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Thematic Article

Rare Earth Deposits of North America

Stephen B. CasTor
Nevada Bureau of Mines and Geology, University of Nevada, Reno, Nevada, USA

Abstract

Rare earth elements (REE) have been mined in North America since 1885, when placer monazite was pro-
duced in the southeast USA. Since the 1960s, however, most North American REE have come from a carbon-
atite deposit at Mountain Pass, California, and most of the world’s REE came from this source between 1965
and 1995. After 1998, Mountain Pass REE sales declined substantially due to competition from China and to
environmental constraints. REE are presently not mined at Mountain Pass, and shipments were made from
stockpiles in recent years. Chevron Mining, however, restarted extraction of selected REE at Mountain Pass in
2007. In 1987, Mountain Pass reserves were calculated at 29 Mt of ore with 8.9% rare earth oxide based on a 5%
cut-off grade. Current reserves are in excess of 20 Mt at similar grade. The ore mineral is bastnasite, and the
ore has high light REE/heavy REE (LREE/HREE). The carbonatite is a moderately dipping, tabular 1.4-Ga
intrusive body associated with ultrapotassic alkaline plutons of similar age. The chemistry and ultrapotassic
alkaline association of the Mountain Pass deposit suggest a different source than that of most other carbon-
atites. Elsewhere in the western USA, carbonatites have been proposed as possible REE sources. Large but
low-grade LREE resources are in carbonatite in Colorado and Wyoming. Carbonatite complexes in Canada
contain only minor REE resources. Other types of hard-rock REE deposits in the USA include small iron-REE
deposits in Missouri and New York, and vein deposits in Idaho. Phosphorite and fluorite deposits in the USA
also contain minor REE resources. The most recently discovered REE deposit in North America is the Hoidas
Lake vein deposit, Saskatchewan, a small but incompletely evaluated resource. Neogene North American
placer monazite resources, both marine and continental, are small or in environmentally sensitive areas, and
thus unlikely to be mined. Paleoplacer deposits also contain minor resources. Possible future uranium mining
of Precambrian conglomerates in the Elliott Lake-Blind River district, Canada, could yield by-product HREE
and Y. REE deposits occur in peralkaline syenitic and granitic rocks in several places in North America. These
deposits are typically enriched in HREE, Y, and Zr. Some also have associated Be, Nb, and Ta. The largest such
deposits are at Thor Lake and Strange Lake in Canada. A eudialyte syenite deposit at Pajarito Mountain in
New Mexico is also probably large, but of lower grade. Similar deposits occur at Kipawa Lake and Lackner
Lake in Canada. Future uses of some REE commodities are expected to increase, and growth is likely for REE
in new technologies. World reserves, however, are probably sufficient to meet international demand for most
REE commodities well into the 21st century. Recent experience shows that Chinese producers are capable of
large amounts of REE production, keeping prices low. Most refined REE prices are now at approximately 50%
of the 1980s price levels, but there has been recent upward price movement for some REE compounds follow-
ing Chinese restriction of exports. Because of its grade, size, and relatively simple metallurgy, the Mountain
Pass deposit remains North America’s best source of LREE. The future of REE production at Mountain Pass is
mostly dependent on REE price levels and on domestic REE marketing potential. The development of new
REE deposits in North America is unlikely in the near future. Undeveloped deposits with the most potential
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are probably large, low-grade deposits in peralkaline igneous rocks. Competition with established Chinese
HREE and Y sources and a developing Australian deposit will be a factor.

Keywords: carbonatite, iron-REE, outlook, peralkaline, placer, production, rare earths.

1. History of production of rare earth
elements in North America

During the late 1800s and early to mid 1900s, North
American rare earth elements (REE) came mainly from
placer deposits. Approximately 5000t of monazite
were produced between 1885 and 1917 from the Carolina
monazite belt, and REE minerals were produced in the
1950s from placers in Idaho where dredging operations
near the town of Cascade and in Bear Valley produced
approximately 7000 t of monazite, and an unknown
amount of monazite and euxenite, respectively, on the
basis of data from Overstreet (1967) and Kline et al.
(1953). Between 1952 and 1994, by-product REE were
recovered from mineral sands at Green Cove Springs,
Florida. Metamorphosed Early Proterozoic conglomer-
ate mined for uranium at Blind River, Ontario, Canada,
was the source of minor REE production from the 1950s
to 1970s, and again from 1986 to 1990. In the 1950s
a small amount of bastnasite was produced from a
fluorite deposit in the Gallinas Mountains, New Mexico
(Adams, 1965).

