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Abstract: The rare earth elements (REE) are vital to modern technologies and society and are amongst
the most important of the critical elements. This special issue of Resources examines a number of
facets of these critical elements, current and future sources of the REE, the mineralogy of the REE,
and the economics of the REE sector. These papers not only provide insights into a wide variety
of aspects of the REE, but also highlight the number of different areas of research that need to be
undertaken to ensure sustainable and secure supplies of these critical metals into the future.

Keywords: rare earth elements; criticality; critical metals; mineralogy; mineral economics

The rare earth elements (REE) are amongst the most important of the critical elements and have
a wide variety of uses (Table 1) within the civilian, energy, and military sectors of the economy.
These elements are defined by the International Union of Applied and Pure Chemistry (IUPAC) as
the 15 lanthanide elements plus Sc and Y (Table 1) [1]. They have similar electron configurations but
also have very distinctive physical and chemical properties that are ideally suited to their usage in
a wide variety of technologies and industrial applications. The REE enable or enhance certain magnetic,
luminescence, and strength characteristics within end-products, all of which are derived from their
partially occupied 4f electron orbitals [2]. This means these elements have low substitutability and
as such are crucial to a wide variety of modern and high technologies in a range of different sectors
(Table 1).

Table 1. Common uses of the rare earth elements.

Element Common Uses Medium-Term Supply Risk  Long-Term Supply Risk
La Optics, batteries, catalysis 64.2 46.5
Ce Chemical applications, coloring, catalysis 63.3 440
Pr Magnets, lighting, optics 65.1 49.2
Nd Magnets, lighting, lasers, optics 64.5 47.5

Limited use due to radioactivity, used in paint and atomic

Pm batteries; very rare in nature N/A N/a
Sm Magnets, lasers, masers 63.8 454
Eu Lasers, color TV, lighting, medical applications 64.7 48.1
cd Magnets, glassv.var.e, lasers, X—ray gen.era.lion/ computer 647 479
applications, medical applications
Tb Lasers, lighting 64.7 479
Dy Magnets, lasers 64.4 47.1
Ho Lasers 64.4 47.2
Er Lasers, steelmaking 64.8 482
Tm X-ray generation 64.1 46.2
Yb Lasers, chemical industry applications 64.1 46.2
Lu Medical applications, chemical industry applications 63.9 457
Sc Alloys in aerospace engineering, lighting N/A N/A
Y Lasers, superconductors, microwave filters, lighting 62.8 421

Adapted from Weng et al. [3] with supply risk scores (out of 100, where 100 is the highest possible risk) from Nasser
etal. [4]. N/A = Not available.
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The increase in the number of uses of the REE has also led to a coincident increase in demand for
these elements [3]. However, although abundant REE resources have been identified to date [3], it is
unclear how many of these resources will be converted into reserves and production. This uncertainty
reflects a wide variety of aspects such as challenges over the processing of REE ores and the presence
of deleterious elements, such as Th, two of several factors that both currently and in the future may
result in some REE resources (e.g., within heavy mineral sands [5]) not being utilized. Social and
environmental issues and the uncertainties over the economics of the REE sector of the economy [6],
among others, also contribute to the uncertainties over REE resources. The majority of REE demand is
met by primary production from mines, dominantly within China (e.g., Bayan Obo). This dominance
of supply from one country is an important factor in the criticality of the REE. One factor relating to
this heavy reliance on the primary production of the REE is the balance problem, where the primary
production is dominated by La and Ce but the majority of REE demand is for Nd or Dy [7,8]. This issue
could be overcome by the recycling of REE-bearing end-products that predominantly contain Nd
and Dy rather than other less-in-demand REE. However, currently less than 1% of the REE within
end-products are currently recycled [9]. This lack of recycling reflects the fact that the amount of the
REE used in end-products spans several orders of magnitude (<mg to several kg [10]). In addition,
the recycling of the REE is hampered by the complexity of the uses of these elements, the difficulties
involved in chemically separating the REE into individual elements, and the long lifetime of some of
the uses of the REE, among other reasons [9].

All of this means that more needs to be known about the REE in order to ensure that secure and
sustainable supplies of these critical elements are available long into the future. The papers within
this special issue provide a number of new insights into different aspects of the geology of the REE,
the processes that concentrate these critical elements, the potential for the extraction of these elements
from unconventional sources, extraterrestrial sources of the REE that may be useful during future
space exploration and exploitation, and the economics of the REE.

McLemore provides an outline of REE potential of mineralizing systems associated with the
alkaline igneous rocks along the edge of the Basin and Range province, specifically focusing on
the alkaline rocks of the Great Plain Margin, New Mexico, USA [11]. This N-S trending belt of
alkaline magmatism is associated with crustal thickening between the Basin and Range and the Rocky
Mountains and hosts Th-REE-fluorite (U, Nb) epithermal mineralization. The gold-rich deposits in
this region have moderate to low REE concentrations, although the presence of carbonatites in this
region and in associated parts of Mexico suggest that there may be potential for carbonatite-hosted
REE mineralization in this area [11].

Smith et al. provide an overview of the REE potential of geothermal brines, a potentially
significant resource that could yield sustainable supplies of a wide variety of commodities, not
just the REE [12]. The potential co-recovery of geothermal energy also makes these geothermal
systems attractive targets for future exploitation. The authors provide an outline of the current state of
knowledge on the distribution of the REE within geothermal brines as well as current approaches and
the overall feasibility of REE recovery from these geothermal systems [12]. Their overall conclusion is
that although these geothermal systems contain interesting concentrations of the REE that technically
can be recovered, it is not currently economically viable nor strategically significant to pursue this
approach for REE extraction [12].

The research presented by Catlos and Miller focuses on the mineralogy and composition of
monazite, a light rare earth element (LREE)-bearing mineral, within the Llallagua tin deposit in
Bolivia [13]. The monazite associated with the deposit contains low concentrations of radiogenic
elements, a key factor in preventing this mineral being used as a source of the REE elsewhere [5].
Previous research in this area suggests that the monazite in this region formed directly from
hydrothermal fluids, meaning the composition of this mineral can provide insights into the fluids
that formed the deposit. The monazite at Llallagua contains more U than Th, as well as very high
concentrations of F, an element that forms complexes with the REE in solution [14] and therefore
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potentially enables these critical elements to be mobilized. The Llallagua monazite contains high
concentrations of Eu and has positive Eu anomalies, suggesting the deposit formed in a reduced
back-arc environment, potentially as a result of the dissolution of pre-existing fluorapatite. All of these
data indicate the usefulness of monazite as a recorder of fluid geochemistry, mineral reactions, and the
tectonic settings of associated mineral deposits [13].

The paper by Chen et al. [15] also focuses on monazite, this time within carbonatite deposits,
one of the world’s most important sources of the REE [3]. The authors state that more than 30
known carbonatite-related REE resources are dominated by monazite, an often secondary mineral
within these systems that is associated with apatite. Carbonatite-hosted monazite is geochemically
variable but is dominated by the Ce-form of this mineral. These monazites are light REE-enriched,
heavy REE-depleted, and are free of Eu and Ce anomalies [15]. These minerals also have Sm-Nd isotopic
compositions that are similar to their host rocks, although the Th-U-Pb ages for these minerals generally
yield thermal or metasomatic disturbance ages rather than primary ages for the associated carbonatite.

Another globally important set of REE resources are associated with alkaline igneous rocks [3].
Dostal [16] provides an overview of the REE deposits genetically linked with this type of magmatism,
where REE mineralization is associated with differentiated rocks that range in composition from
nepheline syenites and trachytes to peralkaline granites. The alkaline igneous units associated
with these REE enrichments are located in continental within-plate tectonic settings. This REE
mineralization is located within layered alkaline complexes, granitic stocks, and late-stages dikes,
as well as more rarely within trachytic volcanic and volcaniclastic deposits. Dostal [16] indicates that the
majority of alkaline igneous rock-related REE mineralization is present as accessory minerals such as
bastnésite, eudialyte, loparite, gittinsite, xenotime, monazite, zircon, and fergusonite. These minerals
are concentrated during the later stages of magmatic evolution, a process that generates the REE
enrichments associated with this type of magmatism. In addition, this primary REE mineralization is
often remobilized and potentially enriched by late-stage magmatic-hydrothermal fluid activity [16].

McLeod and Krekeler [17] move the focus of this special issue to the Moon and beyond, focusing
on potential extraterrestrial sources of the REE. Late-stage lunar magmatism generated residual
melts that were enriched in K, the REE, and P (i.e., KREEP). Each of the sets of samples we have
from the Moon from the Apollo and Luna missions as well as from the lunar meteorite catalogue
contain accessory REE minerals such as apatite, merrillite, monazite, yttrobetafite, and tranquillityite,
although lunar REE abundances are low compared to similar terrestrial samples. This indicates that
it is currently unlikely that the Moon contains economically relevant abundances of the REE [17].
However, the authors suggest that this may be a result of a lack of information about the Procellarum
KREEP Terrane, an area of concentrated KREEP magmatism that may yield locally elevated REE
concentrations [17]. This suggests that future lunar exploration and mapping may reveal areas
containing elevated concentrations of the REE. McLeod and Krekeler [17] also state that Mars and other
extraterrestrial materials contain REE-bearing minerals, albeit at low modal abundances. This indicates
that these materials may potentially be sources for the REE as a by-product of the production of other
commodities vital to space exploration and utilization [17].

The last paper in the special issue, by Macachek et al. [18], focuses on how the REE fit into
a circular economy model whereby resources are kept in use for as long as possible before being
recycled into new end-products, ensuring the most is made of the REE originally derived from primary
sources. The authors present an overview of the risk and value challenges connected to closing value
chain loops and the development of a circular economy within the REE sector [18]. This paper presents
a new analytical framework and provides several case studies of loop closure within the REE industry.
Macachek et al. [18] also identify how risk-value relationships are constructed and how these can
impact the closure of REE value chain loops, or rather what prevents these loops being closed as
a result of the different motivations of industry and government agencies. The authors conclude that
governments need to mediate against the construction of risk—value relationships by facilitating the
generation of information on end-of-life materials. This would enable the REE sector to more effectively
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transition into a circular economy, rather than remaining in the current situation where, for example,
only very limited amounts of the REE present in end-products are recycled [9].

