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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.
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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 [2,3,4,5] 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 [7,8,9,10,11,12]. 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 [8,9,10,11,12,13,14]. 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 [9,14,15,16]. 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 [17,18,19], 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.


Table 1. GPM mining districts related to the North American Cordilleran alkaline-igneous belt in New Mexico, Texas, and eastern Mexico. The mining districts are arranged roughly from north to south, Cripple Creek is included only for comparison to the southern districts. Names of mining districts in New Mexico are after File and Northrop [55] wherever practical, but some former districts have been combined and new districts added. The district id number refers to the New Mexico Mines Database district number [53,54]. Locations of districts in New Mexico are shown in Figure 2. Types of deposits are numbered as discussed in the text below and are described in McLemore and Lueth [32]. Magmatic characteristics are using geochemical and tectonic diagrams [56,57,58,59,60,61]. Database of geochemical analyses used is in supplemental material. WPG = within plate granite. VAG = volcanic arc granite. Gold production is from [5,26,62]. na = not available.












	District ID
	Name
	Associated Elements (Produced Are in Bold Italics)
	Age Ma (Bold Italics Are 40Ar/39Ar)
	Type of Mineral Deposits
	Magmatic Characteristics [56,57,58,59,60,61]
	Gold Production (Metric Tons) * Gold Resources Remain
	Selected References





	na
	Cripple Creek, CO
	Au, Ag, F, Te
	32–37
	Veins (1), breccia pipes (2), gold placers (9)
	na
	731 *
	[5,26,63]



	DIS237
	Questa
	Mo, Be, F
	22.7–28.5
	Veins (1), breccia pipes (2), Mo porphyry (3)
	Magnesian to ferroan, subalkaline, alkali-calcic to calc-alkalic, metaluminous to peraluminous
	0
	[53,63,64,65,66,67,68,69,70,71]



	DIS238
	Red River
	Au, Ag, Cu, Mo, Be, Te
	24.9
	Veins (1), gold placers (9)
	Magnesian, subalkaline, alkali to alkali-calcic, metaluminous to peraluminous
	0.01 *
	[66,67,71,72,73]



	DIS019
	Elizabethtown-Baldy
	Au, Ag, W, Te
	29.1
	Veins (1), Cu, Pb, Zn, Au skarns (4), Fe skarns (5), gold placers (9)
	Magnesian to ferroan, subalkaline, alkali to calc-alkalic, metaluminous to peraluminous
	14.6 *
	[73,74,75,76,77]



	DIS018
	Cimarroncito
	Au, Ag
	29.1
	Veins (1), gold placers (9)
	Magnesian to ferroan, subalkaline, alkali to calc-alkalic, metaluminous to peraluminous
	0.003
	[73,75,76,77]



	DIS020
	Laughlin Peak
	REE, Th, U, F
	22.8–32.3
	Veins (1), breccia pipes (2), Th-REE veins (6), carbonatites (7)
	Ferroan to magnesian, metaluminous to peralkaline, mostly alkaline, mostly alkali, WPG
	0
	[44,78,79,80,81,82,83]



	DIS180
	Cerrillos
	Au, Ag, Cu
	28.9
	Veins (1), porphyry (3)
	calc-alkalic to alkaline, ferroan to magnesian, calc-alkalic to alkalic, metaluminous to peraluminous rocks, and plot as WPG to VAG
	0.08 *
	[73,84,85]



	DIS186
	New Placers
	Au, Ag, Cu, Te
	33.7–33.9
	Veins (1), Cu, Pb, Zn, Au skarns (4), gold placers (9)
	calc-alkalic to alkaline, ferroan to magnesian, calc-alkalic to alkalic, metaluminous to peraluminous rocks, and plot as WPG to VAG
	3.6 *
	[73,86,87]



	DIS187
	Old Placers
	Au, Ag, Cu, W, Te
	34.3–35.8, 33.3–31.7
	Veins (1), breccia pipes (2), porphyry (3), Cu, Pb, Zn, Au skarns (4), gold placers (9)
	calc-alkalic to alkaline, ferroan to magnesian, calc-alkalic to alkalic, metaluminous to peraluminous rocks, and plot as WPG to VAG
	14 *
	[73,86,87,88,89,90,91]



