the
main reasons for India’s interest in thorium-based nuclear
energy (an interest they have pursued for several decades) is
that although the country has relatively small uranium depos-
its, it does possess large indigenous thorium deposits. Easily
exploitable thorium deposits include large accumulations of
monazite in alluvial deposits along India’s southern coasts
(Bhola and others, 1958; Mahadevan and others, 1958).

The potential use of thorium as a nuclear energy
source was studied as early as 1946 at the Oak Ridge
National Laboratory in Tennessee (Weinberg, 1994). How-
ever, in contrast to uranium, widespread use of thorium-
based energy has yet to be realized. Several test reactors
designed in the United States, Europe, Japan, Russia, and
India have successfully generated electricity using thorium
fuel sources. Although successful, these technologies have
not advanced beyond experimental reactors thus far. The
world supply of uranium has been inexpensive and adequate
to meet supply needs, so there has been less incentive for a
new nuclear energy technology to replace or complement
uranium-based reactors.

Thorium has several apparent advantages over uranium
as a power source: (1) thorium is about three times more
abundant in the Earth’s crust than uranium; (2) many thorium
deposits contain other mineral resources of value, such as
rare earth elements; (3) the spent-fuel waste products of tho-
rium fission are not the types used in nuclear weaponry (such
as plutonium, a byproduct of uranium power generation); and
(4) the thorium-based spent fuels contain fewer radioactive
elements and are smaller in volume and mass than conven-
tional uranium-based nuclear wastes.

If India or another country can prove successful in gen-
erating electricity safely and efficiently from a thorium-based
nuclear power plant, then considerable interest and activity will
focus on thorium exploration across the globe. Recently, the
U.S. Congress has expressed interest in thorium-based energy
(Branan, 2008). Thus, it benefits the United States and other
countries to identify and evaluate their indigenous thorium
resources. This report describes the geology and resources of
the principal thorium districts of the United States (fig. 1).

Thorium Deposits of the United States

Thorium minerals occur in alkaline igneous rocks and car-
bonatites, but the most concentrated deposits occur in epigen-
etic veins that surround alkaline igneous complexes. Thorium’s
genetic association with alkaline igneous rocks also places
thorium in close association with minerals that host other valu-
able elements, such as those containing rare earth elements
(REE), titanium, niobium, and phosphorus. Large titanium
deposits can exist in the ultramafic units of the alkaline igneous
complex (Van Gosen and Lowers, 2007). In addition to metallic
resources, many of the rock units of these alkaline complexes,
such as nepheline syenite and carbonatite (an apatite source),
can have industrial mineral uses in their raw crushed form. Sev-
eral alkaline intrusions contain deposits of vermiculite, formed
by the surficial weathering and alteration of mica minerals
(biotite, phlogopite). Alluvial concentrations of thorium miner-
als (mainly monazite; table 1) occur with other heavy minerals
of industrial value, such as ilmenite, rutile, magnetite, zircon,
garnet, staurolite, tourmaline, kyanite, and sillimanite.

Table 1. Ideal compositions of the thorium minerals described
in this report.

Mineral Ideal composition or range of composition
Monazite (Ce,La,Y,Th)PO )

Thorite (Th,U)SiO,

Brockite (Ca,Th,Ce)(PO4)-H,0

Xenotime (Y, Th)PO,

Euxenite (Y,Ca,Ce,U,Th)(Nb,Ta,Ti),O,
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13. Iron Hill carbonatite, Colorado

Figure 1. Index map of thorium districts in United States.
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The significant thorium deposits in the United States
occur in:

» Epigenetic veins peripheral to alkaline intrusions,
 Alkaline igneous complexes or carbonatites, and

e Alluvial stream and beach deposits (placers) derived
from the erosion of alkaline igneous terranes.

Carbonatite.—A rare, carbonate igneous rock
formed by magmatic or metasomatic processes. Most
carbonatites consist of 50 percent or more primary
carbonate minerals, such as calcite, dolomite, and (or)
ankerite. They are genetically associated with, and there-
fore typically occur near, alkaline igneous rocks. Thor-
ough treatises on carbonatites are provided by Tuttle and
Gittins (1966), Heinrich (1980), and Bell (1989).

Alkaline igneous rocks.—A series of igneous
rocks that formed from magmas and fluids so enriched
in alkali elements that sodium- and potassium-bearing
minerals form constituents of the rock in much greater
proportion than “normal” igneous rocks. Alkaline igne-
ous rocks—sometimes referred to as “alkalic rocks”—
are characterized by feldspathoid minerals and (or)
alkali pyroxenes and amphiboles. For detailed discus-
sions about alkaline igneous rocks and their scattered
geographic distribution, refer to Sorensen (1974) and
Woolley (1987).

Epigenetic Vein Deposits

Thorium vein districts contain the largest tonnage high-

grade thorium resources in the United States. Two thorium-vein
districts in particular host the majority of the known high-grade
thorium resources in the United States—the Lembhi Pass district

along the border between southwestern Montana and Idaho,
and the Wet Mountains area of south-central Colorado (fig. 1).

Thorium Deposits of the United States 3

Lemhi Pass Thorium District, Montana-ldaho

The Lembhi Pass district contains numerous thorium-
rich veins within a 140 km? core of a larger 400 km? area in
the central Beaverhead Mountains; the district straddles the
Continental Divide on the Montana-Idaho border (fig. 2).
This district is thought to represent the largest concentration
of thorium resources in the United States (table 2). Earlier
studies by the U.S. Geological Survey (USGS) estimated
that the Lemhi Pass district contains total reserves of 64,000
metric tons (t) of thorium oxide (ThO,) and probable poten-
tial resources of an additional 121,000 t (Staatz and others,
1979). The 10 largest veins, with an average grade of 0.43
percent ThO,, represent 95 percent of the district’s identi-
fied thorium resources. Using a compilation of surface,
underground, and drilling assays, the Idaho Energy Resource
Company reported a “quantitative proven” reserve of 176 t of
ThO, within the Last Chance vein with a possible resource of
2,000 t of additional ThO, (Idaho Energy Resource Com-
pany, written commun., 2008). The Last Chance vein and
the Wonder vein (fig. 3) are the only deposits in the district
that have been sampled by underground or drill hole access.
Much exploration potential exists in the district.

Table 2. Estimated reserves of ThO, in the significant thorium
districts of the United States.

[Estimates from Armbrustmacher (1988) for the Wet Mountains area, Colo-
rado, and from Staatz and others (1979, 1980) for the other deposits]

Total ThO, reserves,

District metric tons (t)

Vein deposits

Lembhi Pass district, Montana-Idaho 64,000
Wet Mountains area, Colorado 58,200
Hall Mountain, Idaho 4,150

Iron Hill, Colorado 1,700 (“thorium veins”)

690 (carbonatite dikes)

Massive carhonatites

Iron Hill, Colorado 28,200
Mountain Pass, California 8,850
Placer deposits

Idaho stream placers 9,130
Florida beach placers 14,700
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Lemhi Pass —

Figure 2. View to west of Lemhi Pass. The ridge, a part of Beaverhead Mountains, forms a segment of
the Continental Divide and the Idaho-Montana border, with Montana in foreground and Idaho in distance.
More than 200 thorium-rich veins in this area form the Lemhi Pass district, thought to represent the largest
concentration of thorium resources in the United States.

Within the Lemhi Pass district, Staatz (1972a, 1979)
mapped 219 veins enriched in thorium and REE. Most of these
veins are quartz-hematite-thorite veins, which fill fractures,
shears, and brecciated zones in Mesoproterozoic quartzite and
siltite host rocks (fig. 3). Thorium also occurs in monazite-
thorite-apatite shears and replacements with specularite,
biotite, and alkali feldspar. The thorium veins of the district
range from 1 m to at least 1,325 m in length and from a few
centimeters to as much as 12 m in width. The Last Chance
vein (1,325 m long and 3-8 m wide over most of its length) is
the longest and widest vein in the district; this vein also rep-
resents the largest individual thorium resource in the district.
Fifteen thorium veins in the district exceed 300 m in length.
Some of the veins contain carbonate minerals, such as calcite,
siderite, and ankerite, and local fluorite. Rare-earth- and
thorium-bearing allanite and monazite are locally abundant.
Other reported ore minerals include brockite, xenotime, and
thorite. The primary gangue minerals include quartz, hematite,

limonite, apatite, potassium feldspar, biotite, albite, and barite.
Most of the veins are extensively weathered and have abun-
dant iron-oxide staining. The district also hosts small quartz-
copper-gold-veins (and rare molybdenum), and some of the
thorium veins contain sparse amounts of base metals, such as
copper, iron, manganese, lead, and zinc.