These papers not only provide insights into a wide variety of aspects of the REE, but also highlight

that research needs to continue into various aspects of the REE to ensure we make the most of the
resources of these critical metals.
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Abstract: W.G. Lindgren in 1933 first noted that a belt of alkaline-igneous rocks extends along
the eastern edge of the Rocky Mountains and Basin and Range provinces from Alaska and
British Columbia southward into New Mexico, Trans-Pecos Texas, and eastern Mexico and that
these rocks contain relatively large quantities of important commodities such as, gold, fluorine,
zirconium, rare earth elements (REE), tellurium, gallium, and other critical elements. In New Mexico,
these deposits were called Great Plain Margin (GPM) deposits, because this north-south belt of
alkaline-igneous rocks roughly coincides with crustal thickening along the margin between the Great
Plains physiographic province with the Basin and Range (including the Rio Grande rift) and Rocky
Mountains physiographic provinces, which extends into Trans-Pecos Texas and eastern Mexico.
Since 1996, only minor exploration and development of these deposits in New Mexico, Texas, and
eastern Mexico has occurred because of low commodity prices, permitting issues, and environmental
concerns. However, as the current demand for gold and critical elements, such as REE and tellurium
has increased, new exploration programs have encouraged additional research on the geology of
these deposits. The lack of abundant quartz in these systems results in these deposits being less
resistant to erosion, being covered, and not as well exposed as other types of quartz-rich deposits,
therefore additional undiscovered alkaline-related gold and REE deposits are likely in these areas.
Deposits of Th-REE-fluorite (U, Nb) epithermal veins and breccias are found in the several GPM
districts, but typically do not contain significant gold, although trace amounts of gold are found
in most GPM districts. Gold-rich deposits in these districts tend to have moderate to low REE and
anomalously high tungsten and sporadic amounts of tellurium. Carbonatites are only found in
New Mexico and Mexico. The diversity of igneous rocks, including alkaline-igneous rocks, and
associated mineral deposits along this boundary suggests that this region is characterized by highly
fractionated and differentiated, multiple pulses of mantle-derived magmas evolving to lower crustal
magmas related to the subduction of the Farallon plate. The differences in incompatible trace elements,
including REE and beryllium, between the different granitic to rhyolite rocks are likely related to either
differences in the crustal rocks that were assimilated during magmatic differentiation or by potential
minor contamination from crustal sources and/or magma mixing. Deep-seated fracture systems
or crustal lineaments apparently channeled the magmas and hydrothermal fluids. Once magmas
and metal-rich fluids reached shallow levels, the distribution and style of these intrusions, as well as
the resulting associated mineral deposits were controlled by local structures and associated igneous
rock compositions.

Keywords: gold; REE; alkaline-igneous related deposits; alkaline-igneous rocks; carbonatites
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1. Introduction

Lindgren [1] first noted that a belt of alkaline-igneous rocks extends along the eastern edge of
the Rocky Mountains and Basin and Range provinces from Alaska and British Columbia southward
into New Mexico, Trans-Pecos Texas, and eastern Mexico. These rocks are associated with relatively
large quantities of gold, fluorine, zirconium, rare earth elements (REE), tellurium, gallium, and other
critical elements [2-5] and over the years, many commodities, especially gold and molybdenum,
have been produced from the North American Cordilleran alkaline-igneous belt. Deposits within
this belt that have produced significant amounts of gold in the United States and Canada include
Cripple Creek, Colorado (731 metric tons of gold production) [5], Black Hills, South Dakota (235
metric tons gold production) and Landsky-Zortman, Montana (71 metric tons gold and 586 metric
tons silver production) [6]. Although there has been little REE production from these deposits in the
past, exploration is occurring and some could be productive in the future, such as the Bear Lodge
Mountains carbonatite deposit in Wyoming, where more than 16.3 million metric tons of 3.05% total
REE are reported [7,8].

Rare earth elements (REE) and other critical elements are increasingly becoming more important
in our technological society, and because of the chemical and physical properties of REE, they are used
in many diverse defense, energy, industrial, and military applications, like cell phones, computers,
magnets, batteries, solar panels, and wind turbines [7-12]. REE include the 15 lanthanide elements
(atomic number 57 to 71), yttrium (Y, atomic number 39), and scandium (Sc, atomic number 21; Table 1)
and are commonly divided into two chemical groups, the light REE (La through Eu) and the heavy
REE (Gd through Lu and Y). REE are lithophile elements (or elements enriched in the crust) that have
similar physical and chemical properties, and, therefore, occur together in nature. The name REE is
misleading; the content of the REE in the earth’s crust ranges from 60 ppm for Ce to ~0.5 ppm for Tb
and Lu, which is greater than the crustal abundance of silver (Ag). Four REE (Y, La, Ce and Nd) have
larger crustal abundances than lead (Pb) [8,9]. However, REE are not always concentrated in easily
mined economic deposits and only a few deposits in the world account for current production [8-14].
The U.S. once produced enough REE for U.S. consumption, but since 1999 more than 95% to 100% of
the REE required by U.S. industries have been imported from China [9,14-16]. However, the projected
increase in demand for REE in China, India, United States, and other countries [8,9,12] could result in
increased exploration and ultimate production from future deposits in the U.S. and elsewhere [16].
REE deposits have been reported and produced from New Mexico [17-19], but were not considered
important exploration targets because the demand in past years has been met by other deposits in
the world. Also there are potential permitting and environmental issues that hamper exploration and
development in the U.S. However, with the projected increase in demand and potential uncertainty of
available production from the Chinese deposits, these areas in New Mexico, Texas, and eastern Mexico
should be re-examined for their REE potential.

The North American Cordilleran alkaline-igneous belt is a north-south belt of alkaline-igneous
rocks and crustal thickening, roughly coinciding with the Great Plains physiographic margin with the
Rocky Mountains and the Basin and Range (including the Rio Grande rift) physiographic provinces
(Figure 1) [2,3,20-26]. Chapin et al. [27] referred to this zone as the Rocky Mountain front. Other
names include the Eastern Alkalic Belt [28] and the Rocky Mountain Gold Province. In New Mexico,
the mineral deposits found in the North American Cordilleran alkaline-igneous belt are associated
with Eocene-Oligocene alkaline to calc-alkaline rocks that were called Great Plain Margin (GPM)
deposits [23,24,29-32]. This term is retained in this paper and extended to include similar deposits in
Trans-Pecos Texas and eastern Mexico.

In New Mexico, the GPM portion of the North American Cordilleran alkaline-igneous belt
extends near Raton, southward to the Trans-Pecos alkaline belt (Figure 2). The GPM belt continues into
Trans-Pecos Texas and northeastern Mexico. The GPM deposits in New Mexico, Texas, and Mexico are
east of the Rio Grande rift, along the border with the Great Plains.



Resources 2018, 7, 8

Many authors have used different classification schemes in describing the mineral deposits found
in the North American Cordilleran alkaline-igneous belt. Alternative classifications of these mineral
deposits by other workers include Au-Ag-Te veins [33-36], alkalic-gold or alkaline-igneous related
gold deposits [2,3,20-22,25,37-39], and porphyry gold deposits [39,40]. REE also are associated with
peralkaline intrusion-related igneous systems and some are found in the North American Cordilleran
alkaline-igneous belt, but not in New Mexico ([8,39,41], this report). The U.S. Geological Survey
mineral deposit classification system is used in this study with minor modifications [8,32,34,39].

There are nine types of deposits found in GPM districts in New Mexico, Texas, and Mexico (revised
from [19,23,24,32]): (1) polymetallic, epithermal to mesothermal veins (USGS model no. 17, 22b, 22¢ [33,39]),
(2) breccia pipes (USGS model no. 10b, 11d [32,33,39]), (3) porphyry copper-molybdenum-gold (USGS
model no. 20c, 21a, 16 [32,39,40]), (4) copper, lead-zinc, and /or gold skarns and/or carbonate-hosted
replacement deposits (USGS model no. 18b, 18¢, 19a [32,39]), (5) iron skarns and replacement bodies
(USGS model no. 18d [32,39]), (6) Th-REE-fluorite (U, Nb) epithermal veins and breccias (USGS model
no. 10b, 11d [32,39]), (7) carbonatites (USGS model no. 10 [8,32,39]), (8) peralkaline intrusion-related
REE deposits (USGS model no. 11 [8,39,41]) and (9) placer gold (USGS model no. 39a [32,39]) (Table 1).
Additional types of deposits are locally found spatially (and perhaps genetically) in the vicinity of GPM
deposits: fluorspar vein and breccia deposits (USGS model no. 26b [39]), tungsten-bearing veins (USGS
model no. 15a [39]), and volcanogenic beryllium deposits [42]. Most of these deposits are proximal
magmatic deposits, whereas iron skarns and replacement bodies are more distal magmatic deposits.
Placer gold deposits have been weathered from their original source and have either accumulated in
place or been transported, generally by water.

Alkaline- to sub-alkaline-igneous rocks are found in all GPM districts, but gold mineralization is
locally associated with older, more silica-saturated (monzonite) or oversaturated (quartz monzonite)
rocks [21,24,43-46]. Alkaline-igneous rocks are enriched in sodium and potassium (Na,O, K,O) relative
to similar rocks at given silica (5iO;) content. Most GPM deposits are associated with Oligocene
intrusive rocks, 38-23 Ma (Figure 2; Table 1), except for the deposits in the Jicarilla Mountains and
Orogrande districts, which are associated with Eocene intrusive rocks (39.45-45.6 Ma) (Table 1; [45]).
The larger, more productive gold deposits are found in northern and central New Mexico (Figure 2;
Table 1). Carbonatites, which are the world’s largest economic source of REE today [8], are found only
at Laughlin Peak (Chico Hills, Colfax County) [44] and in eastern Mexico [47], but are suspected to
occur at depth in the Gallinas Mountains (Table 1).

Since 1996, only minor exploration and development of these REE deposits has occurred because
of low commodity prices, permitting issues, and environmental concerns. However, one important
change is that now there is an increased demand for critical elements like REE, tellurium, niobium, and
other elements that are found in the North American Cordilleran alkaline-igneous belt, including New
Mexico’s GPM districts [8,10,48]. In addition, new geochemical and geochronological data are available
in many GPM districts in New Mexico, Texas, and eastern Mexico. Many GPM districts in New Mexico
have been mapped or re-mapped as part of the New Mexico Bureau of Geology and Mineral Resources
(NMBGMR) geologic mapping program, including the Ortiz porphyry belt, Santa Fe County and
the southern Lincoln County porphyry belt (Table 1; http://geoinfo.nmt.edu/publications/maps/
geologic/ofgm/home.cfml, accessed 21 January, 2018). This new mapping, along with geochemical
and geochronological studies, have revised the volcanic stratigraphy and enhanced our knowledge of
the timing of magmatic events, mineralogy and geochemistry, and geologic processes forming GPM
deposits in New Mexico. New research at the Round Top Mountain deposit at Sierra Blanca, Texas
and newly discovered carbonatites in Mexico also have increased our area of economic interest to
the south to include Trans-Pecos Texas and eastern Mexico. Thus, the purposes of this paper are to
(1) summarize the geology, geochemistry, geochronology and mineral production of Eocene-Oligocene
alkaline-igneous related GPM mineral deposits in New Mexico, Texas, and eastern Mexico, (2) discuss
the age and formation of these deposits, and (3) comment on the future economic potential of these
mineral deposits in New Mexico, Texas and eastern Mexico. Earlier papers [23,24] described the gold
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potential of GPM deposits in New Mexico; this paper focuses on the REE potential of GPM deposits.
This work is part of ongoing studies of mineral deposits in New Mexico and includes updates and
revisions of prior work [4,23,24,30,31,48].
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Figure 1. Extent of the North American Cordilleran alkaline-igneous belt [2,3,23,24,49].
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Figure 2. Mining districts related to the North American Cordilleran alkaline-igneous belt (GPM or
Great Plains Margin deposits), Rio Grande rift, calderas, and other Eocene-Miocene mining districts in
New Mexico [23,24,27,31,32,48-54]. GPM districts are summarized in Table 1.