	DIS271
	Duran
	Fe
	?
	Fe skarns (5)
	na
	0
	[92,93]



	DIS092
	Gallinas Mountains
	Cu, Ag, REE, F, Th, U, Te
	26.5–29.7
	Veins (1), breccia pipes (2), Fe skarns (5), Th-REE veins (6), carbonatites?? (7)
	Ferroan, metaluminous to peraluminous, alkaline, mostly alkali to alkali-calcic, A-type, WPG
	<0.001
	[73,92,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111]



	DIS098
	Tecolote Iron
	Fe
	?
	Fe skarns (5)
	na
	0
	[92,94,112]



	DIS093
	Jicarilla
	Au, Ag, Fe
	39.16–45.63
	Veins (1), breccia pipes (2), Cu, Pb, Zn, Au skarns (4), Fe skarns (5), gold placers (9)
	subalkaline to alkaline, ferroan to magnesian, calc-alkalic to alkali, metaluminous to peraluminous, VAG
	0.3 *
	[94,113,114], unpublished data



	DIS099
	White Oaks (Lone Mountain)
	Au, Ag, W, Te
	31.7, 34, 34.75
	Veins (1), Cu, Pb, Zn, Au skarns (4), Fe skarns (5), gold placers (9)
	na
	5.1 *
	[73,92,94,115,116,117,118], unpublished data



	DIS091
	Capitan Mountains
	Fe, REE, Th, U, F, Be
	28.3
	Veins (1), Fe skarns (5), Th-REE veins (6)
	Ferroan to magnesian, peralkaline to peraluminous, subalkaline, alkalic to calc-alkalic, A-type, WPG
	0
	[43,46,73,92,94,119,120,121,122,123,124,125,126,127,128,129]



	DIS095
	Nogal-Bonito
	Au, Ag, Cu, Mo, Fe, Te, REE(?)
	26–33
	Veins (1), porphyry (3), Cu, Pb, Zn, Au skarns (4), Fe skarns (5), Th-REE veins?? (6), gold placers (9)
	Metaluminous to peraluminous, mostly alkaline, alkali to calc-alkalic, WPG to VAG, A-type to I and S-type
	0.5 *
	[37,38,73,94,130,131,132,133,134,135,136,137,138,139,140,141,142,143]



	DIS096
	Schelerville
	Au, Ag
	26–33
	Veins (1), gold placers (9)
	Metaluminous to peraluminous, mostly alkaline, alkali to calc-alkalic, WPG to VAG, A-type to I and S-type
	<0.01
	[73,94,140,141,142,143,144]



	DIS132
	Three Rivers
	Fe, Au, Ag, REE?
	28.95–28.24
	Veins (1), Th-REE veins?? (6), Fe skarns (5)
	Ferroan, metaluminous, alkaline, alkali-calcic, VAG
	0
	[92,141,142,143,145]



	DIS216
	Jones Camp
	Fe, Au
	28.88
	Fe skarns (5)
	Magnesian, metaluminous, alkaline, alkali to alkali-calcic
	0
	[92,146]



	DIS241
	Chupadera Mesa
	Fe, Au
	30.2
	Fe skarns (5)
	Magnesian to ferroan, metaluminous, alkaline, alkali to alkali-calcic
	0
	[92,93,147]



	DIS129
	Orogrande
	Cu, Au, Ag, Fe, Te
	45.6–41.4
	Veins (1), porphyry (3), Cu, Pb, Zn, Au skarns (4), Fe skarns (5), gold placers (9)
	Magnesian to ferroan, metaluminous to peraluminous, alkaline to subalkaline, alkali to calcic, WPG to VAG
	0.5 *
	[45,73,148]



	DIS030
	Organ Mountains
	Cu, Pb, Zn, Au, Ag, F, Te, Be
	26–36.45
	Veins (1), porphyry (3), Cu, Pb, Zn, Au skarns (4)
	alkaline, ferroan to magnesian, predominantly alkalic, metaluminous to peraluminous, and plot as WPG to VAG
	0.35
	[73,149,150,151,152,153,154,155,156,157]