Between 1965 and 1995 most of the world’s REE
came from the Mountain Pass, California, bastnasite
deposit. The Mountain Pass operation of Molycorp (now
part of Chevron Mining Inc.) produced rare earths
since 1954, and from the 1960s to the mid 1990s was the
world’s largest source of rare earth commodities. After
1998, Mountain Pass rare earth sales declined substan-
tially due to competition from China and to environ-
mental constraints. The rare earth separation plant at
Mountain Pass was shut down in 1998 (Hedrick, 1999)
and mining ceased during 2002 (Hedrick, 2003). In
recent years the operation was in care-and-maintenance
status and shipments were made from stockpiles
(Hedrick, 2007). In 2007, however, Chevron Mining
restarted part of the REE extraction plant in order to
produce commodities containing La, Nd, and Pr.

2. Geology of North American
REE deposits

2.1. Carbonatite deposits

Many carbonatite intrusions are enriched in REE; Orris
and Grauch (2002) list more than 100 carbonatite oc-
currences that contain REE minerals. Brief descriptions
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of REE mineral occurrences in carbonatites worldwide
may be found in Mariano (1989), Woolley (1987), and
Wall and Mariano (1996). Productive REE deposits and
potential REE resources in North America are dominated
by carbonatite deposits (Table1). Despite the abundance
of REE-bearing carbonatites, REE have been produced
from only one such deposit in North America, the
Mountain Pass deposit in California (Fig. 1).

The Mountain Pass deposit was mined exclusively
for REE beginning in 1954 by Molycorp (originally
Molybdenum Corporation of America). In 1987, proven
and probable reserves were calculated at 29 Mt with an
average grade of 8.9% rare earth oxide (REO) based
on a 5% cut-off grade (Castor, 1991). Current reserves are
in excess of 20Mt of ore at similar grade (Castor & Nason,
2004). The ore typically contains 10-15% bastnasite,
65% calcite and (or) dolomite, and 20-25% barite. Other
gangue minerals, such as strontianite and talc, are present
in significant amounts locally. Galena is locally abun-
dant but other sulfide minerals are rare. Bastnasite
is the mineral processed, although nine other REE
minerals occur at Mountain Pass (Castor & Nason, 2004).
Mountain Pass bastnasite has high light REE/heavy
REE (LREE/HREE; Table2). The major oxide chemistry
of Mountain Pass REE ore types is shown in Table 3.

The Mountain Pass carbonatite, which has been
dated at approximately 1.4 x 10° years (DeWitt ef al.,
1987), is a moderately dipping, tabular intrusion (Fig. 2)
into granulite grade gneiss. It is associated with ultra-
potassic alkaline plutons of similar age, size and orien-
tation, as well as with abundant carbonatite and alkaline
dikes, and is in a narrow north-trending zone of ultra-
potassic alkaline igneous rocks at least 130 km long
(Castor, 1991; Castor & Nason, 2004).

The Mountain Pass deposit shares features with
other carbonatites in the world. It has textural and
structural features that support igneous intrusive
origin (Olson et al., 1954); it has associated alkali-rich
fenitic alteration; and its chemistry is broadly indica-
tive of carbonatite origin. However, the shape of the
carbonatite orebody, its ultrapotassic alkaline associa-
tion (most carbonatites are associated with alkaline
rocks that are dominantly sodic), and some details of
its chemistry (it is unusually low in iron and phospho-
rus for REE-rich carbonatite), suggest that its source was
different than that of most other carbonatites (Castor &
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Table 1 Size and grade of some productive and potentially productive North American rare earth deposits