The thorite veins of the Lemhi Pass district are approxi-
mately equally enriched in thorium and REE: the ratio of
thorium to REE concentrations in the veins averages around
1:1. Staatz (1972a) reported the REE analyses of 31 vein
samples, which showed total REE-oxide contents ranging
from 0.073 to 2.20 percent, with an average value of 0.428
percent (very similar to the average thorium oxide content
of 0.43 percent found in the 10 largest veins in the district).
The thorium veins are most often enriched in the middle
REE (especially neodymium), with some veins apparently
enriched more in the heavy REE (Staatz, 1972a, p. 76-77).
Using modern techniques, recent analytical work by the Idaho
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Figure 3. Outcrop of Wonder vein (between red lines), Lemhi Pass district, exposed in a mined bench. Vein
is heavily oxidized and consists mainly of silica, likely some carbonate, and iron oxide minerals with thorite
and altered thorite. Host rock is Precambrian quartzite and siltite.

Geological Survey and industry (Thorium Energy in 2008;
Idaho Energy Resource Company in 1991) has confirmed the
overall thorium and REE levels along with the unusual middle
REE-group enrichment in the veins.

In many places the type of high-grade, thorium-REE vein
system found in the Lembhi Pass district can be clearly linked
to nearby alkaline magmatic features; however, no obvious
features of alkaline magmatism were noted in the earlier geo-
logic descriptions of the area. Thorium-bearing quartz veins can
occur as far as several kilometers from the center of an alkaline
intrusive system. Yet, no alkaline igneous body was known
within tens of kilometers of the Lemhi Pass area, and the age
of the mineralization was unknown, but thought to be Tertiary.
However, recent mapping by the Idaho Geological Survey,
supplemented by geochronology, has discovered copper or
thorium-REE veins that are cut by structures likely Cretaceous
in age, as well as thorium veins that terminate against pre-
Tertiary unconformities. The recent field studies also discovered

a small outcrop of Cambrian (529 Ma U-Pb age on zircon)
syenite (80 percent feldspar) that is cut by nonradioactive
specular hematite veins in the central part of the district (Giller-
man and others, 2008). In addition, *°Ar/** Ar geochronology on
hornblende in mafic dikes, including lamprophyres, indicates
Paleozoic or older igneous ages, and alteration-related feldspars
and biotite in the thorium deposits have ages that appear to be
older than Jurassic. Some evidence for the possible presence

of an underlying carbonatite is provided by (1) the carbonate
minerals present in many of the district’s veins, (2) one brec-
cia pipe with a calcite matrix adjacent to a mafic dike, and (3)

a few carbonate-bearing mafic dikes in the area. Identification
of the syenite and numerous alkaline mafic rocks, coupled with
carbonate alteration, provides a potential association between
the quartz-hematite-thorite-REE veins of the Lemhi Pass district
and alkaline magmatism. These observations suggest that the
veins of the Lembhi Pass region could represent distal parts of a
buried alkaline intrusive complex, which was later structurally
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disrupted by regional Cretaceous thrusting and Tertiary exten-
sional faulting (Gillerman and others, 2003; Gillerman and
others, 2008). Altered, thorium-enriched intrusives are known
farther south in the Beaverhead Mountains (Staatz and others,
1972), but their exact genetic and age relations to the Lembhi
Pass veins are unknown. Veins in the Diamond Creek area,
Lemhi County, Idaho, are very similar to those at Lembhi Pass
and are most likely related. Many geologic questions about the
Lembhi Pass area have yet to be answered.

Wet Mountains Area, Colorado

This thorium district, which is located in Fremont and
Custer Counties of south-central Colorado, may be comparable
in thorium resources to the Lemhi Pass district of Idaho-Mon-
tana (table 2). The thorium deposits occur over an area of about
60 km north-to-south by 24 km west-to-east. Thorium occurs
in veins, syenite dikes, fracture zones, and carbonatite dikes
(Armbrustmacher, 1988) associated with three Cambrian-age
alkaline complexes (Olson and others, 1977) that intruded the
surrounding Precambrian terrane. These alkaline complexes are
(1) the McClure Mountain Complex (Shawe and Parker, 1967;
Armbrustmacher, 1984), (2) the Gem Park Complex (Parker
and Sharp, 1970), and (3) the complex at Democrat Creek
(Armbrustmacher, 1984). The thorium-mineralized veins and
fracture zones, which are distal to the three alkaline intrusive
complexes, have the highest economic potential for thorium
resources. The USGS estimated that the vein and fracture zone
deposits of the Wet Mountains area contain reserves of 58,200
t of ThO, and probable potential resources of 145,600 t of
ThO,; the seven largest carbonatite dikes in the district contain
additional reserves of 119 t of ThO, and probable potential
resources of 683 t of ThO, (Armbrustmacher, 1988).

The thorium veins and fracture zones are linear fea-
tures, typically 1-2 m thick, but a few are as much as 15 m
thick (fig. 4). Some individual thorium veins can be traced in
outcrop for 1,500 m and some radioactive fracture zones as
much as 13 km. Most of these vein- and fracture-zone depos-
its occur within a 57 km? tract of Precambrian gneiss and
migmatite located south and southeast of the quartz syenite
complex at Democrat Creek. Christman and others (1953,
1959) mapped nearly 400 veins in this area. The major miner-
als forming these veins are smoky and clear quartz, micro-
cline, barite, iron oxides, carbonates, and accessory rutile and
sulfide minerals. Waxy, red thorite is the primary thorium
mineral. When broken, the veins and surrounding fenite emit
a strong fetid odor produced by a variety of hydrocarbon and
sulfur-bearing compounds (Armbrustmacher, 1988), which
Heinrich and Anderson (1965) attributed to hydrocarbon-
fluorine gas of magmatic origin. The odor-producing com-
ponent in the thorite veins “may be the fugitive constituents
of complexing agents that combined with thorium to produce
a highly mobile species capable of being transported under
pressure-temperature conditions that existed in the hydrother-
mal solutions” (Armbrustmacher, 1988, p. F5-F6). The veins,
fracture zones, joints, and associated faults of the area trend

mainly northwest-southeast and cut across the foliation of the
host Precambrian metamorphic rocks at nearly right angles.
On the basis of the analysis of 201 samples of veins and
fractures, Armbrustmacher (1988) found an average grade of
0.46 percent ThO,, with an average thorium:total-REE ratio
of about 2.2:1.

Thorium mineralization in the Wet Mountains district
also took place in carbonatite dikes and small plugs. The
carbonatite dikes are especially associated with the McClure
Mountain complex (Staatz and Conklin, 1966). The carbon-
atites occur in a variety of forms, such as (1) composite dikes
with two or more generations of carbonate side-by-side with
lamprophyre (Heinrich and Salotti, 1975; Armbrustmacher and
others, 1979); (2) phreatic explosion breccia pipes satellite to
the McClure Mountain complex (the Pinon Peak breccia pipes
of Heinrich and Dahlem, 1967); and (3) siliceous carbonate
dikes associated with amethyst veining (the Amethyst car-
bonatites of Heinrich and Shappirio, 1966). Armbrustmacher
(1979) separated the carbonatites into two groups: (1) replace-
ment carbonatites and (2) primary magmatic carbonatites.
Replacement carbonatites have microscopic textures that
indicate the nearly complete pseudomorphous replacement
of the relict igneous dike mineralogy by carbonate minerals.
The replacement carbonatite dikes have ThO, contents of <0.1
percent (Armbrustmacher and Brownfield, 1978). In contrast,
the primary magmatic carbonatite dikes do not display mineral
replacement textures and are enriched in elements and miner-
als typical of magmatic carbonatites, including enrichments in
thorium, niobium, and REE residing in the minerals thorite,
bastnasite, synchysite, ancylite, and monazite. Thorium con-
centrations in the primary magmatic carbonatite dikes often
exceed 0.1 percent ThO,. Armbrustmacher and Brownfield
(1978) reported an average value of 0.17 percent ThO,, with
a high value of 2.0 percent ThO,. However, thorium is more
concentrated and occurs in more volume in the quartz-iron
oxide-barite vein- and fracture-zone deposits of the district in
comparison to the carbonatites (Armbrustmacher, 1988).

The Wet Mountains area also contains thin (<2 m thick)
red syenite dikes that contain anomalous thorium and REE,
particularly where the dikes are located nearest the intrusive
centers. The syenite dikes are composed primarily of alkali
feldspar and ferric oxides, with trace amounts of thorite,
barite, rutile, xenotime, bastnasite, and brockite (Armbrust-
macher, 1988). Samples of red syenite veins analyzed by this
study found only 30—40 ppm (parts per million) Th, equivalent
to 0.0034-0.0046 percent ThO,.