Resources 2018, 7, 8

[2
[e11v6'z6] 0 eu (6) surexs of ; 2 U0l 210[093], 860SIA
OdM “2dA-y Dped-T[eN[e 03 (£) ¢isameuoqred sureyuno
[111-¥6'26'¢2] 100°0> Tedre Apsow ‘aurpesyye ‘snourwmierad /(9) SuA FHA-YL ‘(S) Surexs £'62-597 LN UL 'S 'T3Y BV 1D seut mUE 260SIa
0} SNOUTWN[RIIW “UROLID] 9 () sadid emoaxq ‘(1) sutop I
[e6'z6] 0 eu (5) surexys o ¢ a1 uem(g 1£zs1a
OVA 03 OdM sesord pue (6) s1ooerd po8 ‘() sureys
, ‘$3pp01 snourumyesad 03 snourumyejaur PR . Sk g 19
[16-98'¢] <1 Sres[e 0 d1pes|[e-o[es ueisauSeus ny ‘uz ‘qq > ‘(¢) £1kydiod L'IE-£88 '§CE-€FE aL ‘M m) By ny §199¢[d PIO £818I1A
0} UROLID} ‘DuUIfey[e 0} dI[ex[e-d[ed (2) sodrd 919 (1) sutep
DVA 01 DIM se joid pue
" | ‘001 snourwn|exrad 03 snourumyejowr (6) s1o0erd pjo8 ‘() oo o 1n St 190811 MO,
[28'98'¢2] «9€ “S1esre 0} df[es[e-o[e ‘uerssuews sues ny Uz ‘qq “no (1) Swop 6'€e-L¢E L) 'Sy ‘ny SI90[] MON 981SId
0} UROLIDJ “‘DUI[ex[e 03 dI[ey[e-d[ed
DVA 01 DIM se jo[d pue
‘syppo1 snourwnyerad 03 snoununeyow
legv8'es] «800 M.ES% o Euw:?%w \%a.wpmrw (€) Lxfydaod (1) surop 68T n) '8y ‘ny so[[12) 081SIA
0} U011 ‘aur[ex[e 03 dIex[e-o[ed
OdM Mere .
sajjeuoqIed SUA -1
[e8-82'7¥] 0 Apsow ‘surpee Apsow ‘surrexresad 0y W 0 gv.um&ﬁm suumw W mmWM L €8T 40 4L JE Seaq urySne] 020SIa
SNOUTWN[L}IUT “URISAUSLW 0} UROLID] 4 o ' A
snourwnjesad
[22-6%¢z] €000 0} snourwn{eiRW dffey[e-d[ed 03 fex[e (6) s10ve]d ppos8 ‘(1) sutep r'6c 8y ‘ny oypuoLIRWID 810SIa
‘durfey[eqns ‘UL0LId) 0} UeISAUSeA!
snougumierod () sooe1d prog /(g) suxexs a ‘()
[22-¢£] «9F1 ©3 snoupmmeRw Ifee-[ed 03 IeNe o :fﬂN PRSI \mv sumA T6C aL'M 8y ‘ny  Apreg-umonpaqezig 610SIa
‘aur[ey[eqns “ULOLIdY 0} URISIUSLIA g ! :
snounumperad
[e2-124'29'99] «10°0 0} snounun[ejaw ‘ded-fexe (6) s190ed PO ‘(1) sutA 67 3 ‘o ‘O ‘nD ‘Sy ‘ny IOARY PR 8eTsIa
0} (e[ ‘DuI[ex[eqns ‘URISAUSLIA
snourwmyerad 0} snourwunyejow
[12-€9'¢c] 0 “Sres[e-d[ed 03 dI[Ed-T[eN[e (©) dukydiod §8T-L'TC 494 ‘oW ejsand L€781A
O\ () sodid eoaxq ‘(1) surop
‘aurfey[eqns “ULo1Iaf 0} URTSAUZLIA o i
o () s10erd S 00
[e9'9z'c] «T€L eu p1o8 “(z) sadid eroaiq (1) surp £8-T€ aL‘d 'Sy ‘ny spoar ardduny eu
UTeWdY] S3DIN0SAY AV IV (so1re3p
590U1JY PAPIPS PIOD . (SUOLHP)  [19-95] SonSL yo ot \ daq reraurAl yo 2dAL a1y sone prog) ey o8y PIOf UT 21V paomporg) dureN arpmsia

uonPNpoIg p[oo SJUIWA[Y PAJRIIOSSY

"d[qe[TeAR JOU = BU *[¢9/97’G] woxy st uononpoid proo) -ajruerd ore druedjoa = HyA opuerd ajerd unpm = HJM ‘Terjew feyuswa[ddns ur st pasn
sasATeue [edTwaYP098 Jo aseqeie(] *[19-9¢] swreiderp oru03o9) pue [edruaPoad Sursn are sonsLjoeIeYD dReWIeA ‘[7¢] YIaNnT pue SIOWSIJA Ul PIqLISIP oIk pue
MO[oq 1X9} A} UL PIsSNISIpP Sk pataquuinu axe sjrsodap jo sadA[ g 9m31 Ut UMOYs Ie 0dIXSJA MAN UT SPLISIP JO SUOTILd0T “[FG'EG] Toquunu 0LIsIp aseqeie(] SOUTA
ODIXAA] MAN] AU} 0} SIDJAI IDUINU PT JOLISIP A, “PIPPE SIOLNSIP MU PUE PAUTGUIOD U dALL] SIOLISIP IOULIO] awos nq ‘Teonoerd 1aaaraym [¢g] dompioN pue oLy
I9)Jk 9Tk ODIXIJ\] MAN] UI SJOLIISIP SUTUTUW JO SaWreN *SIOLISIP UIAYIN0S af} 0} uostreduwod 10y A[uo papnput st sypar)) ofddir) ‘yanos o3 yyrou woiy Aysnor paduerre
a1e SIOISIP SUIUTW 9], "0JIXIJA] UI)SEd pUR ‘SeXd], “OIXIJA MIN] UT }[2q SNOaUSI-dul[ex[e URIS[[IPI0)) ULDLIDUIY Y}ION] S} 0} Paje[ar S)orsip Sururu A O T d[qeL

10



Resources 2018, 7, 8

OVA 01 DIM “IeN[e ‘durese

SUTRUNOJA!

[zzrenl 0 ‘surpesesad 0 SnouLIN{EIAW “ULOLIA] (9) suroa FHY-YL ‘(G) surexs af LPE-GFE N YL ‘999 2 ovang{ §gTsia
. OdM “e[e ‘durefe (9) suroa FHAI-YL . PP SULeIUNON
l1z1-ssr'sel 0 ‘aurpeyresad 03 snourun[eOW ‘ULOLID] ‘() sadid edaiq (1) Sutop £9¢ 24N L g8y sepnuIo) ge1sid
OVA
} . 0} DIM se jo[d pue ‘snourumnyerad 0} (F) surexs ny ‘uz . g SUTRJUNOA
lsi-evres] €0 snourumpejaw ‘drpee Apueurwopard  ‘qq mD ‘(g) A1hydiod /(1) surep Sv9€-9C 9L 4 'Sy ‘ny ‘uz ‘qd ‘n) wedio 0€0sIa
“rersaudeur 0} UROLIdJ ‘Surfey[e
0} HIM “d1[ed %%\M e ‘auIreyeqns (6) s100e(d ppod
[sp1'es'sy] «G0 ol PR e .fé 4 “(€) surexs 9 “(p) surexs ny ‘uz PIF9'Sh oL ‘a{ 8y ‘my ‘n)y apuei301) 6C1SIa
0} aurey[e ‘snourwnyesad o} ‘qq > (g) A1kydiod (1) surop
SNOUTWIN[R}IW “UROLIDY 0} UBTSAUSEIA! B
o D[ed-I[RN[e O} I[ex[e ‘dulfey[e . P eSO
lerresizel 0 ‘SnoUTWIN[R}OW “UL0ILIDY O} UeIsauSe (9) surets o coe nved eropedny> wesia
. dId[ed-Te[e 07 e[ . - .
lov1z6] 0 ‘DU ‘SnouTM[EOW TeISauSeN (6) sues o 88'8T nv ‘24 dure) sauof 91zsIa
P OVA DPed-eN[e (g) sureys N A By My -
[spLer1-171'26] 0 e[ SnoUTLN[EIW Awos] 94 (9) ¢¢SUIA JHY-UL (1) SuIon PT8T-56'8T Agd By My ‘of SIDAR] 221 zisia
ad4y-g pue | 03 2d4)-y 'DVA 0} DIM
[Fr1-0v1'76'e4] 100> rpexje-[e> 03 yefe ‘durpesje £psouws (6) s102e1d pjo8 (1) surop £6-9¢ Sy ny 2[IIAR[PYPS 960SIa
‘snourumpesad 03 snourwmye;a |\
p (6)
iyt e 2dfvgpue 012y DVA O DI gyn0d profi o) ;psumon UL (ama
[EP1-0€1P6'L'8€ €] <60 PHEA[E-2[ed 03 HEN[L QUL ARSOUL o oud e S reys iy €692 ‘oL ‘ag O 13 Sy 1 ojruog-[e8oN S60SIa
‘snourumperad 0} snouruned P w_ Y By Lod vy
ad mD “(g) A1hydiod ‘(1) sutop
l621-611%6'T6'eL 97 €V] 0 03 zﬁ.w%ﬁ%ﬂ”ﬂ%ﬁwﬂﬁw@& (9) sutoa €87 og 1 ‘N UL AT 2T N 160SIa
0} mr:mv:gm “wersouSeuw oy uvorray  HAAUL (5) suzexs o4 °(1) surop ueyded
. . (urepumopy
ejep paystiqndun . (6) s10ve1d p1o8 “(g) surexs o ‘() NP g S
. eu A 9 Sy uo
‘[8TI-ST1'76'T6'€L] s SwIBys Ny ‘Uz ‘qq nD ‘(I) SUA SLPETELLE LM By 1o m“_HN§> eeosia
eep VA ‘snourumpesad 03 snourumnyejawr (6) s10e[d prog “(5)
A «€0 “1e[e 03 dfex[e-d[ed ‘uelsauSew sueys 3 “(p) suress ny ‘uz ‘qq £9'SH-91°6¢ a1 8y ‘ny ep[LIedI( €605
poystandun [FTT'e1176] 0} UBOLIS) ‘DUI[ey[e 0} dul[ey[eqns M) “(g) sadid edaiq (1) surep
UTEWY] SIIN0SAY T (sd1rer
SIDUIIY PAII[AS PI0D  (SUCL dLIIA) [19-9¢] sanst. YD1 W da( [erourA yo 2dAY ary mu:y“wwm_\cw\.'amz ogy  Plogwav pasnpoid) dueN arpusta