Rare Earth deposits of North America

Name Country State/Province REO (Mt) REO % Source Comments
Carbonalite
Iron Hill USA Colorado 2.600 0.42 Jackson and Christiansen (1993) By-product of Nb
Mountain Pass USA California 1.800 8.9 Castor and Nason (2004) 5% REO cut-off
Bear Lodge USA Wyoming 0.380 3.3 Meyer (2002) Carbonatite dikes
Oka Canada Quebec 0.221 0.1 Orris and Grauch (2002) By-product of Nb
Wet Mountains USA Colorado 0.140 1.0 Orris and Grauch (2002) Dike deposits,
high Th
Hicks Dome USA Tllinois 0.062 0.42 Jackson and Christiansen (1993) B}ig—product of Nb
Alkaline rock
Thor Lake Canada NW Territories 1.547 0.41 Orris and Grauch (2002)
Strange Lake Canada Labrador—-Quebec 0.440 0.85 Richardson and Birkett (1996)
Lackner Lake Canada Ontario 0.130 2.72 Orris and Grauch (2002)
Pajarito Mountain ~ USA New Mexico 0.004 0.18 Jackson and Christiansen (1993) REO = Y,0; only
Kipawa Lake Canada Quebec ND >0.10 Richardson and Birkett (1996)  REO = Y>O;3 only
Iron oxide-REE
Mineville USA New York 0.160 1.04 Jackson and Christiansen (1993) Apatite in mill
tails
Pea Ridge USA Missouri 0.072 12.0 Orris and Grauch (2002)
Vein
Powderhorn USA Colorado 0.886 0.36 Jackson and Christiansen (1993) Stockwork veins
Lemhi Pass USA Idaho 0.199 0.51 Jackson and Christiansen (1993)
Hoidas Lake Canada Saskatchewan 0.035 2.56 Great Western Minerals Group  Allanite and
(2007) apatite
Diamond Creek USA Idaho 0.003 1.22 Jackson and Christiansen (1993)
Placer
Oak Grove USA Tennessee 0.157 0.09 Jackson and Christiansen (1993) Monazite
Idaho placers USA Idaho 0.150 0.01 Jackson and Christiansen (1993) Mostly monazite
Hilton Head Island USA South Carolina 0.061 0.01 Jackson and Christiansen (1993) Monazite

Carolina placers USA N. and S. Carolina 0.057

Cumberland Island USA Georgia 0.027

Green Cove Spring USA Florida 0.005
Paleoplacer

Elliott Lake Canada Ontario 0.020

Bald Mountain USA Wyoming 0.014
Phosphorite

Idaho deposits USA Idaho 0.100
Fluorite

Gallinas Mountains USA New Mexico 0.001

ND Jackson and Christiansen
0.01 Jackson and Christiansen
0.005  Jackson and Christiansen

1993) Monazite
1993) Monazite
1993) Monazite

o~~~ o~

0.009  Jackson and Christiansen (1993) Monazite
0.12 Jackson and Christiansen (1993) Monazite

0.1 Jackson and Christiansen (1993) Several deposits

2.95 Orris and Grauch (2002)

ND, no data; REE, rare earth element; REO, rare earth oxide.

Nason, 2004). The chemistry of the ultrapotassic alka-
line rocks at Mountain Pass suggests that they were
derived from primitive or depleted mantle mixed with
an enriched mantle or crustal component, and the
carbonatite likely came from a similar source. The
Mountain Pass LREE deposit occurs in a northeasterly
trending belt of anorogenic Middle Proterozoic pluto-
nism that crosses the North American continent
(Anderson, 1983) and contains eight Middle-Late
Proterozoic REE deposits (Castor, 1993, 1994).
Although there are mineral and chemical similarities
between the Mountain Pass and the huge Bayan Obo
deposits in China, there are also some major differ-
ences. Like the Bayan Obo ore, the Mountain Pass
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carbonatite ore has extreme LREE enrichment with no
europium anomalies (Fig.3) and low 87Sr/80Sr. As at
Bayan Obo, alkali-rich alteration is associated with the
Mountain Pass carbonatite; in both areas alteration as-
semblages include sodic amphibole and potash feld-
spar (Olson et al., 1954; Drew et al., 1990). The Bayan
Obo and Mountain Pass deposits are both enriched in
barium and fluorine (Wu et al., 1996; Castor & Nason,
2004). Samples of Bayan Obo ore, however, have an av-
erage BaO content of approximately 2.4%, and a maxi-
mum barium content of 7.7% (based on data from Chao
et al., 1997), much lower than Mountain Pass ore (Table3).
The fluorine content of Bayan Obo ore, which averages
more than 9%, is much higher than that of Mountain
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Fig. 1 Locations of North American rare earth element
deposits.