Sampling and geochemical analyses conducted during
this study found that the syenite, mafic, and ultramafic rock
units that form the core of the three intrusive complexes do not
contain significant concentrations of thorium. Samples of the
quartz syenite pluton of the complex at Democrat Creek had
an average content of 62 ppm Th (0.007 percent ThO,). Gab-
bro and pyroxenite units of the Gem Park complex showed no
greater than 13 ppm Th. In the McClure Mountain complex, all
samples of the plutonic units of hornblende-biotite syenite (fig.
5), nepheline syenite, pyroxenite, and gabbro had <10 ppm Th.
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Figure 4. Sewell Ranch thorium vein (between yellow lines), Wet Mountains area, Custer County,
south-central Colorado. This northwest-southeast-trending Cambrian thorium-rich vein, 9 ft (2.7 m) wide
here, cuts about perpendicular to foliation of Precambrian mafic gneiss country rock. Channel sampling
of this vein by Christman and others (1953, p. 26-27) found as much as 0.60 percent equivalent ThO,.

Other Thorium Vein Districts in the United States

Several other areas with thorium veins exist in the United
States (Staatz, 1974; Staatz and Armbrustmacher, 1982), but
they all appear to contain significantly less thorium reserves
than the Lemhi Pass district of Idaho-Montana and the Wet
Mountains area of Colorado. Other districts that contain tho-
rium veins (fig. 1) include:

¢ Alaska: Bokan Mountain district, southern part of
Prince of Wales Island (MacKevett, 1963; Staatz,
1978; Staatz and others, 1980, p. 19-22; Thompson,
1988)

* Arizona: Cottonwood area, Yavapai County; Quartzite
district, Yuma County (Staatz, 1974)

e California: Mountain Pass district, San Bernardino
County (Olson and others, 1954; Castor and Nason,
2004)

Colorado: Iron Hill carbonatite complex (Powderhorn
district), Gunnison County (Hedlund and Olson, 1961;
Temple and Grogan, 1965; Olson and Wallace, 1956;
Olson and Hedlund, 1981)

Idaho: Hall Mountain, Boundary County (Staatz,
1972b); Diamond Creek area, Lemhi County (Ander-
son, 1958; Staatz, 1974)

New Mexico: Capitan Mountains, Lincoln County;
Gold Hill district, Grant County; Laughlin Peak, Col-
fax County; and other minor deposits (McLemore and
others, 1988)

Utah: Monroe Canyon, Sevier County (Staatz, 1974)

Wisconsin: near Wausau, Marathon County (Vickers,
1956)

Wyoming: Bear Lodge Mountains, Crook County
(Staatz, 1983)
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Figure 5. View to west of McClure Mountain, Fremont County, Colo., composed of hornblende-hiotite syenite phase of
McClure Mountain complex. This stock is genetically related to thorium deposits of Wet Mountains area. However, this
rock unit, and other core units of three intrusive complexes in this area, contain only modest thorium concentrations of
<100 parts per million. The thorium resources occur in epigenetic vein and fracture-zone deposits (fig. 4) distal to the

alkaline intrusive complexes.

Of these vein deposits, perhaps the most noteworthy are
those of Hall Mountain, located just south of the Canadian
border near the middle of the Idaho panhandle. Although these
thorium-rich veins are exposed across an area of only about
1,830 m by 300 m, they may be the highest grade thorium
veins known in the United States. Select vein material from
this district (Staatz, 1972b) contained as much as 24 percent
ThO, content. The primary vein minerals are quartz and
calcite, and the principal thorium-bearing mineral is thorite.
Staatz (1972b) described the mineralogy of the Hall Mountain
veins and contrasted them to those of the Lemhi Pass district.
The veins of Hall Mountain intruded Middle Proterozoic
quartzite and quartz diorite sills (Purcell Lava) of the lower
part of the Prichard Formation of the Belt Supergroup. The
veins range in length from 2 to 270 m and in thickness from

thin seams to 4 m (Staatz, 1972b). The larger veins of the dis-
trict average about 4.0 percent ThO,, but they are few in num-
ber. Thus, Staatz and others (1979) estimated that the veins of
the Hall Mountain district contain total reserves of about 4,150
t of ThO, (table 2).

Environmental Considerations

In addition to the disturbance and impacts typically asso-
ciated with the surface and underground mining of vein depos-
its, the development of thorium veins should also consider
several other potential environmental aspects, including:

¢ The mine wastes and ore materials extracted from
thorium vein deposits are radioactive materials that



thereby require special handling and transportation
considerations.

* These vein types can have moderately high sulfur con-
tent, but this sulfur occurs primarily in sulfate form as
barite, which is quite insoluble.

e Thorium-REE veins generally contain low sulfide min-
eral content, and therefore have little ability to generate
acidic waters.

¢ The carbonatite veins and masses have an inherent
capacity for acid neutralization due to their high car-
bonate content.

e The thorium-ore minerals are resistant to chemi-
cal breakdown, forming relatively insoluble detrital
minerals. Thus, thorium minerals contribute only trace
concentrations of thorium (about 1 part per billion) to
natural waters (pH 5-9). Thorium is very insoluble in
most natural waters.

A detailed discussion of the potential environmental
aspects of thorium-REE vein deposits is provided by Arm-
brustmacher and others (1995).

Disseminated Low-Grade Thorium Deposits

Large-volume, low-grade deposits of thorium occur in
carbonatite stocks and some alkaline intrusions in the United
States. Carbonatites are commonly enriched in thorium and
REE (Deans, 1966; Heinrich, 1980; Mariano, 1989). That the
thorium in the majority of these intrusions would be developed
as the primary commodity seems unlikely; however, thorium
could be recovered as a byproduct along with the extraction
of associated mineral resources. Examples of large-tonnage
thorium-bearing carbonatites and alkaline intrusions in the
United States are described in the following.

Carbonatite Stocks

The carbonatite stock at the center of the Iron Hill
(Powderhorn) carbonatite complex in southwestern Colo-
rado (figs. 1, 6) is the largest exposed carbonatite mass in
the United States, cropping out over an area of about 3.7
km long by 1.9-0.8 km wide (Olson, 1974; Hedlund and
Olson, 1975; Olson and Hedlund, 1981). The carbonatite
stock is the youngest unit of this classic carbonatite-alkaline
rock intrusive complex, emplaced about 570 million years
ago (Olson and others, 1977; Olson and Hedlund, 1981)
in an area about 35 km south-southwest of Gunnison in
Gunnison County, Colo. The primary rock units of the
complex include (from oldest to youngest): pyroxenite,
uncompahgrite, ijolite, nepheline syenite, and the carbon-
atite (Temple and Grogan, 1965; Nash, 1972; Olson, 1974;
Hedlund and Olson, 1975; Olson and Hedlund, 1981; Arm-
brustmacher, 1983).
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Much of the complex of Iron Hill has significant mineral
resource potential owing to enrichments in titanium, REE,
thorium, niobium (columbium), vanadium, and deposits of
vermiculite and nepheline syenite (Van Gosen and Lowers,
2007). The pyroxenite unit of the complex hosts the largest
known titanium reserve in the United States (Thompson, 1987;
Shaver and Lunceford, 1998; Van Gosen and Lowers, 2007).
The carbonatite stock is enriched in REE, thorium, and nio-
bium. The anomalous thorium is mainly due to concentrations
of the thorium-rich mineral thorite, and at least partially due
to monazite and pyrochlore (the niobium host mineral), which
each contain lower thorium content than thorite. Staatz and
others (1979) estimated that the carbonatite stock of Iron Hill
consists of 655.6 million t of carbonatite, averaging 0.0043
percent ThO, (38 ppm Th), thereby representing a potential
resource of 28,200 t of ThO, (table 2). Sampling of the Iron
Hill carbonatite stock by Armbrustmacher (1980) found an
average content of 0.0041 percent ThO, (36 ppm Th). Sam-
pling of the carbonatite stock conducted for this study (13
samples; Van Gosen, 2008) found the following median val-
ues: 1,630 ppm total REE (0.20 percent REE oxide), including
680 ppm Ce; 31 ppm Th (0.0035 percent ThO,); and 416 ppm
Nb (0.06 percent Nb,O,).

The highest thorium concentrations in the Iron Hill
complex occur in discontinuous veins (“thorium veins”) and
mineralized shear zones composed of quartz-plagioclase-
calcite-iron oxide-thorite that cut the Precambrian granite
and metamorphic rocks that surround the complex. The
thorium veins and shear zone deposits range in width from a
few centimeters to 5.5 m (mostly less than 0.3 m), and they
range in length from a meter to the 1,067-m Little Johnnie
vein, which occupies a mineralized fault (Olson and Wallace,
1956; Hedlund and Olson, 1961). These vein and shear zone
deposits are estimated to contain reserves of about 1,700 t of
ThO, (Staatz and others, 1979). In addition, several hundred
carbonatite dikes have been identified within 1.6 km of the
complex, radiating outward from the carbonatite stock and
cutting all of the earlier formed intrusive rocks of the complex
and the Precambrian rocks bounding the complex. These dikes
are usually 1-2 m wide, but one dike is about 46 m wide. The
dikes are discontinuous, but can typically be traced for about
90-150 m along strike. Staatz and others (1979) estimated that
the 13 longest carbonatite dikes hold reserves of about 690 t of
ThO, (table 2).