uonINpoIg POD

SJUIWAY PAIeIIOSSY

Ju0D) L S[qeL

11



Resources 2018, 7, 8

(8) ¢¢snsodap

nsodap N-1-a9
[681-£81'67'2F] 0 snoupwnesad o sugreyerad NV HEY poyeRi-uosnut auge[esdd AR 'N A ampengy o
‘(9) suroA FAY-YL ‘(1) SUIPA G
OIIXAIN
[z7] 0 eu (£) soyeuoqIed ‘(9) SUPA FII-YL LT0 F S€9¢ T UL'n ‘sajeUoqIed eu
epewnyy efA
) ) ®) ) ) ) eOUR[Y LLIAIG
[981-6£1°7H8] 0 OdM ‘snourunjerad oy snourwmepjy  Sysodap gy paje[a-uorsnIur 90F T YL N 2g 99d «do puno eu
auresyresad ‘(9) surA FAY-UL L Pl
UTEUWdY] SIDINO0SYY AV (/1Y (sarreyr
S9DUIJY PAII[AS PIOD , (SUOL JLIRIA)) [19-95] sonst Lok} W daq reraurAl yo 2dAL o1y souel] prog) vy o8y P08 Ul 21V paonpoid) aureN arPmsia
uondNpoIy p[oo

SJUIWIAY PAIeII0SSY

Ju0D) L S[qeL

12



Resources 2018, 7, 8

2. Materials and Methods

Seven districts containing REE deposits are highlighted in this report and described in Section 3
of this report. Data used in this report have been compiled from a literature review (references cited in
Table 1), field examination and mapping by the author, and include the mineralogy, geochemistry, and
geochronology of the alkaline-igneous rocks and associated mineral deposits. The geochemical data,
analytical precision and accuracy, and analytical methods are described in the various cited reports
(Table 1).

Mineral and chemical compositions of igneous rocks in the GPM districts were obtained from
numerous reports as cited, as well as unpublished data by the author, and are in the supplemental
material. The data were plotted on various standard geochemical and tectonic diagrams [56-61]
and compared. These chemical plots are standard methods used to describe and classify igneous
rocks and provide a basis for comparisons between areas (Table 1). Only selected plots are shown
for space limitations. A variety of nomenclatures for the igneous rocks in these districts were used
in previous studies, because the rocks typically are porphyritic in a fine-grained matrix and include
shallow intrusions as well as extrusive volcanic rocks. The International classification [190] is used
in this report, where the primary classification of igneous rocks is based upon mineralogy and, if too
fine-grained to determine mineralogy, by the use of whole-rock geochemical analyses using the TAS
(total alkali silica) [190] and R1-R2 [191] diagrams.

Mineral occurrences, deposits, mines, and prospects within GPM districts were compiled from
published and unpublished data, summarized in Table 1, plotted on base maps, and entered in the
New Mexico Mines Database [53,54,62]. Mineralized areas were examined and sampled during
1980-2017 by the author and during 1982-1993 by the U.S. Bureau of Mines as part of mineral-resource
assessments [82,102,104,119,133,168]. Arc GIS was used for New Mexico deposits and other regional
maps were used for Texas and Mexico.

Any resource or reserve data presented here are historical data and are provided for information
purposes only and do not conform to Canadian National Instrument NI 43-101 requirements, unless
otherwise stated.

3. Descriptions of Selected Areas

3.1. Laughlin Peak District

The Laughlin Peak district (DIS091), located within the Laughlin Peak-Chico Hills igneous
complex (Figure 3), is in the southern portion of the younger Raton-Clayton volcanic field in
northeastern New Mexico, along the Jemez Lineament. The Laughlin Peak-Chico Hills complex was
emplaced just before or at the beginning of Rio Grande rift extension (22-37 Ma [44]). The Laughlin
Peak-Chico Hills igneous complex consists of a variety of alkaline extrusive (trachyandesite, 32.3 £ 1.5,
K/Ar; basalt, trachybasalt, rhyodacite) and intrusive lithologies (Figure 4a), including trachyte
(36.7 £ 1.3 Ma, K/Ar [78]), trachyphonolite, trachyandesite, phonotephrite (25.3 = 0.9 Ma, K/Ar [79]),
Chico Phonolite (22.8 + 0.23; 0Ar/%° Ar [83]), lamprophyre dikes (24.06 = 1.01 Ma, K/Ar [79]), and
carbonatite dikes [44]. Many of the volcanic and intrusive rocks have a porphyritic texture, suggesting
emplacement near or at the surface. Associated igneous rocks in the Laughlin Peak district are
alkaline (Figure 4b; alkali to calc-alkalic according to Frost and Frost [59]), predominantly ferroan to
magnesian, metaluminous to peralkaline and plot as A-type granites and WPG (within-plate granites
according to Pearce et al. [57]) (Supplemental Material). The associated igneous rocks exhibit typical
light REE-enriched chondrite-normalized REE patterns of alkaline-igneous rocks with no europium
anomaly (Figure 4c). Veins are hosted by most volcanic rock types, except the carbonatite dikes.
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Figure 4. Chemical plots of igneous rocks from the Laughlin Peak district. Lithological names of
samples are from the original data sources ([44,81,82], supplemental material). (a) is the TAS (Total
Alkali Silica) diagram [190], (b) is alkaline to calc-alkalic diagram [59], and (c) is a chondrite-normalized
REE plot [192].
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Although there has been no mineral production from the Laughlin Peak district, three types of
mineral deposits have been identified: (1) carbonatites, (2) breccia pipe deposits, and (3) Th-REE-fluorite
(£U, Nb) epithermal veins and breccias [44]. Carbonatite dikes intrude the Oligocene phonotephrite
and are radioactive due to the presence of uranium and thorium minerals [44,82] and have the
chemical composition of predominantly calciocarbonatite (Figure 5; also known as calcite carbonatite
or sovite; after [193,194]), with minor ferrocarbonatite and magnesiocarbonatite (also known as
dolomite carbonatite or beforsite). The carbonatites are poorly exposed and range in size from 12 m
to 1219 m long and less than 1 m wide and consist of predominantly calcite, dolomite, barite, with
trace amounts of apatite, goyazite (including REE-rich end member florencite to calcium-rich end
member crandallite), bastnaesite, monazite, pyrite, and quartz [44,82]. The Laughlin Peak carbonatites
are light-REE enriched and contain <1.6% total REE (Figure 6) [44].

CaO

Calciocarbonatite 7 Laughlin Peak, NM

O Yucea, Mexico

Magnesiocarbonatite | Ferrocarbonatite

v v} v v} v v v

V]
MgO Fe203T+MnO

Figure 5. Chemical classification of carbonatites from Laughlin Peak and Mexico. Data from [44,47,82].

The radioactive Th-REE-fluorite (+U, Nb) epithermal veins and breccias cut Cretaceous
sedimentary rocks and Tertiary volcanic flows, dikes and sills, strike predominantly west to northwest
with steep north or south dips, and are less than 600 m long and less than 1 m wide (Figure 3). Minor
eat-west faults host veins locally. The veins are in linear zones of brecciated and fractured volcanic and
intrusive igneous rocks. Crandallite, xenotime, thorite, and brookite are the predominant REE minerals
in a gangue of quartz, calcite, feldspar, and trace amounts of barite, fluorite, rutile, zircon, pyrite,
magnetite, and iron and manganese oxides [44,78,82]. The veins are light-REE enriched and contain
<1.2% total REE (Figure 6) and <165 ppb Au ([44,82], supplemental material). The veins contain as
much as 2200 ppm F, 2000 ppm Ba, 532 ppm Nb, 172 ppm U, 75 ppm Ta, and 68 ppm Mo and low or
no Te [44].

The radioactive breccia pipes are intrusive and consist of various iron and manganese oxides,
angular to subrounded rock fragments (less than 0.6 m diameter) in a fine-grained siliceous and
carbonate matrix of quartz and feldspar. Additional studies are needed to determine the relationship
of the carbonate matrix to the carbonatites, if any. The breccia pipes are circular to oval shaped and
six of the largest pipes range in size from 46 to 366 m; smaller pipes have been delineated. Quartz,
feldspar, and clay are the predominant minerals with trace amounts of gold, niobium rutile (?), pyrite,
zircon, xenotime and churchite [44,82]. The total REE is less than 3017 ppm (Figure 6). The breccia
pipes also contain as much as 5900 ppm F, 9050 ppm Ba, 535 ppm Nb, 54 ppm U and 82 ppb Au [44,82].
Core from the holes drilled in 1986 consists of predominantly grayish breccia cut by feldspar and
iron oxide veinlets. Pyrite and marcasite were disseminated in portions of the core from drill hole 2.
Only low concentrations of gold, silver, and tellurium were found in the core samples [44].
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Figure 6. Chondrite-normalized [192] REE plots of veins, breccia pipes, and carbonatites from the
Laughlin Peak district. Data are from [44,82].

There is thorium, REE and possibly gold potential in the Laughlin Peak district, but additional
drilling is required to more completely understand the mineral-resource potential. The best potential is
in the carbonatites and Th-REE-fluorite (U, Nb) epithermal veins and breccias. However, the Laughlin
Peak district is not as faulted (Figure 3) as other GPM districts in New Mexico and this could prevent
large, economic deposits from forming. Detailed studies on the mineralogy, geochronology, and
paragenesis are still required in the Laughlin Peak district and should be completed before advanced
exploration. Such studies will greatly enhance exploration efforts and subsequent processing, should
economic deposits be found. Any sampling should include multi-element analyses, especially gold,
thorium, REE, niobium, tungsten, and tellurium.