Pass ore, and Bayan Obo ore also has higher phospho-
rus and niobium contents. REE deposits at Bayan Obo
are clearly different from Mountain Pass in their asso-
ciation with large amounts of iron. Whereas Mountain
Pass ore contains approximately 10-fold as much bast-
nasite as monazite, the Bayan Obo deposits reportedly

contain approximately equal amounts of bastnasite
and monazite (Qiu, Y., pers. commun., 1984), although
bastnasite-rich ore is selectively mined. REE/chondrite
patterns for Bayan Obo show enrichment in HREE
relative to Mountain Pass (Fig.3). Finally, the
ultrapotassic alkaline intrusions that are associated
with the Mountain Pass carbonatite are not found
at Bayan Obo. On the basis of its relatively high P, Fe,
and Nb contents, if the Bayan Obo deposit has a
carbonatite-related origin, it is probably related to a
nephelinite—carbonatite system, rather than to an
ultrapotassic—carbonatite system as at Mountain Pass.

Elsewhere in the western USA, carbonatites have
been investigated as possible sources of REE, but none
rival the Mountain Pass deposit as a REE resource.
Similar to the Mountain Pass carbonatite, most have
high LREE/HREE. The Cambrian Iron Hill carbonatite
in Colorado has been considered a possible source
of REE. It contains a very large REE resource (Table1),
but its grade is only approximately 0.4-0.5% REO
(Armbrustmacher, 1980; Jackson & Christiansen, 1993).
Carbonatite dikes in the Powderhorn district that con-
tain up to 3% REO constitute a resource of unknown
size (Olson & Hedlund, 1981), and dikes in the nearby
Wet Mountains constitute a small resource with a grade
of approximately 1.1% REO (Orris & Grauch, 2002).
An LREE deposit consisting of three or more parallel
Tertiary carbonatite dikes in the Bear Lodge district of
Wyoming contains a moderately large resource at

Table 2 REO analyses of North American REE concentrates and ores (normalized to approx. 100 wt% REO + Y,03)

Oxide Bear Lodge Mountain Pass Green Cove Spring Mineville Thor Lake Strange Lake
bulk ore bastnasite monazite apatite xenotime bulk ore
La 30.37 33.79 17.5 15.75 0.1 4.58
Ce 45.50 49.59 437 31.12 0.02 11.95
Pr 4.65 412 5.0 3.62 0.1 1.36
Nd 15.82 11.16 17.5 15.46 0.2 4.26
Sm 1.83 0.85 4.9 2.94 1.8 2.07
Eu 0.35 0.105 0.16 0.39 0.7 0.15
Gd 0.74 0.21 6.6 3.52 11.6 2.45
Tb 0.05 0.016 0.26 1.86 2.5 0.33
Dy 0.16 0.034 0.9 1.86 15.6 8.24
Ho 0.02 0.004 0.11 0.59 3.1 1.70
Er 0.03 0.006 TR 1.66 541 4.90
Tm <0.01 0.002 TR 0.49 0.6 0.69
Yb 0.49 0.002 0.21 1.66 22 4.02
Lu <0.01 ND TR 0.59 0.7 0.42
Y <0.01 0.13 32 18.49 55.31 52.78
Total 100.01 100.00 100.04 100.00 99.94 99.90

Data sources: Bear Lodge, Rare Element Resources (2005); Mountain Pass, Castor (1986); Green Cove Spring, Hedrick (2003);
Mineville, Roeder et al. (1987); Thor Lake, Avalon Ventures (2007); Strange Lake, J. W. Keim, unpubl. data (1983).
ND, no data; REE, rare earth element; REO, rare earth oxide; TR, trace.
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S. B. Castor

Alkaline rock
oulcrop

Fig. 2 Stacked cross-sections through the Mountain Pass
rare earth element carbonatite orebody (gray) and a
large, adjacent mass of alkaline rock (patterned). From
Castor and Nason (2004).

approximately 3.3% REO with ancylite as the ore mineral
(Meyer, 2002). A late Paleozoic Nb carbonatite resource
at Hicks Dome in Illinois includes a relatively small
REE resource.