Another prominent, thorium- and REE-bearing carbon-
atite mass in the United States is the Mountain Pass deposit
near the east edge of the Mojave Desert in the northeast
corner of San Bernardino County, Calif. This carbonatite
deposit has world-class REE reserves of more than 18 million
t of ore with an average grade of 8.9 percent rare earth oxide
(Castor and Nason, 2004). The typical ore contains about
10-15 percent bastnasite (the ore mineral), 65 percent calcite
and (or) dolomite, and 20-25 percent barite, plus other minor
accessory minerals (Castor and Nason, 2004). The massive
carbonatite core is called the Sulphide Queen body, which has
an overall length of 730 m and average width of 120 m (Olson
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Figure 6. View to northwest of Iron Hill, Gunnison County, southwestern Colorado. Iron Hill is formed by a massive
carbonatite stock, which forms the center of an alkaline intrusive complex. This complex hosts multiple mineral
resources, including titanium, niobium, rare-earth elements (REE), and thorium (Van Gosen and Lowers, 2007). The
carbonatite stock of Iron Hill is estimated to consist of 655.6 million metric tons (t) of carbonatite containing 2.6 million t
of REE oxides, 28,200 t of ThO,, and 373,700 t of Nb,0, (Staatz and others, 1979, p. 30).

and others, 1954). Projecting the Sulphide Queen body down
dip for 152 m (500 ft), Staatz and others (1979) suggested
that this mass comprises about 33.4 million t of carbonatite
containing approximately 8,850 t of ThO, (table 2). However,
mining to date (2009) has not recovered the thorium and, fur-
thermore, the thorium here has been considered an environ-
mentally deleterious element because of its radioactivity.

Alkaline Intrusions

Many alkaline intrusions in the United States contain
average ThO, concentrations of several tens of ppm, but few
exceed 100 ppm. As examples, the alkaline Conway Granite
of New Hampshire (Adams and others, 1962) and alkaline
granite of the Darby pluton of the Seward Peninsula, Alaska
(Miller and Bunker, 1976), have similar average ThO2 con-
tents of approximately 65 ppm. Although plutons of such

large volume represent very large thorium resources, thorium
deposits of this low grade seem unlikely as primary targets
for development. Two disseminated thorium deposits of large
volume and somewhat higher grade—Hicks Dome in south-
ern Illinois and the Bear Lodge Mountains deposit of north-
eastern Wyoming (fig. 1)—are summarized in the following.
Hicks Dome lies in Hardin County of southernmost

Illinois. The dome-shaped structure, approximately 14.5 km

in diameter, was formed by the displacement of sedimentary
rocks at least 1,200 m upward above an alkaline intrusion at
depth. More than 600 m of sedimentary rocks, mostly lime-
stone, were pushed up by the explosive intrusion of magmatic
fluids (Heyl and others, 1965). A hole drilled near the apex of
the dome (Brown and others, 1954) intercepted a mineralized
breccia at a depth of 490 m (1,607 ft) and remained in breccia
to the bottom of the hole at 897 m (2,944 ft). Analysis of eight
samples of this drill core, each 7.6-9.1 m (25-30 ft) long, had



thorium concentrations ranging from 0.007 to 0.18 percent
ThO, (Brown and others, 1954). These samples represent
only 64 m (210 ft) of a thorium-enriched breccia zone that
could extend across the roof of Hicks Dome over a large area.
Shallow diamond drilling and trenching sampled another area
of radioactive breccia atop Hicks Dome, in which the radioac-
tive mineral was tentatively identified as monazite, found in
association with florencite, a cerium-aluminum phosphate
(Trace, 1960). Using airborne gamma-ray data, Pitkin (1974)
delineated the extent of the thorium anomaly at Hicks Dome.
However, the considerable depth to this thorium deposit limits
its resource potential. Much more surface and subsurface
exploration is necessary to evaluate the extent and grade of this
thorium deposit.

A disseminated thorium deposit lies in the southern Bear
Lodge Mountains, about 8 km northwest of Sundance, Crook
County, Wyo. The deposit is hosted by alkaline intrusions of
middle Tertiary age, primarily trachyte and phonolite; they
intruded Paleozoic and Mesozoic sedimentary rocks, form-
ing a dome about 13 km long by 10 km wide. The alkaline
igneous rock crops out in an oval pattern over an area of 9
km long by 4 km wide (Staatz and others, 1979). The igneous
core is microfractured and altered. Thorium mineralization in
the thin fractures formed coatings and veinlets as much as 6
mm thick. The coatings and veinlets consist predominantly of
iron and manganese oxide minerals, along with feldspar and
quartz. The thorium occurs in monazite, thorite, and brockite.
Thorium concentrations vary across the alkaline intrusive
core, ranging from 46 ppm ThO, in apparently unmineral-
ized rock to 1,200 ppm (0.12 percent) in rock crisscrossed by
many veinlets (Staatz and others, 1979). On the basis of 52
samples collected within an area of 2.4 by 1.6 km, where the
alkaline rock has numerous small veinlets, Staatz and others
(1979, p. 27) delineated three subareas: “(1) The northern area
has an average grade of 0.023 percent ThO, and 0.75 percent
combined rare-earth oxides, (2) the central area has an average
grade of 0.042 percent ThO, and 1.71 percent combined rare-
earth oxides, and (3) the southern area has an average grade
of 0.035 percent ThO, and 1.35 percent combined rare-earth
oxides.” They also noted that drilling “indicates that the vein-
ing extends at least 1,200 ft [365 m] below the surface.”

Black Sand Placer Thorium Deposits

Globally and in the United States, alluvial accumula-
tions of monazite are a significant type of thorium deposit.
For example, the alluvial monazite deposits of the Coastal
Belt of southernmost India are thought to represent one of
the largest thorium resources in the world. The monazite
deposits of southern India contain detrital heavy minerals
and are found in piedmont lakes, in shallow seas, in parts of
the beaches (fig. 7), in sand bars across the mouth of rivers,
in deltas, and in sand dunes behind the beaches (Bhola and
others, 1958). A study by Mahadevan and others (1958) esti-
mated that the beach sands of the southwestern coast of India
alone contain estimated reserves of 446,400 t (492,200 short
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tons) of monazite, in which the ThO2 content of the monazite
varies from 7.5 to 9 percent.

Monazite is a REE- and thorium-bearing phosphate min-
eral [(Ce,La,Y,Th)PO Al whose thorium content can range from
a few percent to 20 percent. Monazite’s resistance to chemical
weathering and high specific gravity accounts for its associa-
tion with other resistant heavy minerals such as ilmenite,
magnetite, rutile, and zircon. Monazite weathers from alkaline
crystalline rocks of the surrounding region and is transported
downstream and deposited by alluvial processes.

In the United States, alluvial deposits of monazite are
known to occur in the intermontane valleys of Idaho, the
Carolina Piedmont of North and South Carolina, and the beach
deposits of northeastern Florida—southeastern Georgia. In
the past, mining of these unconsolidated stream deposits was
conducted by small-scale sluicing (Idaho and North and South
Carolina) and dredges (Idaho); beach sands were mined by
large shovels (Florida-Georgia). Sluicing instantly produces
a heavy-mineral separate, but even in the case of the dredge
and shovel operations, the heavy-mineral separation was
still performed at the site. Thus, the mining of thorium from
alluvial deposits has the advantages of relative ease of min-
ing and rapid mineral separation, in comparison to hard-rock
mining for thorium. Another benefit of placer thorium deposits
is the potential for coproduct development. Coproducts can
include REE obtained from monazite; titanium from ilmenite
and rutile; iron from magnetite; zirconium and hafnium from
zircon; and industrial-grade garnet, staurolite, tourmaline,
kyanite, and sillimanite, which are used as abrasives and as
refractory minerals.

As with any mining operation planned for a riparian
environment, considerations beyond grade (thorium concen-
tration) and reserves must be addressed, such as (1) assessing
environmental issues associated with “in-stream mining;” and
(2) obtaining access, mineral rights, and permits to work the
stream channel and disturb adjacent lands as needed. Much
information is available online regarding the many issues to be
considered by in-stream mining operations.

The three monazite placer districts highlighted in the
following—North and South Carolina stream deposits, Idaho
stream deposits, and Florida-Georgia beaches—are the larg-
est volume known alluvial thorium deposits in the United
States (fig. 1). The geology and estimated thorium resources
of these districts have been well described by Staatz and
others (1979, the North and South Carolina placer deposits,
p- 33-39) and Staatz and others (1980, the Idaho stream plac-
ers, p. 9-18, and the Florida beach deposits, p. 3-9); numer-
ous references cited therein provide more detailed informa-
tion on these deposits. Thus, we will only summarize the
findings of these earlier studies.