3.2. Gallinas Mountains District

The Gallinas Mountains (DIS092) are in northern Lincoln County where a series of alkaline-igneous
laccoliths, dikes, and plugs (andesite, porphyritic latite, trachyte/syenite, and rhyolite) have intruded
Permian sedimentary rocks (Figure 7) [99,108-110]. The Gallinas Mountains intrusions were emplaced
at or just before the beginning of Rio Grande rift extension (27-39 Ma). The oldest intrusion is
the porphyritic andesite, which has been dated as 39.74 & 0.058 Ma (**Ar/% Ar methods [110,111]).
The porphyritic latite is 28.178 + 0.04 Ma. The trachyte intrusion, the largest in the Gallinas Mountains
and hosts most of the REE deposits [108], is slightly younger at 27.66 4 0.18 to 29.232 4 0.097 Ma
(*0Ar/% Ar methods [110,111]). The syenite lenses within the trachyte are similar in age as the trachyte
(26.51 4 0.15 t0 29.77 4 0.16 Ma, 40 Ar /3 Ar methods [110,111]). Brecciation, silicification, chloritization,
and fenitization have altered the host rocks [59,103,104,108]. Only the trachyte and syenite have been
fenitized and has been dated as ~27 to ~30 Ma (**Ar /3 Ar methods [110,111]). Carbonatites are inferred
at depth by the presence of fenitization, carbonatization of the breccias, presence of REE (especially
bastnaesite) and fluorite, and similarity of the intrusive rocks and mineralization to areas with known
carbonatites [108]. Associated igneous rocks (Figure 8a) in the Gallinas Mountains district are alkalic
to alkali-calcic (Figure 8b; according to Frost and Frost [59]), predominantly ferroan, metaluminous to
peraluminous and plot as A-type granites. The trachyte/syenite and latite samples plot within the
within-plate granite (WPA) tectonic field of Pearce et al. ([57]; WPG), whereas the rhyolite samples
plots within the volcanic-arc granite field (VAG). Trachyte/syenite and latite are probably related, but
the rhyolite could be a separate magmatic event [108,110]. The associated igneous rocks exhibit typical
light REE-enriched chondrite-normalized REE patterns of alkaline-igneous rocks with no europium
anomaly (Figure 8c) (supplemental material).

The fenitization associated with the mineralization in the Gallinas Mountains is found as small,
irregular zones that have not been mapped in detailed [104]. The trachyte/syenite, Proterozoic granite
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and granitic gneiss, and magmatic-hydrothermal breccia have been altered locally by two separate
periods of fenitization; sodic followed by potassic fenitization. Sodic fenitization is characterized
by replacement of feldspars and other minerals by albite. Potassic fenitization is characterized by
replacement of feldspars, including older albite, and other minerals by K-feldspar [104].
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Figure 7. Geologic map of the Gallinas Mountains, Lincoln and Torrance Counties, New Mexico
(modified from [96,98,99,103,104,108]). Fenites are not mapped due to small, irregular zones that would
not show at this scale. Gray lines and numbers are township, range and section lines.
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The Red Cloud, Buckhorn, and Summit mining claims were established in 1881 in the Gallinas
Mountains. Iron ore was produced from the American Iron and Red Cliff mines in 1942-1943 [92].
Fluorite was produced from the Red Cloud and Conqueror mines in 1951-1954. Approximately
142,000 Ibs of bastnaesite, discovered in the district in 1943 [95,97], was produced from the Red Cloud
mine in the 1950s. Exploration was by Phelps Dodge at the Rio Tinto mine in 1980, Molycorp, Inc.
in 1980-1981 [104], and Canyon Resources, Hecla Mining Co., American Copper and Nickel, Inc.,
Romana Resources and Strategic Resources, Inc. in 1989-2015. Production is in Table 2.

Two types of mineral deposits in the Gallinas Mountains are associated with the trachyte/syenite:
(1) Th-REE-fluorite (U, Nb) epithermal veins and breccias (REE-F veins, Cu-REE-F veins, and REE-F
breccia pipes) and (2) iron skarn deposits [108]. Cu-REE-F (£Pb, Zn, Ag) veins form center of the
district, and are surrounded by REE-F veins (Figure 9). The magmatic-hydrothermal breccia pipe
deposits form a belt partially surrounding the veins. Iron skarns formed at the top and edge of
the trachyte/syenite body and are likely the earliest stage of mineralization. The iron skarns are
probably related to the REE-F veins and breccias because they typically contain bastnaesite and
fluorite and are similar in trace element geochemistry. The paragenesis is defined by four stages
of brecciation and faulting with three stages of fluorite deposition (Figure 10). REE minerals were
deposited during the 1st and 2nd stage of fluorite deposition. Most fenites are more enriched in
REE than unaltered igneous rocks [104,108]. The mineralogy is diverse and includes fluorite, quartz,
barite, pyrite, iron oxides and accessory bastnaesite, calcite, chalcedony, galena, bornite, chalcocite,
pyromorphite, anglesite, chrysocolla, malachite, azurite and rare agardite (yttrium-arsenic oxide),
mimetite, wulfenite, vanadinite, mottramite, and cerusite [98-101,104]. REE plots of the different types
of deposits are shown in Figure 11. Geothermometric fluid-inclusion studies indicate a temperature
of formation of 175-185 °C [100,106,107]. Trace-element compositions of fluorites from the Gallinas
Mountains are characterized by relatively flat to light REE-enriched chondrite-normalized REE patterns,
with no Eu anomaly [107]. The earliest generation of fluorite is similar to the composition of the
trachyte/syenite. The fluorite samples plot in the hydrothermal and pegmatitic field [107], which is
consistent with a magmatic-hydrothermal origin.

Resources amount to at least 537,000 short tons of 2.95% total REE (not NI-43-101 compliant; [104,105].
Drilling is required to identify a better resource estimate. The fenites require detailed mapping and
evaluation for potential REE.

Table 2. Minerals production from the Gallinas Mountains district, New Mexico.

Mineral Produced Mine Name Years of Production Amount (Short Tons) Grade % Reference
Copper 1909-1953 192.7 [108]
Gold 1913-1955 6.58 ounces [108]
Silver 1909-1955 23,723 ounces [108]
Lead 1909-1055 863.4 [108]
Zinc 1948-1953 8.7 [108]
Iron ore American 1942-1943 3944 55.7 [92]
Gallinas 1942 6410 48.7 [92]
Other mines 3326 [92]
Fluorite All American 129 [195]
Congqueror (Rio Tinto) 300 [195]
Red Cloud 1000 [195]
Bastnaesite Conqueror No. 9 1954-1955 60 [94]
Conqueror No. 10 1956 11 [94]
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Figure 9. Mineral zoning in the Gallinas Mountains, Lincoln County, New Mexico, based upon
predominant mineralogy and chemistry of the known deposits [108]. Fenites are not mapped due to
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Figure 10. Simplified paragenesis of the REE deposits in the Gallinas Mountains ([108], modified
from [99,104,106]). Temperature estimates are from [106].
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Figure 11. Chondrite-normalized REE plots [192] (supplemental material) of mineralized samples from
the Gallinas Mountains. Data are from 104 and 108. Note the similarity in REE patterns between the
different deposit types. (a) REE-F veins (131 samples); (b) Cu-REE-F veins (65 samples); (c) Breccia
pipe deposits (58 samples); (d) iron skarns (6 samples).
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3.3. Capitan Mountains District

The Capitan Mountains district (DIS091) is associated with the largest exposed Tertiary intrusion
in New Mexico, the Capitan pluton, which lies along the east-west trending Capitan lineament
(Figure 2) [43,124]. The Capitan Mountains pluton was emplaced during the beginning of Rio Grande
rift extension (~29 Ma). The best estimate of the age of the pluton is 28.8 Ma, based on *°Ar/3°Ar
dating of adularia that is associated with emplacement of the pluton [43,128]. The east-west trend of
the Capitan pluton reflects the influence the Capitan lineament had on controlling its emplacement.
The Capitan pluton hosts Th-REE-fluorite (U, Nb) epithermal veins and breccias, whereas the Fe
skarns and veins and manganese veins and replacement deposits are in limestones adjacent to the
Capitan pluton.

The Capitan pluton is a calc-alkaline to subalkaline granite that consists of three textural zones:
uppermost granophyric (~200 m thick), intermediate aplitic (~200 m), and lower porphyritic (>1000 m)
zones (Figure 12). The textural zones are chemically distinct (Figure 13a—c) suggesting that the zones
are related to magmatic and chemical processes, not simple cooling [124]. Chemically the Capitan
pluton is ferroan to magnesian, peralkaline to peraluminous, alkalic to calc-alkalic (Figure 13b), and
enriched in light REE (Figure 13c). The linear variation in Na,O + K,O/SiO;, SiO; vs. TiO,, and
Si0; vs. Zr/TiO,, and various major elements confirm that the textural zones are comagmatic [124]
(Supplemental Material).
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Figure 12. Geologic map of the Capitan Mountains showing the zonation of the Capitan pluton
distribution of samples, mines and prospects. Mapping by the author in 1989-1991. The blue zones are
Permian sedimentary rocks. The surrounding units (white) are Cretaceous, Permian, and Quaternary
sedimentary rocks. Gray lines and numbers are township, range and section lines.

Fine-grained texture, porous zones (i.e., open space fissures and miarolitic cavities) in the
granophyric and aplitic zones, and porphyritic texture in the center all suggest a rapid, shallow
crystallization of the magma [124,128]. Rare exposures along the northern and southern longitudinal
contacts of the pluton with the older Permian sedimentary rocks are slightly dipping away from the
pluton. The western and eastern contacts between the pluton and sedimentary rocks dip steeply away
from the pluton to vertical. Flat-lying roof pendants of Permian limestone and sills on the western
end suggest the pluton is a laccolith or batholith [124]. The sedimentary roof pendants of Permian
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limestone are found west of Capitan Pass (Figure 12). Stoping and assimilation of the sedimentary
rocks by the pluton is lacking.
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Figure 13. Chemical plots REE plots of igneous rocks from the Capitan Mountains. Data are from [124,128]
(supplemental material). (a) is the TAS (Total Alkali Silica) diagram [190], (b) is alkaline to calc-alkalic
diagram [59], and (c) is a chondrite-normalized REE plot [192].
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The Th-REE-fluorite (U, Nb) epithermal veins and breccias are exclusively in the granophyric
and aplitic zones along the western end of the pluton (Figure 12) and contain trace amounts of gold.
Iron skarn and vein deposits are found along the western and northeastern portions of the pluton.
Manganese deposits are found along the northeastern portion of the pluton. The Th-REE-fluorite
(£U, Nb) epithermal veins and breccias contain quartz, fluorite, adularia, hematite, calcite, fluorite,
titanite, allanite, thorite, chlorite, and clay minerals [46]. They probably formed from magmatic fluids
as indicated by very highly saline (as much as 80% eq. NaCl) fluid inclusions with homogenization
temperatures of 500-600 °C [46,120-123,126-128]. The fluid inclusions contain Na, K, Ca, Cl, S, Fe, Mn,
Zn, and light REE as determined from crush-leached samples of quartz and fluorite [123,126]. Similar
fluid inclusions are found throughout the granitic rocks of the Capitan pluton [127]. Porous zones
are characterized by open spaces, bubble-like features, miarolitic cavities, and fissures along fractures
within the granite; are locally associated with Th-REE-fluorite (U, Nb) epithermal veins and breccias;
are found only in the granophyric zone; and are interpreted as pathways that allowed fluids to move
through the magma into the outer zones of the pluton, forming the REE-Th-U (£Au) veins [128].