Carbonatite complexes in eastern Canada also con-
tain REE mineralization. A Mesozoic Nb carbonatite at
Oka, Quebec contains a moderate-sized REE resource
(Orris & Grauch, 2002). Bastnasite and monazite zones
containing up to 4.5% LREE have been identified in the
Late Proterozoic St-Honore complex in Quebec, with
one 80-m drill intercept averaging >3% REO (Vallee &
Dubuc, 1970).

2.2. HREE deposits in peralkaline
igneous rocks

Many REE deposits occur in peralkaline igneous rocks
and resources can be large, but most such deposits are
relatively low grade, and only a single deposit in Russia
has been mined. Peralkaline REE deposits are typically
enriched in yttrium, HREE, and zirconium. Future
development of such deposits is probably dependent
on the market for zirconium.
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Fig. 3 Chondrite-normalized plot of rare earth elements
(REE) in ores from Bayan Obo, China, and Mountain
Pass, USA. (O) Bayan Obo Fe-REE-aegerine ore; (@)
Bayan Obo Fe-REE-fluorite ore; data from Yuan
et al. (1992). (A) Mountain Pass beforsite ore; (A)
Mountain pass sovite ore; data from Castor (1986).
REE data not normalized to 100% prior to chondrite
normalization.

During the 1980s, when yttrium demand exceeded
supply, exploration in North America for yttrium-
rich REE deposits led to the discovery of zirconium
and HREE-dominated resources that are associated
with peralkaline syenitic and granitic rocks. Some
have associated Be, Nb, and Ta. Some of these re-
sources are large, but have low REE contents com-
pared with commercial LREE-dominated deposits
(Table1). Richardson and Birkett (1996) give an over-
view of Canadian peralkaline rock-associated
deposits, and compare them with similar deposits
worldwide.

Deposits at Thor Lake in the Northwest Territories,
Canada (Trueman et al., 1988; Taylor & Pollard, 1996)
may constitute the largest resource of this type in North
America. Orris and Grauch (2002) reported the re-
source at 65Mt of ore at 1.7% REO (approx. 1.55Mt
REO). The deposits also contain high but variable Zr,
Nb, and Ta contents. REE minerals include xenotime,
gadolinite, monazite and REE carbonates. Recent data
on two specific zones at Thor Lake indicate a drilled
resource of 1.14m tonnes at 0.71% Y,05;+REO (Avalon
Ventures, 2007).

The Strange Lake Zr-HREE-Nb-Be deposit in Quebec—
Labrador (Fig. 1) is a potentially large resource in a cir-
cular peralkaline granite complex approximately 6 km
in diameter (Currie, 1985). Orris and Grauch (2002)
reported 52 Mt at 0.54% REO +0.31 Y03, for a total
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resource of approximately 0.44 Mt REO (including Y>03).
An earlier resource estimate was 5 Mt containing 0.5%
yttrium and 3% zirconium along with beryllium, nio-
bium, and tantalum credits (Miller, 1988). Most of the
Strange Lake REE are in gadolinite, bastnasite, and kain-
osite (Mariano, A. N., pers. comm., 1989). Alkaline
complexes in the Shallow Lake and Letitia Lake areas
in Labrador, approximately 250 km southeast of Strange
Lake, also include rocks with high yttrium content
(Currie, 1976; Miller, 1988).

Foliated syenite at Kipawa Lake, Ontario, includes a
1300 x 100-m zone of yttrium- and zirconium-rich rock
that contains eudialyte, mosandrite, and britholite
(Allan, J., pers. comm, 1993). The Y,O3 content of this
deposit is comparable to that at Pajarito Mountain, but
grade varies widely within the deposit, which was
intensely deformed during the Grenville orogeny.