Placer Deposits of North and South Carolina

In 1887, a few short tons of monazite were produced
from stream deposits in the Piedmont region of North and
South Carolina, giving this region the distinction of being the
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Figure 7.

world’s first supplier of thorium (Olson and Overstreet, 1964).
Monazite-bearing placers of this region were worked by small-
scale sluice operations from 1887 to 1911 and 1915 to 1917,
producing a total of 4,973 t (5,483 short tons) of monazite
(Overstreet and others, 1968). Monazite mining ended here
in 1917, not because reserves had been exhausted, but rather
because the beach deposits of India and Brazil were producing
thorium at lower cost.

The high-grade monazite placers of the Piedmont
of North Carolina and South Carolina occur between the
Catawba River on the east and the Savannah River on the west
(fig. 8). The stream sediment deposits across this region are
generally consistent in character; the heavy-mineral concen-
trations are greatest in the headwaters areas. The alluvium is
deposited in flat valleys, forming well-bedded, poorly graded
layers of unconsolidated sediment. Stacked layers contain
gravel, sand, clay, and clayey silt, at an average total thickness

Heavy-mineral layers (“black sand”) in a quartz beach sand, Chennai, India. Photograph taken by Mark A. Wilson,
Department of Geology, The College of Wooster, Wooster, Ohio; Mr. Wilson has granted permission for use of this photograph.
Penny for scale.

of about 4.5 m (Staatz and others, 1979). Monazite typically
occurs in all units, but is generally most abundant in the basal
gravel layers and least abundant in the clay layers. Dredging
in this area between the summers of 1955 and 1958 (Williams,
1967) found heavy-mineral contents of about 1 to 1.5 percent;
monazite formed about 8 percent of this fraction (Mertie,
1975). These dredging operations recovered monazite, ilmen-
ite, rutile, zircon, and staurolite (Williams, 1967).

The region is underlain by crystalline, high-grade meta-
morphic rocks intruded by quartz monzonite and pegmatite.
The monzonite and pegmatite intrusions vary from monazite
bearing to monazite free. Overstreet (1967) suggested that the
primary source of the alluvial monazite was the high-grade
metamorphic rocks, particularly sillimanite schist.

According to Staatz and others (1979), the overall heavy-
mineral content of the placer deposits of this region ranges
from 0.15 to 2.0 percent; monazite forming about 3.5-13
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percent of the heavy minerals. They also stated that the other
parts of the heavy-mineral fraction include ilmenite, 20-70
percent; garnet, 2-50 percent; rutile, 0.3—7 percent; zircon,
trace to 14 percent; and sillimanite and kyanite together, trace
to 20 percent. Other heavy minerals present in some placers
include epidote, magnetite, xenotime, tourmaline, sphene,
staurolite, andalusite, and an unidentified black radioactive
mineral (Staatz and others, 1979). Analysis of 52 samples of
alluvial monazite from this region (Mertie, 1975) found that
the monazite contains 60-63 percent total rare-earth oxides
and 2.5-7.8 percent ThO2 content, with a mean value of 5.67
percent ThO,.

For the 13 largest placer deposits of the Piedmont region
of North and South Carolina, Staatz and others (1979) esti-
mated total reserves of about 4,800 t of ThO2 (table 2), with
potential resources seven times higher. Their estimate was
based on regional thorium resource studies by Overstreet and
others (1959) and Overstreet (1967), and the studies of indi-
vidual drainage basins by several others (see Staatz and others,
1979, p. 37). Future exploration for monazite placer deposits
in the mid-Atlantic region can be aided by regional stream
sediment geochemistry datasets assembled by the USGS
(Grosz, 1993).

Placer Deposits of Idaho

A number of monazite-bearing placer districts exist in
the valleys of a region that extends north of Boise, Idaho, and
along the western flank of the Idaho batholith (fig. 9). Mona-
zite was first recognized here in 1896, as the heavy, yellow
to brownish-yellow mineral that collected with other heavy
minerals and gold within the sluice boxes of gold placer
operations in the Boise Basin near Idaho City, Centerville,
and Placerville (Lindgren, 1897). In 1909, a mill designed to
capture the monazite was built by the Centerville Mining and
Milling Co. Only a small amount of monazite concentrate
was produced before the mill burned down in a forest fire in
1910.

In the 1950s, two areas of west-central Idaho were
mined by dredges for monazite recovery—Long Valley and
Bear Valley (figs. 9, 10). Beginning in September 1950,
Long Valley was worked by three dredges that were earlier
used to recover gold, but were converted to recover monazite.
The dredges were redesigned for monazite recovery with
assistance from the U.S. Bureau of Mines under the sponsor-
ship of the U.S. Atomic Energy Commission. The history
of these dredging operations is described by Argall (1954)
and Staatz and others (1980, p. 9-16, and references cited
therein). The heavy minerals recovered in the Long Valley
district were dominated by ilmenite (84 percent of heavies),
followed by monazite (8 percent), garnet (5 percent), and
zircon (3 percent). During this 5-year period, Staatz and oth-
ers (1980) estimated that the three dredges recovered 6,430
t (7,085 short tons) of monazite containing 269 t (297 short
tons) of ThO,. The dredging ended here in mid-1955, when
the government stockpile order was fulfilled.

Thorium was also unintentionally recovered within the
minerals euxenite and monazite from the Bear Valley plac-
ers (fig. 10). The Bear Valley placers were worked by first
one dredge in 1955, then a second in 1956, with the intent to
recover niobium and tantalum for another Federal government
contract. According to Staatz and others (1980, p. 10), “from
alluvium of Bear Valley, 2,049 short tons [1,858 t] of euxenite,
83.5 tons [75.7 t] of columbite, and 54,862 tons [49,760 t] of
ilmenite were recovered.” No records of the monazite recovery
were kept.

Most of the Idaho thorium resource data used by Staatz
and others (1980) came from a 1950s program in which the
U.S. Atomic Energy Commission funded the U.S. Bureau of
Mines to identify new domestic monazite reserves (Storch and
Holt, 1963). The USGS (Staatz and others, 1980) conducted
an extensive review of the results of this program, including
a review of the U.S. Bureau of Mines literature, interviews
with former dredge companies, and field reconnaissance and
sampling of the major thorium placer districts in Idaho. They
determined that the five most important thorium districts
(fig. 9) are Long Valley, Bear Valley, the Boise Basin, the
Burgdorf-Warren area, and the Elk City—Newsome area. The
reported ThO, contents of monazite in the Idaho placer depos-
its ranges from 2.2 to 6.24 percent. Staatz and others (1980)
calculated thorium reserves for each of the five major placer
districts individually; they estimated that the five districts have
total reserves of about 9,130 t of ThO, (table 2).

The primary source of the resistant thorium-bearing min-
erals in the Idaho placers is thought to be the Idaho batholith,
in particular the quartz monzonite and pegmatite phases of
the batholith (Mackin and Schmidt, 1957). The most common
heavy minerals in the alluvial deposits (in generally decreasing
amounts) are ilmenite, magnetite, sphene, garnet, monazite,
euxenite, zircon, and uranothorite (uranium-rich thorite). In
addition to REE and thorium from monazite and euxenite,
the Idaho placer deposits (and the abandoned historic dredge
waste piles) contain coproducts of titanium (in ilmenite), and
niobium and tantalum (from euxenite).

Florida-Georgia Beach Placers

The modern and raised Pleistocene and Pliocene beach
deposits of northeastern Florida and southeastern Georgia host
low-grade but persistent concentrations of thorium. Heavy min-
erals constitute a small part of the beach sands, and monazite
forms a small part of the heavy minerals. However, due to the
large tonnage of suitable beach sand deposits and the ease of
mining and processing this material, these beach deposits rep-
resent a very large thorium resource. Staatz and others (1980)
estimated that the beach placer deposits of this region contain
total reserves of about 14,700 t of ThO, (table 2) and 198,000 t
of rare-earth oxides, which occur in 330,000 t of monazite.

Some of the heavy-mineral operations in beach deposits of
Florida were once domestic suppliers of monazite. Staatz and
others (1980, p. 3) noted “During 1978 monazite was produced
from two of the three operating heavy-mineral deposits in
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Monazite was produced as a byproduct from these placer deposits. Photograph from Savage (1961, fig. 13); used with permission of Idaho Geological Survey.
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Florida: Titanium Enterprises at Green Cove Springs and Hum-
phrey Mining Corporation at Boulogne recovered monazite as
a byproduct.” These deposits were mined primarily for titanium
(in ilmenite and rutile), which was used by the pigment indus-
try. Other minerals sold from these deposits include kyanite,
sillimanite, staurolite, garnet, and the host sand itself. Staatz
and others (1980, p. 3—4, and references cited therein) described
the mining history of the heavy-mineral beach placers of the
northeastern Florida—southeastern Georgia area. Mining ceased
in this area in late 1978: increasing environmental regulations
made mining operations more costly, which was compounded
by steep increases in coastal real estate values. Thus, heavy-
mineral concentrations in the modern beaches became much
less valuable than the real estate they occupy.