Three samples of the Th-REE-fluorite (U, Nb) epithermal veins and breccias contain higher
concentrations of REE than the unaltered /unmineralized Capitan granites and all vein samples are
elevated in light REE (Figure 14). One sample from the McCory prospect (#1784) contained 8133 ppm
total REE (Figure 14). A sample from the Fuzzy Nut prospect contained 1110 ppm Th [119]. Staatz [196]
reported samples contained less than 0.01 to 1.12% total REE. Alteration of adjacent rocks to the veins
includes minor silicification, hematization, and sericitization. A simplified paragenesis of the REE
deposits in the Capitan Mountains is in Figure 15.

The Capitan Mountains REE deposits lie adjacent to a wilderness area and have not been examined
for minerals resources, because of potential environmental concerns and permitting issues. However,
the Th-REE-fluorite (U, Nb) epithermal veins and breccias require detailed mapping and sampling
to properly assess their economic potential.
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Figure 14. Chondrite-normalized [192] REE plots of Th-REE-fluorite (U, Nb) epithermal veins and
breccias in the Capitan Mountains (supplemental material). Eu was not analyzed in most vein samples,
thus the significance of the Eu anomaly is unknown until more analyses are obtained. Note the samples
have flat to slightly enriched light REE.
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Figure 15. Simplified paragenesis of the REE vein deposits in the Capitan Mountains (modified
from [121]). Temperature estimates from [121].

3.4. Cornudas Mountains District

The Cornudas Mountains (DIS128) are in southern Otero County, New Mexico and northern
Huspeth County, Texas (Figure 2) and form the northern extent of the Trans—Pecos alkaline magmatic
province. The Cornudas Mountains pluton was emplaced at or during the beginning of Rio Grande
rift extension (~33-36 Ma). The Cornudas Mountains consist of 10 larger sills, plugs, and laccoliths
and smaller dikes and plugs (Table 3, Figure 16) that intrude relatively flat-lying limestones and other
sedimentary rocks of the Hueco Limestone and Bone Spring Limestone (Permian). Other dikes, sills,
and plugs are buried by sedimentary cover, as indicated by subsurface drilling [197], geophysical
surveys, and structural anomalies (i.e., folds, synclines, faults) in the overlying sedimentary rocks.
Associated igneous rocks (Figure 17a) in the Cornudas Mountains are alkaline, alkali (Figure 17b;
according to Frost and Frost [59]), ferroan, metaluminous to peralkaline and plot as A-type granites and
WPG (within-plate granites according to Pearce et al. [57]) (supplemental material). The host igneous
rocks exhibit typical light REE-enriched chondrite-normalized REE patterns of alkaline-igneous rocks
with no europium anomaly (Figure 17c). The Cornudas Mountains have been examined for potential
deposits of Th-REE-fluorite (+U, Nb) epithermal veins and breccias (with associated REE, Au, Ag)
and nepheline syenite as specialty, dimension and crushed stone [167-170]; but there has been no
production except for test shipments of nepheline syenite for use as sand-blasting material in 1995.

Table 3. Description of igneous intrusive bodies within the Cornudas Mountains. Bodies shown in

Figure 16.
Name Form Predominant Lithology Age Ma References
phonolite, foliated
Alamo Mountain porphyritic nepheline discordant sheet or sill 36.8 £ 0.6 (K/Ar on biotite) [165,166]
syenite
. phonolite, augite syenite .
Flat Top Mountain dike sill — [165]
Cornudas Mountain quasr}t;:?tee artl:;%:;te:lte' plug or laccolith 34.6 £+ 1.5 (K/Ar on biotite) [165,166]
nepheline syenite, 36.32:£0.15 (*Ar/Ar,
Wind Mountain phonolite, porphyritic Laccolith or plug NMBMMR Geochronology [163,165,170,193]
nepheline syenite Laboratory).
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Table 3. Cont.

Name Form Predominant Lithology Age Ma References
San Antonio Mountain nepheline syenite laccolith — [165]
Des;m‘ﬁ:imﬁfﬂe nepheline syenite plug or laccolith 33.0 + 1.4 (K/Ar on biotite) [165,166]
Chatfield Mountain phonolite sill — [165]
Black Mountain porphyritic ?ephelme sill — [165]
syenite
Washburn Mountain porphyritic 1'1ep1'\elme sill — [165]
syenite
Unnamed hill “ePhelmi;:"’i‘z“g augite plug 36.8 + 0.6 (K/Ar on biotite) [165,166]
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Figure 16. Locations of various igneous plutons in the Cornudas Mountains, New Mexico. See Table 3

for a summary of their lithology and age.
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Figure 17. Chemical plots of igneous rocks from the Cornudas and Hueco Mountains. Data are
from ([28,169,171,172], supplemental material). (a) is the TAS (Total Alkali Silica) diagram [190], (b) is
alkaline to calc-alkalic diagram [59], and (c) is a chondrite-normalized REE plot [192].

In the 1950s, prospectors located several areas of anomalously high radioactivity in the Cornudas
Mountains and attributed it to the presence of uranium. Shallow prospect pits were dug on many
of the claims in the area; but, assay results were low and the claims were later dropped with no
production. In 1956, the U.S. Atomic Energy Commission examined the area to evaluate the potential
for uranium [162]. No further work was recommended. Beryllium was first reported from the
Cornudas Mountains during the 1940s [163]. A few companies have examined the Cornudas Mountains
unsuccessfully for high concentrations of REE, niobium, zirconium, and titanium. In 1984, Leonard
Minerals Co. in conjunction with U.S. Borax Corp. conducted an exploration program for REE,
niobium, and zirconium. Mapping, sampling, and drilling in the Chess Draw area failed to discover
any significant mineralized zones (NMBGMR files). In 1992-1993, Addwest Minerals, Inc. examined
the Wind Mountain nepheline syenite laccolith for use in glass and ceramics and delineated 10 million
short tons of resources [168,169]. Geovic Mining Corp. acquired property in the Cornudas Mountains
about 2010, and conducted a sampling and drilling program. Results are unknown.

The Wind Mountain laccolith consists of three major mineralogical and textural zones
(Figure 18) [168,169]. The laccolith is typically gray to cream colored and weathers to darker colors.
Accessory minerals form dark—colored aggregates dispersed throughout the rock. The margin of the
laccolith is foliated. The foliation dips steeply away from the center of the intrusive body. Chemical

28



Resources 2018, 7, 8

variations among the individual map units within the laccolith cannot be readily discerned by utilizing
major element analyses [168,169]. These chemical analyses of the Wind Mountain laccolith suggests
that the zonation appears to be controlled by crystal fractionation, volatile separation, and cooling
history, not different pulses of magma [168,169]. Feldspar crystallization under initially subsolvus
conditions can account for most of the variations in the zones. The feldspar-rich solid forms at or
migrates towards the top of the magma chamber and forms a capping syenite. Differential cooling of
the magma resulted in the textural variations at Wind Mountain.
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Figure 18. Geologic map of Wind Mountain showing geological zonation [169]. See Figure 16 for
location of Wind Mountain in the Cornudas Mountains. Mapping by P. Graeah in 1992.

In the Chess Draw area (northwest of Wind Mountain), a few radioactive dikes and Th-REE-fluorite
(£U, Nb) epithermal veins and breccias have been examined for mineral-resource potential. Uranium
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and thorium are found disseminated within the dikes, veins, and breccias but are not economic.
Assays ranged from 0 to 0.8% U3Og [162] and 13-351 ppm Th [168]. Past exploration for Be in the
Cornudas Mountains was inconclusive. A few samples assayed as much as 0.2% BeO [163]. Beryllium
is found in feldspar, nepheline, aegirine, and eudialite within dikes, sills, and laccoliths in the Cornudas
Mountains; no Be minerals have been identified. U.S. Borax sampled and drilled in the Chess Draw
area, but their assays were low (Figure 19; up to 0.06% total REE oxides, 10-1400 ppm Nb, 10-3000 ppm
Zr, 230-13,000 ppm F). An analysis of a dike [17,18] contained 1235 ppm Ce, 700 ppm La, 270 ppm
Nd, and 242 ppm Y (sample #7368). Other analyses [168] also are low and subeconomic: as much
as 3790 ppm total REE, 2332 ppm Nb, 92 ppm Be, and 3137 ppm F. Reconnaissance mapping of
the area reveals no additional deposits and the limited geophysical surveys are inconclusive [170],
but detailed mapping of the areas surrounding Wind Mountain is required to properly assess the
economic potential. Still, additional mineral-resource potential in the Cornudas Mountains is probably
limited [168,170], but detailed geochemical, geophysical, and other exploration techniques are required
to properly evaluate this area, especially in dikes and along intrusive contacts with the limestones.
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Figure 19. Chondrite-normalized [192] REE plots of mineralized veins and breccias from the Cornudas
Mountains. Data are from ([168], supplemental material).

3.5. Sierra Blanca (Round Top Mountain)

Sierra Blanca, Texas is south of the Cornudas and Hueco Mountains, New Mexico, and is part of
the Trans-Pecos alkaline magmatic province (Figures 1 and 20). Sierra Blanca consists of five rhyolite
domes or laccoliths (Round Top, Little Round Top, Little Blanca, Sierra Blanca and Triple Hill) that host
peralkaline intrusion-related REE deposits [41]. The rhyolites are peralkaline to peraluminous [198],
36.2 Ma [166], and enriched in Li, Be, F, Zn, Rb, Y, Zr, Nb, Sn, REE, and Th [175,176]. Fluorspar
replacement bodies, enriched in Be, Zr, REE, and other elements are found at the contacts of the
laccoliths and Cretaceous limestones [173-176,183,184].
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Figure 20. Trans-Pecos magmatic province, New Mexico, Texas, and eastern Mexico (modified
from [165,179]).