A HREE-zirconium deposit at Pajarito Mountain in
New Mexico containing 2.4 Mt of rock with 0.18% Y,03
and 1.2% ZrO, (Sherer, 1990) consists of a 10-km?
dome-shaped syenite intrusion (Kelley, 1968). The
main zirconium-REE phase was found to be eudialyte
(Mariano, 1989). Granite- and syenite-associated HREE
resources with Y,O3 contents of approximately 0.2%
have also been identified at Bokan Mountain in south-
eastern Alaska (Barker & Mardock, 1988).

2.3. Vein deposits

REE deposits in veins are typically small in compari-
son to the commercial hard rock deposits at Bayan Obo
and Mountain Pass. Nevertheless, REE have been pro-
duced from two vein deposits in Africa in the past, and
more recently from two such deposits in China that
may actually be carbonatite dikes. Several North
American REE vein deposits have been investigated
but not mined.

The largest REE vein resource in North America con-
sists of stockwork veins in alkaline rock in the Powder-
horn district of Colorado (Table1; Staatz, 1983). The grade,
however, is <0.5% REO (Jackson & hristiansen, 1993).

REE- and thorium-bearing quartz veins scattered
over an area of approximately 250 km? at Lembhi Pass
on the Idaho—-Montana border in the USA (Staatz et al.,
1979) comprise a moderate REE resource (Table 1). The
mineralization is mostly LREE dominated and aver-
ages <1% REO, but some veins contain as much as 0.3%
Y,03 and 2.0% total REO. A small area at Diamond
Creek approximately 50 km northwest of Lemhi Pass
contains veins with similar mineralogy, but with lower
LREE/HREE ratios.
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The most recently discovered North American REE
vein deposit is at Hoidas Lake in northwestern Sas-
katchewan. A measured and indicated resource of
1.15 Mt at 2.83 wt% REO + Y,03 has been announced
(Great Western Minerals Group, 2007). The REE are in
allanite- and apatite-bearing veins that may be meta-
morphosed equivalents of pyroxene-rich ultramafic to
lamprophyric dikes (Harvey et al., 2002).

The Snowbird occurrence in northwestern Montana
is a REE resource of unknown size in a Cretaceous
quartz—carbonate—fluorite-parisite vein considered
to be of hydrothermal origin (Metz et al., 1985).
Thorite-bearing quartz-carbonate—fluorite veins at
Hall Mountain near Porthill in northernmost Idaho
contain as much as 0.2% Y,Os.

A monazite-apatite vein cuts Precambrian granite
near Crescent Peak in Nevada approximately 30 km
east of the Mountain Pass REE deposit (Castor, 1991).
The vein is small and of little interest economically. It is
interesting because its REE distribution includes a
prominent negative Eu anomaly, which suggests a dif-
ferent origin than for the Mountain Pass carbonatite.

2.4. Iron-rare earth element deposits

The huge iron-REE deposit at Bayan Obo is the world’s
largest REE resource. Two relatively small iron-REE
deposits in the USA may fall into this class of deposit.

Mill tailings from historic processing of magnetite de-
posits in Precambrian gabbro and syenite at Mineville,
New York, are a REE resource of moderate size (Table1).
They contain apatite that averages >11% REO, including
approximately 2% Y,03 (McKeown & Klemic, 1956).

The Pea Ridge iron deposit in Missouri contains an
unexploited high-grade REE resource of unknown but
probably small size in breccia pipes associated with
1.48 x 10%year-old granite and syenite (Kisvarsanyi
et al., 1989). Bulk samples of REE-rich breccia, which
contains monazite and xenotime, average approximately
12% REE (Nuelle et al., 1992). Although the Pea Ridge
resource is LREE dominated, it also contains signifi-
cant HREESs.