In addition to the modern beach deposits, monazite-bearing
sands occur in the raised Pleistocene and Pliocene beach
deposits that lie as much as 80 km inland; they are deposits of
former shorelines. Relict shorelines, which lie 3-33 m above the
sea level, occur in the outer coastal plain region from Maryland
to Florida. Thorium exploration in the Eastern United States
coastal plain areas can benefit from several aeroradiometric
maps that were compiled and interpreted by the USGS (Force
and others, 1982; Grosz, 1983; Grosz and others, 1989; Owens
and others, 1989).
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The monazite and associated heavy minerals in the
relict shoreline deposits of the southeastern United States
were eroded from crystalline rocks of the Piedmont province
(Mertie, 1953), carried towards the Atlantic Ocean by streams
and rivers, and eventually redeposited by coastal processes.
The natural concentration of heavy minerals in the shoreline
area is a multistage process, involving transport by longshore
drift, gravity separation by specific gravity and particle size
and shape, differential chemical weathering (Neiheisel, 1962),
wave action, and, in some parts of the coastal environment, the
actions of tides. All of these forces rework the sediments in the
shoreline environments through time and naturally concentrate
the heavy minerals (see Force, 1991, p. 73-84). The most
abundant heavy mineral in the southeastern United States
shoreline deposits is ilmenite, in many places forming more
than 50 percent of the heavy-mineral fraction. Monazite forms
a minor part of the heavy-mineral fraction, usually less than 1
percent. Despite the low concentrations of monazite (and thus,
thorium and REE) in the typical coastal placer deposit of the
southeastern United States, these deposits have a few dis-
tinct advantages as potential sources of thorium: (1) they are
relatively easy deposits to excavate (fig. 11); (2) it is relatively
easy to separate the heavy-mineral fraction on-site; and (3)
these deposits contain multiple salable mineral products.

Figure 11.

Heavy-mineral sands dredge in southeastern United States.
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Summary

Thorium as a potential source fuel for energy generation
has gained new attention in the United States, including consid-
eration in the U.S. Congress (Branan, 2008). Thus, it benefits
the United States to recognize and reevaluate its domestic tho-
rium resources (fig. 1). This report summarizes the significant
known thorium districts in the United States, and, more impor-
tantly, points to the considerable amount of published geologic
and resource information that is available from previous studies
of these districts. In particular, past studies by the USGS and
the former U.S. Bureau of Mines have provided a notable
legacy of information on the significant thorium districts and
deposits in the United States.

Vein deposits host the largest volume known high-grade
thorium resources in the United States. Two thorium vein
districts—the Lembhi Pass district of Montana-Idaho and the
Wet Mountains area of Colorado (fig. 1)—dominate the known
high-grade thorium reserves in the United States (table 2). In
recent years, exploration and claim staking of the thorium veins
in the Lembhi Pass district has been underway, straddling both
sides of the Continental Divide in the district. Average grades
of 0.43 percent ThO, content in the Lemhi Pass veins, along
with similar concentrations of rare-earth oxides, has sparked
renewed interest in these vein deposits. Veins and mineralized
fractures of similar grade occur in the Wet Mountains area of
south-central Colorado; the analysis of 201 vein and fracture
samples from this area by Armbrustmacher (1988) revealed
average values of 0.46 percent ThO,, with an average thorium
to total-REE ratio of about 2.2:1.

Massive carbonatites, which are rare in the United
States, also contain thorium resources (table 1). Examples
are the Mountain Pass REE deposit in California and the Iron
Hill (Powderhorn) carbonatite complex in Colorado (fig. 1).
Because thorium concentrations in these intrusions are low,
development most likely would be as a byproduct of the other
mineral resources, such as redevelopment of the enormous
REE reserves of the Mountain Pass carbonatite deposit (Castor
and Nason, 2004). Niobium and REE resources are commin-
gled with the thorium mineralization products in the Iron Hill
carbonatite (Van Gosen and Lowers, 2007).

Resistant and dense thorium-bearing minerals, chiefly
the mineral monazite, occur in the black sand heavy-mineral
concentrations of some stream and beach deposits. These allu-
vial deposits have been mined in the past by placer methods
(sluicing, dredging). Notable examples occur in intermontane
stream valleys of Idaho, in stream and river deposits of the
Piedmont region of North and South Carolina, and in beach
deposits of northeastern Florida—southeastern Georgia (fig. 1;
table 1). Whereas alluvial deposits have the lowest thorium
concentrations of the thorium deposit types, they do have
practical advantages favoring their development, such as rela-
tively low mining costs, easier separation of the heavy-mineral
concentrates, and the potential for coproduction of other min-
eral commodities. Coproducts may include REE in monazite;
titanium in ilmenite and rutile; iron in magnetite; zirconium

and hafnium in zircon; and industrial-grade garnet, staurolite,
tourmaline, kyanite, and sillimanite, salable as abrasives and
as refractory minerals.

As interest increases towards thorium as an alternative
nuclear energy fuel source, exploration interest will become
renewed on the three principal types of domestic thorium
deposits—veins, disseminated, and alluvial (placer). The
intent of this report is to provide an overview of the signifi-
cant thorium deposits of the United States, and highlight the
breadth of preexisting published information that can be used
as a framework for the next generation of thorium exploration
in the United States.

References Cited

Adams, J.A.S., Kline, M.C., Richardson, K.A., and Rogers,
J.J.W., 1962, The Conway Granite of New Hampshire as
a major low-grade thorium resource: Proceedings of the
National Academy of Sciences, v. 48, no. 11, p. 1898-1905.

Anderson, A.L., 1958, Uranium, thorium, columbium, and
rare earth deposits in the Salmon region, Lemhi County,
Idaho: Idaho Bureau of Mines and Geology Pamphlet 115,
81 p.

Argall, G.O., Jr., 1954, New dredging techniques recover
Idaho monazite: Mining World, v. 16, no. 2, p. 26-30.

Armbrustmacher, T.J., 1979, Replacement and primary mag-
matic carbonatites from the Wet Mountains area, Fremont
and Custer Counties, Colorado: Economic Geology, v. 74,
no. 4, p. 888-901.

Armbrustmacher, T.J., 1980, Abundance and distribution of
thorium in the carbonatite stock at Iron Hill, Powderhorn
district, Gunnison County, Colorado: U.S. Geological Sur-
vey Professional Paper 1049-B, 11 p.

Armbrustmacher, T.J., 1983, The complex of alkaline rocks at
Iron Hill, Powderhorn district, Gunnison County, Colorado,
in Handfield, R.C., ed., Gunnison Gold Belt and Pow-
derhorn Carbonatite Field Trip Guidebook, 1983: Denver
Region Exploration Geologists Society, p. 28-31.

Armbrustmacher, T.J., 1984, Alkaline rock complexes in the
Wet Mountains area, Custer and Fremont Counties, Colo-
rado: U.S. Geological Survey Professional Paper 1269, 33 p.

Armbrustmacher, T.J., 1988, Geology and resources of tho-
rium and associated elements in the Wet Mountains area,
Fremont and Custer Counties, Colorado: U.S. Geological
Survey Professional Paper 1049-F, 34 p., 1 plate.

Armbrustmacher, T.J., and Brownfield, I.LK., 1978, Carbon-
atites in the Wet Mountains area, Custer and Fremont Coun-
ties, Colorado—Chemical and mineralogical data: U.S.
Geological Survey Open-File Report 78-177, 6 p., 3 sheets.



Armbrustmacher, T.J., Brownfield, I.K., and Osmonson, L.M.,
1979, Multiple carbonatite dike at McClure Gulch, Wet
Mountains alkalic province, Fremont County, Colorado:
The Mountain Geologist, v. 16, no. 2, p. 37-45.

Armbrustmacher, T.J., Modreski, P.J., Hoover, D.B., and
Klein, D.P., 1995, Th-rare earth element vein deposits, in
du Bray, E.A., ed., Preliminary compilation of descriptive
geoenvironmental mineral deposit models: U.S. Geological
Survey Open-File Report 95-831, p. 50-53.

Bell, Keith, ed., 1989, Carbonatites—Genesis and evolution:
Boston, Mass., Unwin Hyman Ltd., 618 p.