In 1984-1985, Cabot Corporation drilled and found Be-F veins and replacements of limestone
adjacent to the rhyolite dome at Round Top Mountain. A 38-m decline was constructed by Cyprus
Sierra Blanca, Inc., successor to Cabot Corporation, and the West End structure was reported to contain
300,000 short tons of 1.9% BeO at a cutoff grade of 0.5%. The entire project area was reported to contain
25 million pounds of BeO [180]. In 1993, Cyprus merged with Amax becoming Cyprus-Amax, which
subsequently merged with Phelps Dodge in 1999. Grades exceeding 1% U are found in the deposits.
In 2007, Standard Silver Corp. acquired the Round Top Mountain deposits and in 2011, changed their
name to Texas Rare Earth Resources Corp. The deposit contains an estimated 231.0 Mt of rare-earth
mineral resources at the Measured level, with an average grade of 0.06 wt % total rare-earth oxide
(TREO), 298.0 Mt of resources at the Indicated level, with an average grade of 0.06% TREO, and an
estimated 377.0 Mt of resources at the Inferred level, with an average grade of 0.06% TREO.

The Round Top Mountain rhyolite intruded Cretaceous limestone and was subsequently
hydrothermally altered (fluoritization, kaolinization). The rhyolite is gray, fine grained with
visible local flow banding and contains a variety of minerals [198]. Nearby Sierra Blanca rhyolite
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is 36.2 £ 0.6 Ma (K/Ar, biotite, 166) and Round Top Mountain rhyolite is likely similar in age.
The rhyolite domes at Sierra Blanca are enriched in Li, Be, F, Zn, Rb, Y, Zr, Nb, Sn, REE, and Th
and depleted in Mg, Ca, and Ti relative to typical calc-alkaline rhyolites [175]. Chemically, the rhyolite
is alkaline, peralkaline to peraluminous and similar to topaz-bearing rhyolites. The Sierra Blanca pluton
was emplaced just before the beginning of Rio Grande rift extension (~36 Ma). Chondrite-normalized
enriched REE patterns exhibit depleted light REE patterns with a negative Eu anomaly (Figure 21).
REE minerals include Y-bearing fluorite, bastnaesite, xenotime, and fluocerite [184,186]. Beryllium
occurs mostly in contact metasomatic veins and replacements in limestones as behoite (Be(OH),), with
lesser amounts of berborite (Be; (BO3)(OH,F)-H,O), bertrandite, chrysoberyl, phenakite, fluorite and
garnet [175,176,179]. The mineralization appears to be formed by high-temperature, volatile-rich vapor
release during the late stages of fractional crystallization [198].
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Figure 21. Chondrite-normalized [192] REE plots of the Sierra Blanca (black diamonds) and Aguachile
(red triangles) rhyolites ([179,189], supplemental material).

3.6. Aguachile, Coahuila, Mexico

The Aguachile Be-F-U deposit in Coahuila, east of Big Bend National Park, Texas, is one of
the eastern-most of the fluorite deposits in Mexico [42,49,187-189] and is part of the Trans-Pecos
alkaline magmatic province (Figures 1 and 20). The Aguachile Mountain pluton was emplaced at or
during the beginning of Rio Grande rift extension (~33-36 Ma). Aguachile Mountain is a collapse
caldera and is surrounded by rhyolite domes with a plug of microsyenite that intruded Cretaceous
limestones. Rhyolite and basanite ring dikes surround the dome and plug. Be-U-F veins, breccias,
and replacements are found in limestone adjacent to the rhyolite dikes and contain fluorite, calcite,
quartz, hematite, limonite, and minor amounts of aragonite, powellite, adularia, kaolinite, gypsum,
sericite, and bertrandite [186,188]. The major ore body at Aguachile contains 0.1-0.3% BeO and
beryllium is found only in the immediate Aguachile area, however the presence of peralkaline
intrusion-related REE deposits is possible. Three periods of fluoritization are recognized [188].
Chemically the rhyolite is alkaline, peralkaline to slightly peraluminous and similar to topaz-bearing
rhyolites. Chondrite-enriched REE patterns exhibit enriched light REE patterns with a negative Eu
anomaly (Figure 21). The ore fluids had a pH of 3-5, Eh of +0.2 to —0.1, and a temperature of above
150 °C [189].
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3.7. Villa Ahumada Carbonatites, Mexico

Carbonatites have been found in three areas a few kilometers west of Villa Ahumada in southern
Chihuahua, Mexico (Figure 20) [47]. The Yucca, Mariana, and El Indio carbonatites occur as stocks,
breccias, and dikes that intrude limestones, granitic intrusions, and rhyolite tuffs. Calcite, Fe-calcite,
and hematite are the major minerals found in the carbonatites with minor dolomite, garnet, and
other accessory minerals. These carbonatites are mostly classified as calciocarbonatite (sovite) and
ferrocarbonatite (Figure 5; according to the classification by 193); magnesio-carbonatites are less
abundant. Chondrite-enriched REE patterns exhibit enriched light REE and negative Eu anomaly
(Figure 22). Associated igneous rocks include a porphyritic latite dated as 37.00 4= 0.19 Ma and Crest
Tuff dated as 35.61 4= 0.54 Ma. The carbonatite yielded an age of 36.35 + 0.27 Ma [47]. Detailed mapping
and ultimately drilling is required to properly assess the economic potential. The area is currently

being examined for REE.
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Figure 22. Chondrite-normalized [192] REE plot of carbonatites from Laughlin Peak, New Mexico and
Villa Ahumada, Mexico ([47], supplemental material).

4. Discussion and Conclusions

4.1. Age and Geochemistry of Associated Igneous Rocks

The GPM mineral deposits in New Mexico, Trans-Pecos Texas, and eastern Mexico are associated
with Eocene to Oligocene alkaline-igneous rocks and found in small- to medium-sized volcanic fields or
porphyry systems, with ages ranging from 22 to 46 Ma (Figure 23; Table 1). The GPM mineral deposits
are younger than most alkaline-related REE and gold deposits elsewhere in the North American
Cordilleran alkaline-igneous belt (Bear Lodge Mountains, 48-50 Ma [7]). Many of the igneous plutons
associated with REE are zoned, whereas plutons and laccoliths associated with gold deposits are small
to medium bodies that are not zoned. The igneous rocks in GPM districts are typically subalkaline to
alkaline, predominantly metaluminous to peraluminous intrusions, with predominantly linear, light
REE-enriched patterns with or without an europium anomaly (Table 1 and references therein).
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District/Age 45 40 35 30 25 20 Ma

Questa

Red River -
Elizabethtown-Baldy -
Cimarroncito -
Laughlin Peak ———
Cerrillos -

New Placers -

Old Placers -—

Capitan Mountains

Gallinas Mountains -

Jicarilla —

White Oaks

Nogal-Bonito

Three Rivers

Jones Camp

Orogrande —

—
—
Schelerville —
-
-

Organ Mountains

Cornudas Mountains -
Hueco Mountains -
Round Top, Sierra Blanca, Tx -
Villa Ahumada carbonatites, Mexico —
Rifting
Subduction ———
Eocene | Oligocene | Miocene

Figure 23. Ages of igneous rocks associated with GPM districts in New Mexico, Texas, and eastern
Mexico, arranged from north to south. Ages and references are cited in Table 1. Districts are located
in Figures 2 and 20. Blue line represents predominantly porphyry molybdenum district, red line
represents predominantly REE districts, and the black lines represents predominantly gold districts.
Rifting and subduction lines from [52,199]. Basin and range extension is approximately the same age
as the rifting. There is a porphyry molybdenum deposit found in the Nogal-Bonito district, but the age
is uncertain.

Igneous rocks in three of the GPM districts associated with predominantly REE deposits (Laughlin
Peak, Gallinas Mountains, and Cornudas Mountains) are ferroan, alkali-calcic to alkali. Igneous rocks
associated with the predominantly gold and molybdenum GPM districts are predominantly ferroan
to magnesian, calc-alkalic to alkali-calcic to alkalic. The oldest igneous rocks in gold-rich Jicarilla
Mountains and Orogrande district are mostly magnesian (with some ferroan in the Jicarilla Mountains),
alkali-calcic to alkalic. Geochemically, the GPM rocks plot as WPG (within-plate granites) to VAG
(volcanic arc granites) according to Pearce et al. [57], and active continental margins, according to
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Schandl and Gordon [60]. In contrast, igneous rocks associated with the Colorado Mineral Belt are
magnesian, alkali-calcic to calc-alkalic and metaluminous to peraluminous [200].

Sr and Nd isotopes of igneous rocks associated with GPM districts are similar, and imply a
lower to upper mantle, homogeneous source (Table 4). There are no correlations with age or spatial
relationships. Nd isotopes of GPM deposits (epsilon Nd of —0.3 to —5.5, Table 4) are higher than those
of igneous intrusions associated with the Colorado Mineral Belt, where a crustal source is envisioned
(epsilon Nd of —7 to —9) [200,201].

Table 4. Compilation of Sr and Nd isotopes of some GPM deposits. See Table 1 for reference of the
age of the igneous systems. See Figure 2 for locations of areas. These isotopes are similar and imply a
similar, lower to upper mantle, homogeneous source.

District ID Name Age Sr Isotopes Nd (CHURT) Isotope Reference
DIS237 Questa 22-28 0.7076-0.7069 [64]
DIS020 Laughlin Peak 22.8-32.3 0.7044, 0.7039-0.7060 [202]
DIS019 Elizabethtown-Baldy 29.1 0.70617 [77]
DIS092 Gallinas Mountains 26.5-29.74 0.7061 -28 [125]
DIS095 Nogal-Bonito 26-33 0.7067 -0.3 [125]
DIS091 Capitan Mountains 28.3 0.70801 -5 [125]
DIS216 Jones Camp 28.88 0.70715 —5.5 [125]
DIS098 Tecolote Iron 0.70490-0.70513 [125]
DIS030 Organ Mountains 26-36 0.7085 to 0.7060 -5 [156]
DIS099 White Oaks 31.7-347 0.70673 -37 [125]
DIS128 Cornudas Mountains 36.3 0.7041 [165]
DIS093 Jicarilla 39.1-45.6 0.70565-0.70578 —4.8 [125]

The similar compositions of GPM igneous rocks (Tables 1 and 4) suggest that the magmas had a
similar origin and were produced from similar source regions. Subtle differences are probably related
to differences in fractional crystallization, especially of minerals such as garnet, zircon, and apatite,
and water-rock interactions accounts for variations in K,O, NayO, Ba, Rb, and Sr. Alternatively, these
differences could represent differences in crustal host rocks, especially in areas where crustal xenoliths
are common (such as in the Organ pluton [156] and Jicarilla igneous intrusions). Collectively, the
geochemical and isotopic data (Tables 1 and 4) are consistent with the older rocks (Jicarilla Mountains,
Orogrande) and Cornudas Mountains having an asthenospheric source and the younger rocks having
a source in the lower crust with more contamination from the upper crust.

The youngest ages of igneous rocks associated with GPM deposits (22-24 Ma) are in northern
New Mexico (Questa, Red River, and Laughlin Peak districts). Only three districts have associated
igneous rocks older than 36 Ma (Old Placers, Jicarilla, and Orogrande districts) and they are in central
and southern New Mexico. Note that intrusions in the Tecolote and Duran districts remain undated.