2.5. Placer deposits

Most placer accumulations with significant amounts
of REE minerals are Tertiary or Quaternary deposits
derived from source areas that include granitic rocks
or high-grade metamorphic rocks, but paeloplacer de-
posits that are as old as Precambrian contain REE re-
sources. Orris and Grauch (2002) list more than 360
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REE-bearing placers worldwide. In the 1980s, mona-
zite and xenotime from titania—zircon paleobeach plac-
ers in Australia were the third most important source
of REE in the world, but Australia currently exports
little or no REE minerals from such sources owing to its
high thorium content.

Minor resources of REO are in modern marine plac-
ers in the southeastern USA, such as at Hilton Head
Island in South Carolina (Table 1). The Carolina mon-
azite belt has placer reserves that average 0.25kg m=3
of monazite (Overstreet, 1967). Scattered alluvial plac-
ers in Idaho comprise a moderate sized REO resource.
Jackson and Christiansen (1993) listed five separate
Idaho placer deposits that together constitute a
moderate-sized resource. Monazite reserves were
estimated at 38,000t in the Cascade, Idaho placers
(Overstreet, 1967). Bear Valley, Idaho, contains an
estimated 10,000t of REO along with significant Nb
and Ta on the basis of data from Kline et al. (1953).
Approximately 500t of monazite per year were pro-
duced from 1952 to 1994 as a by-product from titania—
zircon production from Pleistocene marine sands near
Green Cove Springs in Florida. The sands, which were
mined by dredging, now constitute a minor REE re-
source (Table1).

Unconsolidated Cretaceous Ti-Zr mineral sands at
Oak Grove in Tennessee are probably the largest North
American placer REE resource (Table 1). The deposit,
which was discovered and evaluated in the 1960s, has
never been mined. Metamorphosed Early Proterozoic
conglomerate mined for uranium in the Elliot Lake-
Blind River district, Ontario, Canada, contains REE in
monagzite, uraninite, and brannerite (Roscoe, 1969) and
was the source of minor REE production from the 1950s
to 1970s, and again from 1986 to 1990. The heavy min-
erals in this ore are believed to be primarily of placer
origin with possible enrichment during metamorphism
or hydrothermal activity. Of the approximately 230 Mt
of ore averaging 0.1% U3zOg estimated to be present in
the district in 1973 (Robertson, 1981), perhaps half
remained in the early 1990s. Uranium mining ended in
1996, but mining may resume if uranium prices remain
high, and HREE and Y could conceivably be produced
as by-products.

At Music Valley in southern California, small xenotime-
and monazite-rich zones with as much as 16% REO
(including 6% Y>O3) in Precambrian gneiss are thought to
have originated as placer accumulations (Evans, 1964).
At Bald Mountain, Wyoming, a small paleoplacer
monazite resource was identified in Cambrian
conglomerate (Borrowman & Rosenbaum, 1962).
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2.6. Other deposits

Near-economic HREE-uranium mineralization occurs
as xenotime accumulations in sandstone of the late
Precambrian Athabasca Group near Wheeler River in
Alberta, Canada. Approximately 65t of bastnasite
concentrate were produced from a fluorspar deposit in
the Gallinas Mountains, New Mexico, in the 1950s
(Adams, 1965).

Marine phosphorites have been proposed as a poten-
tial source of REE (Altschuler et al., 1967). Certain mem-
bers of the Permian Phosphoria Formation, which are
mined for phosphate in large quantities in Montana and
Idaho, contain significant amounts of REE including as
much as 0.1% yttrium (Gulbrandsen, 1966). Jackson and
Christiansen (1993) listed 10 such phosphate deposits,
all in Idaho, that together constitute a moderate-sized,
low-grade REE resource (Table1).

3. Economic factors that influence North
American REE production

REE mineral concentrates and intermediate com-
pounds had relatively steady price and production in-
creases from the 1960s through the 1980s, when markets
were created in response to new technologies while
REE sources remained relatively steady. REE concen-
trates and intermediate compounds became relatively
inexpensive when compared with many other mineral
products following significant Chinese impact on the
market in the 1990s. Prices for most REE commodities
remained low until recently, when concerns about the
supply of REE commodities used in magnets and bat-
teries have arisen.