Bhola, K.L., Chatterji, B.D., Dar, K.K., Mahadevan, C.,
Mahedvan, V., Mehta, N.R., Handi, N., Nanhi, H., Narayan-

das, G.R., Sahasrabudhe, G.H., Shirke, V.G., and Udas, G.R.,
1958, A survey of uranium and thorium occurrences in India,

in Proceedings of the Second United Nations International

Conference on the Peaceful Uses of Atomic Energy, Geneva,

Switzerland, September 1-13, 1958—Volume 2, Survey of
raw material resources: Geneva, United Nations Publication,
p- 100-102.

Branan, Nicole, 2008, Thorium fuels nuclear comeback: Geo-
times, v. 53, no. 6, p. 17.

Brown, J.S., Emery, J.A., and Meyer, P.A., Jr., 1954, Explo-
sion pipe in test well on Hicks Dome, Hardin County,
linois: Economic Geology, v. 49, no. 8, p. 891-902.

Castor, S.B., and Nason, G.W., 2004, Mountain Pass rare
earth deposit, California, in Castor, S.B., Papke, K.G.,
and Meeuwig, R.O., eds., Betting on industrial miner-
als—Proceedings of the 39th Forum on the Geology of
Industrial Minerals, Reno/Sparks, Nev., May 18-24,
2003: Nevada Bureau of Mines and Geology Special
Publication 33, p. 68-81.

Christman, R.A., Brock, M.R., Pearson, R.C., and Singewald,
Q.D., 1959, Geology and thorium deposits of the Wet
Mountains, Colorado—A progress report: U.S. Geological
Survey Bulletin 1072-H, 535 p.

Christman, R.A., Heyman, A.M., Dellwig, L.F., and Gott,
G.B., 1953, Thorium investigations 1950-52, Wet Moun-

tains, Colorado: U.S. Geological Survey Circular 290, 40 p.,

5 plates.

Deans, T., 1966, Economic mineralogy of African carbon-
atites, in Tuttle, O.F., and Gittins, J., eds., Carbonatites:
New York, Interscience Publishers, p. 385—413.

Force, E.R., 1991, Geology of titanium-mineral deposits:
Geological Society of America Special Paper 259, 112 p.

Force, E.R., Grosz, A.E., Loferski, PJ., and Maybin, A.H.,
1982, Aeroradioactivity maps in heavy-mineral explora-
tion—Charleston, South Carolina, area: U.S. Geological
Survey Professional Paper 1218, 19 p., 2 plates.

References Cited 19

Gillerman, V.S., Fanning, C.M., Link, P.K., Layer, Paul, and
Burmester, R.F., 2008, Newly discovered intrusives at the
Lemhi Pass thorium-REE iron oxide district, Idaho: Cam-
brian syenite and mystery ultramafics—Signatures of a bur-
ied alkaline complex or two systems?: Geological Society
of America Abstracts with Programs, v. 40, no. 1, p. 51.

Gillerman, V.S., Lund, Karen, and Evans, K.V., 2003, Stra-
tigraphy, structure, and mineral deposits of the Lemhi Pass
area, central Beaverhead Mountains, eastern Idaho, in Lag-
eson, D.R., and Christner, R.B., eds., 2003 Tobacco Root
Geological Society Field Conference at the Belt Symposium
IV, Missoula, MT and Salmon, ID, August 7-12, 2003:
Northwest Geology, v. 32, p. 134-146.

Grosz, A.E., 1983, Application of total-count aeroradiometric
maps to the exploration for heavy-mineral deposits in the
Coastal Plain of Virginia: U.S. Geological Survey Profes-
sional Paper 1263, 20 p., 5 plates.

Grosz, A.E., 1993, Use of geochemical surveys in Ti-Hf-REE-
Th-U placer exploration—A mid-Atlantic-States example
(Chapter R), in Scott, R-W., Jr., Detra, P.S., and Berger,
B.R., eds., Advances related to United States and inter-
national mineral resources—Developing frameworks and
exploration technologies: U.S. Geological Survey Bulletin
2039, p. 181-188.

Grosz, A.E., Cathcart, J.B., Macke, D.L., Knapp, M.S.,
Schmidt, Walter, and Scott, T.M., 1989, Geologic interpre-
tation of the gamma-ray aeroradiometric maps of central
and northern Florida: U.S. Geological Survey Professional
Paper 1461, 48 p., 5 plates.

Hedlund, D.C., and Olson, J.C., 1961, Four environments of
thorium-, niobium-, and rare-earth-bearing minerals in the
Powderhorn district of southwestern Colorado, in Short
papers in the geologic and hydrologic sciences, Articles
1-146—Geological Survey research, 1961: U.S. Geologi-
cal Survey Professional Paper 424-B, p. B283-B286.

Hedlund, D.C., and Olson, J.C., 1975, Geologic map of the
Powderhorn quadrangle, Gunnison and Saguache Counties,
Colorado: U.S. Geological Survey Geologic Quadrangle
Map GQ-1178, scale 1:24,000.

Heinrich, E.W., 1980, The geology of carbonatites: Hunting-
ton, N.Y., Robert E. Krieger Publishing Company, 585 p.

Heinrich, E.W., and Anderson, R.J., 1965, Carbonatites
and alkalic rocks of the Arkansas River area, Fremont
County, Colorado, 2—Fetid gas from carbonatite and
related rocks: American Mineralogist, v. 50, nos. 11 and
12, p. 1914-1920.

Heinrich, E.-W., and Dahlem, D.H., 1967, Carbonatites and
alkalic rocks of the Arkansas River area, Fremont County,
Colorado, 4—The Pinon Peak breccia pipes: American
Mineralogist, v. 52, nos. 5 and 6, p. 817-831.



20 Thorium Deposits of the United States— Energy Resources for the Future?

Heinrich, E.W., and Salotti, C.A., 1975, A colloform carbon-
atite, McCoy Gulch, Fremont County, Colorado: The Moun-
tain Geologist, v. 12, no. 3, p. 103—111.

Heinrich, E.W., and Shappirio, J.R., 1966, Alkalic rocks
and carbonatites of the Arkansas River Canyon, Fremont
County, Colorado, 3—The Amethyst carbonatites: Ameri-
can Mineralogist, v. 51, no. 7, p. 1088—1106.

Heyl, A.V., Brock, M.R., Jolly, J.L., and Wells, C.E., 1965,
Regional structure of the southeast Missouri and Illinois-
Kentucky mineral districts: U.S. Geological Survey Bulletin
1202-B, 20 p., 3 plates.

Lindgren, W., 1897, Monazite from Idaho: The American
Journal of Science, Fourth Series, v. 4, p. 63-64.

MacKevett, EIM., Jr., 1963, Geology and ore deposits of
the Bokan Mountain uranium-thorium area, southeastern
Alaska: U.S. Geological Survey Bulletin 1154, 125 p., 5
plates.

Mackin, J.H., and Schmidt, D.L., 1957, Uranium and thorium-
bearing minerals in placer deposits in Idaho: Idaho Bureau
of Mines and Geology, Mineral Resources Report 7, 9 p.

Mahadevan, V., Narayana Das, G.R., and Nagaraja Roa, N.,
1958, Prospecting and evaluation of beach placers along
the Coastal Belt of India, in Proceedings of the Second
United Nations International Conference on the Peaceful
Uses of Atomic Energy, Geneva, Switzerland, September
1-13, 1958—Volume 2, Survey of raw material resources:
Geneva, United Nations Publication, p. 103—106.

Mariano, A.N., 1989, Nature of economic mineralization
in carbonatites and related rocks, in Bell, Keith, ed.,
Carbonatites—Genesis and evolution: London, Unwin
Hyman, p. 149-176.

McLemore, V.T., North, R.M., and Leppert, Shawn, 1988,
REE, niobium, and thorium districts and occurrences in
New Mexico: New Mexico Bureau of Mines and Mineral
Resources Open-File Report 324, 27 p., 1 plate.

Mertie, J.B., Jr., 1953, Monazite deposits of the southeastern
Atlantic States: U.S. Geological Survey Circular 237, 31 p.,
1 plate.

Mertie, J.B., Jr., 1975, Monazite placers in the southeastern
Atlantic States: U.S. Geological Survey Bulletin 1390,
41 p.

Miller, T.P., and Bunker, C.M., 1976, A reconnaissance study
of the uranium and thorium contents of plutonic rocks of
the southeastern Seward Peninsula, Alaska: U.S. Geological
Survey Journal of Research, v. 4, no. 3, p. 367-377.

Nash, W.P., 1972, Mineralogy and petrology of the Iron Hill
carbonatite complex, Colorado: Geological Society of
America Bulletin, v. 83, no. 5, p. 1361-1382.

Neiheisel, James, 1962, Heavy-mineral investigation of
Recent and Pleistocene sands of Lower Coastal Plain of
Georgia: Geological Society of America Bulletin, v. 73,
no. 3, p. 365-374.

Olson, J.C., 1974, Geologic map of the Rudolph Hill quad-
rangle, Gunnison, Hinsdale, and Saguache Counties, Colo-
rado: U.S. Geological Survey Geologic Quadrangle Map
GQ-1177, scale 1:24,000.