Detailed *°Ar/% Ar studies in several districts suggest tighter constraints in timing of magmatic
activity, emphasizing the need for additional detailed **Ar/3? Ar and U/Pb geochronological studies.
In the Ortiz porphyry belt, detailed “*Ar/3? Ar studies indicate an early calc-alkaline (34.29-35.79 Ma)
phase and younger, slightly alkaline (31.68-33.27 Ma) phase [87]. Cross cutting relations at Carache
Canyon in the Ortiz porphyry belt suggest that the 31.56-32.20 Ma *°Ar /% Ar range of ages of adularia
is the age of mineralization [87]. The total duration of volcanic and intrusive activity at the Questa
caldera was 9.2 m.y., beginning at 28.5 and ending at 19.3 Ma [71]. The Organ caldera complex was
emplaced between 36.45 and 36.03 Ma, followed by intrusion of exposed post-caldera plutons between
36.1 and 35.7 Ma. Reheating events suggest additional unexposed, post-caldera plutons in the Organ
Mountains at 34 Ma, 32-30 Ma, and 26 Ma, for a total duration of magmatic activity of 10.45 m.y. [157].
Other areas, especially those associated with REE deposits, are shorter periods of magmatic activity
(such as the Capitan and Cornudas Mountains). Mineralization appears to be related to magmatic
activity as evidenced by field relationships, isotopic data, and fluid inclusion data. The enrichment of
beryllium and REE in the Round Top laccolith, Texas was the result of removal of compatible elements
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from the magma chamber by emplacement of earlier igneous intrusions [186], suggesting that the
longer duration of magmatic activity enhances the possibility of forming larger REE deposits.

4.2. Geology, Geochemistry and Style of Mineralization of GPM Districts

Detailed geologic mapping of several districts in the GPM portion of the North American
Cordilleran alkaline-igneous belt have documented evidence of local structural control of intrusive
rocks and mineral deposits [78-80,87,108,122,170]. REE deposits are typically found along local faults
(Figures 3, 7 and 9). Regional structures such as the Capitan lineament appear to be important [43].
Generally, gold-bearing magmatic-hydrothermal breccia pipes and porphyry deposits are older than
Th-REE-fluorite (U, Nb) epithermal veins and breccias and Fe skarns [90,108]. General paragenesis
includes early base-metal veins or skarns followed by gold veins and subsequently Th-REE-fluorite
(U, Nb) epithermal veins and breccias [90,108,136,137].

Gold/silver ratios in GPM deposits are generally higher than other deposits in New Mexico
and also have high gold /base-metal ratios, unlike other metal deposits in the state [2,23,24,29,30].
Geochemical analyses of many samples from GPM districts exhibit low silver, copper, lead, and
zinc concentrations (relative to other metal deposits in western New Mexico [29-32]); only deposits
in the Cerrillos, Organ and Gallinas Mountains have significant silver, copper, lead, and zinc
production [23,24]. Deposits of REE also are found in several GPM districts in New Mexico, Texas, and
eastern Mexico (Figure 2, Table 1, Laughlin Peak and Gallinas, Capitan, and Cornudas Mountains,
Sierra Blanca, Mexican carbonatites), but are typically not found with significant gold deposits,
although trace amounts of gold are locally present [24,82,102,104,108,119,168]. The most significant
REE deposits in terms of future potential are found throughout the GPM belt and show no common
location, age or composition characteristics.

In New Mexico, the style of mineralization differs from that found in Colorado. Fluorine and gold
are common in both areas. Tellurium is found in most of the Colorado districts, but most GPM districts
in New Mexico have tungsten and iron skarns, with only trace amounts to no tellurium [4,26,31,32].
Carbonatites are only found in New Mexico and Mexico. Iron skarns with local concentrations of gold
and REE are found in many GPM districts in New Mexico (Table 1 [62]) and most are associated with
elevated REE and gold. However, in Texas and eastern Mexico, tellurium, tungsten and iron skarns
are absent. However, tellurium analyses of samples from the GPM districts are limited and tellurium
could be found in specific mineralizing zones within New Mexico, Texas, and eastern Mexico districts.
More detail mapping and mineral and chemical analyses are required.

4.3. Origin of GPM Deposits

These new studies have not resolved the origin of the alkaline-igneous complexes nor the
associated mineral deposits, but have provided a better understanding of their origin and provide
insights beneficial for exploration. Supporting evidence for a magmatic-hydrothermal origin of
GPM mineral deposits include the following: (1) fluid inclusion data, age determinations, and stable
isotopic evidence from the Capitan quartz veins [122,126-128] and Nogal-Bonito deposits [136-138,140],
(2) nature of stockwork molybdenum deposits at Sierra Blanca [131], (3) close spatial association of
the nine types of deposits with igneous rocks [44,108,125], (4) presence of skarn deposits along the
contacts of the igneous rocks [44,108], (5) similar age determinations between igneous intrusions and
associated mineralization and alteration [23,24], (6) geochemistry, fluid inclusion and geochemical
modeling studies in the Gallinas Mountains district [106-110] and (7) similarity of New Mexico
deposits to other deposits at Cripple Creek, Colorado and elsewhere where a magmatic origin is
favored [26,35,89,90,201]. GPM are found along a long, linear, cratonic boundary (Great Plains and
Rocky Mountains) that has a geologic history spanning hundreds of million years [24,27]. The Rio
Grande rift formed in close proximity and parallels this boundary. This cratonic boundary formed a
pathway that allowed the generation of alkaline and more silicic magmas and hydrothermal fluids that
led to the formation of the GPM deposits. The diversity of igneous rocks, including alkaline-igneous
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rocks, and associated mineral deposits along this boundary suggests that this region is characterized
by highly fractionated and differentiated, multiple pulses of mantle-derived magmas evolving to
lower crustal magmas related to the subduction of the Farallon plate. The differences in incompatible
trace elements, including REE and beryllium, between the different granitic to rhyolite rocks are likely
related to either differences in the crustal rocks that were assimilated during magmatic differentiation
or by potential minor contamination from crustal sources and/or magma mixing.

The presence of carbonatites is important in understanding the origin of GPM deposits.
The carbonatites at Laughlin Peak and in Mexico are best described as carbonatites associated with
potassic and sodic plutonic rocks [203]. This type of carbonatites typically represents low-temperature,
low-pressure, fractional-crystallization derivatives of diverse alkaline parental magmas derived from
metasomatized lithospheric mantle [203—-205]. Thus, both upper mantle and lower to upper crustal
source rocks are involved in forming GPM deposits, which is supported by the geochemical and
isotopic evidence (Tables 1 and 4).

Many REE deposits associated with igneous rocks are found in extensional settings where thinning
of the crust allows for melting of upper mantle magmas [206]. Several studies have attributed changes
in the chemistry and source of the magmas to the tectonic transition between Eocene-early Oligocene
subduction (Laramide, 36-75 Ma) and mid-Tertiary extension (20-36 Ma) [124,199,200] that was
triggered by changes in the subducting Farallon plate. As the Farallon slab fragmented [166,207], the
asthenosphere filled gaps between the sinking slab and overlying lithosphere, producing magmas and
thereby accounting for slight differences between chemical compositions of the exposed igneous rocks
within the GPM belt. The source regions shifted from asthenosphere (with some minor enrichment
or metasomatism) with some contamination from the upper crust during Eocene-early Oligocene to
lower crust during the late Oligocene [199]. The alkaline-igneous rocks within the GPM districts are
likely derived from partial melting within the lithosphere mantle and lower crust, possibly reflecting
metasomatism of the upper mantle [2,3,24,208]. Rollback of the Farallon flat slab occurred about
23-37 Ma and resulted in a tremendous pulse of calc-alkaline ignimbrite eruptions in southwestern
New Mexico and central Mexico west of the GPM deposits [50,52,207].

Deep-seated fracture systems or crustal lineaments probably channeled the magmas and
hydrothermal fluids [43]. Once magmas and metal-rich fluids reached shallow levels, local structures
and wall rock compositions determined distribution of and final style of intrusions and resulting
mineral deposits.

5. Resources and Future Exploration Potential

Although a few alkaline-related mineral deposits are large (like Cripple Creek gold deposit and
Bear Lodge Mountains REE deposit) [209], most of the GPM deposits are quite small [24], although
most in New Mexico, west Texas, and eastern Mexico have not been explored at depth. However,
the repetitive occurrence of carbonatites with Th-REE-fluorite (U, Nb) vein deposits suggests that
similar REE-rich carbonatites are likely in the subsurface of some of these systems, which could be
indicative of larger REE deposits [7]. The presence of iron skarns containing minor amounts of gold
and REE could also be an indicator of additional REE deposits in the subsurface. The lack of abundant
quartz in these systems results in these deposits being less resistant to erosion, being covered, and not
as well exposed as other types of quartz-rich deposits [209], therefore requiring detailed mapping,
geochemical and geophysical studies and ultimately drilling to properly define their extent.

Gold and molybdenum resources in New Mexico have been summarized before [24,31,32,62].
There is REE potential in Th-REE-fluorite (U, Nb) epithermal veins and breccias in the Laughlin
Peak, Gallinas Mountains, Capitan Mountains, Cornudas Mountains, Round Top, and Villa Ahumada
districts [8,19,47] and exploration, including drilling, has recently occurred in the Gallinas Mountains,
Cornudas Mountains, Round Top, and Villa Ahumada areas. In 1991-1992, U.S. Bureau of Mines
calculated an inferred resource of 0.487 million metric tons of total REE (grade of 2.95% total REE)
in the Gallinas Mountains district [105]. The Round Top Mountain, Sierra Blanca, Texas, contains an
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estimated 231.0 Mt of rare-earth mineral resources at the Measured level, with an average grade of
0.06 wt % total rare-earth oxide (TREO), 298.0 Mt of resources at the Indicated level, with an average
grade of 0.06% TREO, and an estimated 377.0 Mt of resources at the Inferred level, with an average
grade of 0.06% TREO [8,180,185]. Since the model for peralkaline intrusion-related REE deposits (USGS
model no. 11 [8,39,41]) is now better understood, those peralkaline-igneous rocks in GPM districts
(Table 1) and those found in the Tran-Pecos belt [165,166,179], many without any surface indications of
mineral deposits, should be re-examined for REE, gold, and other critical elements deposits, requiring
detailed mapping and geochemical studies in most areas. In addition, some of the GPM districts could
have potential for other critical elements (as defined by [10]), such as fluorine, zirconium, scandium,
niobium, gallium, beryllium and tellurium.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-9276/7/1/8/s1,
Table S1. Chemical analyses of igneous and mineralized rocks. Major elements are in weight percent. Trace
elements are in ppm, except for Au which is in ppb.
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