REE economics are complex because individual REE
occur together in most deposits in fixed ratios, and
producers must solve the riddle of how to balance pro-
duction against market demand. This factor leads to
stockpiling of unmarketable REE fractions and prod-
ucts by producers. For example, during the 1980s the
Mountain Pass operation was able to sell most of its
low-cost Ce oxide product easily (mainly into the glass
industry), Sm was sold on consignment because of
high demand for magnet manufacture, and Eu easily
sold at high prices because of its use in color television
CRTs. At the same time, the company had oversupplies
of La and other REE. Strong demand for high-purity
Ce, La, and Nd for use in automotive catalytic convert-
ers, fluid cracking catalysts, and magnets changed the
picture during the 1990s.
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In the past, REE commodities were not only mined
dominantly in the USA, but also refined there. During
the 1980s this began to change, particularly with the
emergence of China as the dominant raw material sup-
plier, and most REE commodities are now produced
overseas. In 2003, at least 20 companies in Japan pro-
duced REE commodities that are mainly used in its do-
mestic industries, and 16 European countries exported
REE commodities to the USA in 2003.

The classification of China as a Most Favored Nation
in 1978 by the USA had a strong impact on REE mar-
kets, and the US Government has shown little interest
in protecting domestic producers. The Chinese govern-
ment has had an aggressive policy toward the pro-
motion of its REE industry, and during the 1990s
development of Chinese REE deposits was apparently
not impeded by normal market considerations, lead-
ing to significant overproduction of REE in the early
2000s. In 2003 the Chinese Government announced
that it would assert control over its REE industry and
restrict REE exports. Recent price increases for some
REE commodities indicate that this has taken place.

Although the bastnasite produced at Mountain Pass
has relatively low thorium (approximately 100 ppm),
chemical processing was suspended by the California
Environmental Protection Agency in 1998, mostly due
to radioactive element content of waste involved in a
spill incident. Between 2001 and the present, REE com-
modities were sold from stockpile, and imported REE
commodities were tested.

The future use of REE is expected to increase, espe-
cially in automotive pollution catalysts, fluid cracking
catalysts, and permanent magnets. Future growth is
also forecast for REE used in lasers, fiber optics, and
medical applications. Demand is expected to decline
over the next decade for REE phosphors used in CRTs
as flat panel display use increases. REE use in recharge-
able nickel-hydride batteries may decline as lithium
ion batteries gain wider use. Long-term growth is fore-
cast for REE utilized in magnetic refrigeration alloys
and other high technology uses, but such trends are
difficult to predict with surety.

World REE reserves are probably sufficient to meet
forecast international demand well into the 21st cen-
tury. Several world-class REE deposits in Australia and
China have yet to be fully developed, and contain sub-
stantial reserves. World REE markets are expected to
continue to be very competitive in response to China’s
large resources, competitive prices, low-cost labor,
inexpensive utilities, and minimal environmental and
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permitting requirements. China is expected to remain
the world’s principal REE supplier. Economic growth
in several developing countries will provide new
and potentially large markets in Southeast Asia and
Eastern Europe.

4. Outlook for North American REE
production

Because of its grade, size, and relatively simple metal-
lurgy, the author believes that the Mountain Pass de-
posit of Chevron Mining Inc. remains North America’s
best source of REE. The main questions that must be
answered regarding the future of REE production at
Mountain Pass are: (i) will the Chinese government
continue to control REE exports and will REE prices
rise; and (ii) are there still significant American markets
for REE and can Chevron Mining recapture them.

Chevron Mining recently restarted its Mountain Pass
processing facilities. If this proves profitable it is likely
that the company will resume mining and milling of the
rich LREE-dominated carbonatite ore at Mountain Pass.

The development of new REE deposits in North
America is unlikely in the near future. Undeveloped
deposits with the most potential are probably the large
but low-grade deposits in peralkaline igneous rocks such
as the Strange Lake and Pajarito deposits. Competition
with established Chinese saprolitic deposits of HREE
and Y and the reportedly imminent development of the
Mount Weld weathered carbonatite deposit in Australia
will be a factor. Because the North American peralkaline
deposits are essentially Zr deposits with HREE and
Y credits, future development probably depends on
the market potential for Zr.
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