Olson, J.C., and Hedlund, D.C., 1981, Alkalic rocks and
resources of thorium and associated elements in the Pow-
derhorn district, Gunnison County, Colorado: U.S. Geologi-
cal Survey Professional Paper 1049-C, 34 p.

Olson, J.C., Marvin, R.F., Parker, R.L., and Mehnert, H.H.,
1977, Age and tectonic setting of lower Paleozoic alkalic
and mafic rocks, carbonatites, and thorium veins in south-
central Colorado: U.S. Geological Survey Journal of
Research, v. 5, no. 6, p. 673-687.

Olson, J.C., and Overstreet, W.C., 1964, Geologic distribution
and resources of thorium: U.S. Geological Survey Bulletin
1204, 61 p.

Olson, J.C., Shawe, D.R., Pray, L.C., and Sharp, W.N., 1954,
Rare-earth mineral deposits of the Mountain Pass district,
San Bernardino County, California: U.S. Geological Survey
Professional Paper 261, 75 p.

Olson, J.C., and Wallace, S.R., 1956, Thorium and rare-earth
minerals in the Powderhorn district, Gunnison County,
Colorado: U.S. Geological Survey Bulletin 1027-0, 28 p.,
2 plates.

Overstreet, W.C., 1967, The geologic occurrence of monazite:
U.S. Geological Survey Professional Paper 530, 327 p., 2
plates.

Overstreet, W.C., Theobald, P.K., Jr., and Whitlow, J].W., 1959,
Thorium and uranium resources in monazite placers of the
western Piedmont, North and South Carolina: Mining Engi-
neering, v. 11, no. 7, p. 709-714.

Overstreet, W.C., White, A.M., Whitlow, J.W., Theobald,
PK., Jr., Caldwell, D.W., and Cuppels, N.P., 1968, Fluvial
monazite deposits in the southeastern United States: U.S.
Geological Survey Professional Paper 568, 85 p., 9 plates.

Owens, J.P., Grosz, A.E., and Fisher, J.C., 1989, Aeroradio-
metric map and geologic interpretation of part of the Flor-
ence and Georgetown 1° X 2° quadrangles, South Carolina:
U.S. Geological Survey Miscellaneous Investigations Series
Map [-1948-B, 1 sheet, scale 1:250,000.

Parker, R.L., and Sharp, W.N., 1970, Mafic-ultramafic igneous
rocks and associated carbonatites of the Gem Park Com-
plex, Custer and Fremont Counties, Colorado: U.S. Geo-
logical Survey Professional Paper 649, 24 p.



Pitkin, J.A., 1974, Preliminary thorium daughter contour
map and profiles of the Hicks Dome area, Hardin County,
Illinois: U.S. Geological Survey Open-File Report 74157,

9p.

Savage, C.N., 1961, Economic geology of central Idaho black-
sand placers: Idaho Bureau of Mines and Geology Bulletin
17, 160 p.

Shaver, K.C., and Lunceford, R.A., 1998, White Earth
Project, Colorado—The largest titanium resource in the
United States: Canadian Industrial Minerals Bulletin,

v. 91, p. 63-65.

Shawe, D.R., and Parker, R.L., 1967, Mafic-ultramafic layered
intrusion at Iron Mountain, Fremont County, Colorado: U.S.
Geological Survey Bulletin 1251-A, 28 p.

Sorensen, H., ed., 1974, The alkaline rocks: London, John
Wiley, 622 p.

Staatz, M.H., 1972a, Geology and description of the thorium-
bearing veins, Lemhi Pass quadrangle, Idaho and Montana:
U.S. Geological Survey Bulletin 1351, 94 p.

Staatz, M.H., 1972b, Thorium-rich veins of Hall Mountain
in northernmost Idaho: Economic Geology, v. 67, no. 2,
p. 240-248.

Staatz, M.H., 1974, Thorium veins in the United States: Eco-
nomic Geology, v. 69, no. 4, p. 494-507.

Staatz, M.H., 1978, I and L uranium and thorium vein system,
Bokan Mountain, southeastern Alaska: Economic Geology,
v. 73, no. 4, p. 512-523.

Staatz, M.H., 1979, Geology and mineral resources of the
Lembhi Pass thorium district, Idaho and Montana: U.S. Geo-
logical Survey Professional Paper 1049-A, 90 p.

Staatz, M.H., 1983, Geology and description of thorium and
rare-earth deposits in the southern Bear Lodge Mountains,
northeastern Wyoming: U.S. Geological Survey Profes-
sional Paper 1049-D, 52 p., 2 plates.

Staatz, M.H., and Armbrustmacher, T.J., 1982, Preliminary
map of the thorium provinces in the conterminous United
States: U.S. Geological Survey Open-File Report 79-576U,
1 sheet, scale 1:5,000,000.

Staatz, M.H., Armbrustmacher, T.J., Olson, J.C., Brownfield,
LK., Brock, M.R., Lemons, J.F., and Clingan, B.V., 1979,
Principal thorium resources in the United States: U.S. Geo-
logical Survey Circular 805, 42 p.

Staatz, M.H., Bunker, C.M., and Bush, C.A., 1972, Thorium
distribution in a granite stock near Bull Canyon, Lembhi
County, Idaho, in Geological Survey research, 1972, Chap-
ter B: U.S. Geological Survey Professional Paper 800-B,
p. B51-B56.

References Cited 21

Staatz, M.H., and Conklin, N.M., 1966, Rare-earth thorium
carbonate veins of the Road Gulch area, northern Wet
Mountains, Colorado, in Geological Survey research, 1966,
Chapter B: U.S. Geological Survey Professional Paper
550-B, p. 130-133.

Staatz, M.H., Hall, R.B., Macke, D.L., Armbrustmacher, T.J.,
and Brownfield, I.LK., 1980, Thorium resources of selected
regions in the United States: U.S. Geological Survey Circu-
lar 824, 32 p.

Storch, R.H., and Holt, D.C., 1963, Titanium placer deposits
of Idaho: U.S. Bureau of Mines Report of Investigations
6319, 69 p.

Temple, A.K., and Grogan, R.M., 1965, Carbonatite and
related alkalic rocks at Powderhorn, Colorado: Economic
Geology, v. 60, p. 672-692.

Thompson, J.V., 1987, Titanium resource in Colorado equals all
other U.S. deposits: Engineering and Mining Journal, v. 188,
no. 7, p. 27-30.

Thompson, T.B., 1988, Geology and uranium-thorium mineral
deposits of the Bokan Mountain granite complex, southeast-
ern Alaska: Ore Geology Reviews, v. 3, p. 193-210.

Trace, R.D., 1960, Significance of unusual mineral occurrence
at Hicks Dome, Hardin County, Illinois, in Short papers in the
geological sciences, Geological Survey research, 1960: U.S.
Geological Survey Professional Paper 400-B, p. B63-B64.

Tuttle, O.F., and Gittins, J., 1966, Carbonatites: New York,
Interscience Publishers, 591 p.

Van Gosen, B.S., 2008, Geochemistry of rock samples col-
lected from the Iron Hill carbonatite complex, Gunnison
County, Colorado: U.S. Geological Survey Open-File
Report 2008-1119, 27 p., 2 data files. [Available online at
http://pubs.usgs.gov/of/2008/1119/]

Van Gosen, B.S., and Lowers, H.A., 2007, Iron Hill (Pow-
derhorn) carbonatite complex, Gunnison County, CO—A
potential source of several uncommon mineral resources:
Mining Engineering, v. 59, no. 10, p. 56-62.

Vickers, R.C., 1956, Airborne and ground reconnaissance of
part of the syenite complex near Wausau, Wisconsin: U.S.
Geological Survey Bulletin 1042-B, p. 25-44.

Weinberg, A.M., 1994, The first nuclear era—The life and
times of a technological fixer: New York, AIP Press, 291 p.

Williams, Lloyd, 1967, Heavy minerals in South Carolina:
Columbia, S.C., South Carolina State Development Board,
Division of Geology, Bulletin No. 35, 35 p.

Woolley, A.R., 1987, Alkaline rocks and carbonatites of the
World—Part I, North and South America: Austin, Tex.,
University of Texas Press, 216 p.



Manuscript approved for publication March 10, 2009
Publishing support provided by:
Denver Publishing Service Center

For more information concerning this publication, contact:
Team Chief Scientist, USGS Central Mineral Resources
Box 25046, Mail Stop 973

Denver, CO 80225

(303) 236-1562

Or visit the Central Mineral Resources Team Web site at:
http://minerals.cr.usgs.gov/


http://minerals.cr.usgs.gov/

S pajuf 3

Sé)E_l

P

m
=
(1)
-
(-]
=<

92IN0SaY

FPnir ot

It