	DIS128
	Cornudas Mountains
	REE, Th, U, Be
	36.3
	Veins (1), breccia pipes (2), Th-REE veins (6)
	Ferroan, metaluminous to peralkaline, alkaline, alkali, WPG
	0
	[28,158,159,160,161,162,163,164,165,166,167,168,169,170,171]



	DIS255
	Hueco Mountains
	Fe, REE, Th, U
	34.5–34.7
	Fe skarns (5), Th-REE veins (6)
	Ferroan, metaluminous to peralkaline, alkaline, alkali, WPG to VAG
	0
	[171,172]



	na
	Round Top, Sierra Blanca
	REE, Be, U, Th
	36.2 ± 0.6
	Th-REE veins (6), peralkaline intrusion-related REE deposits (8)
	Metaluminous to peraluminous, WPG
	0
	[8,42,173,174,175,176,177,178,179,180,181,182,183,184,185,186]



	na
	Villa Ahumada carbonatites, Mexico
	U, Th, REE
	36.35 ± 0.27
	Th-REE veins (6), carbonatites (7)
	na
	0
	[47]



	na
	Aguachile Be-F-U deposit
	Be, F, U, REE?
	
	Veins (1), Th-REE veins (6), peralkaline intrusion-related REE deposits?? (8)
	Alkali, peralkaline to peraluminous
	0
	[42,49,187,188,189]









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) [2,3,20,21,22,23,24,25,26]. 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 [23,24,29,30,31,32]. This term is retained in this paper and extended to include similar deposits in Trans-Pecos Texas and eastern Mexico.


Figure 1. Extent of the North American Cordilleran alkaline-igneous belt [2,3,23,24,49].
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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.


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 [23,24,27,31,32,48,49,50,51,52,53,54]. GPM districts are summarized in Table 1.
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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 [33,34,35,36], alkalic-gold or alkaline-igneous related gold deposits [2,3,20,21,22,25,37,38,39], 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, 22c [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, 18c, 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 [21,24,43,44,45,46]. Alkaline-igneous rocks are enriched in sodium and potassium (Na2O, K2O) relative to similar rocks at given silica (SiO2) 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 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].




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 [56,57,58,59,60,61] 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; 40Ar/39Ar [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.


Figure 3. Simplified geologic map of the Laughlin Peak district, Colfax County, New Mexico (simplified from [44,78,79,80]). Prospects and drill holes are described in McLemore [44]. Gray lines and numbers are township, range and section lines.
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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 sövite; 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].


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



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) [99,108,109,110]. 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 (40Ar/39Ar 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 ± 0.18 to 29.232 ± 0.097 Ma (40Ar/39Ar methods [110,111]). The syenite lenses within the trachyte are similar in age as the trachyte (26.51 ± 0.15 to 29.77 ± 0.16 Ma, 40Ar/39Ar 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 (40Ar/39Ar 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).


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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Figure 8. Chemical plots of igneous rocks from the Gallinas Mountains. Data are from 104, 108, and 110 (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 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 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].



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 lbs 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.


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]



	
	Conqueror (Rio Tinto)
	
	300
	
	[195]



	
	Red Cloud
	
	1000
	
	[195]



	Bastnaesite
	Conqueror No. 9
	1954–1955
	60
	
	[94]



	
	Conqueror No. 10
	1956
	11
	
	[94]









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 [98,99,100,101,104]. 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.


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 small, irregular zones that would not show at this scale.
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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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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.




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 40Ar/39Ar 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 Na2O + K2O/SiO2, SiO2 vs. TiO2, and SiO2 vs. Zr/TiO2, and various major elements confirm that the textural zones are comagmatic [124] (Supplemental Material).


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.
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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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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 limestone are found west of Capitan Pass (Figure 12). Stoping and assimilation of the sedimentary rocks by the pluton is lacking.



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 [46,120,121,122,123,126,127,128]. 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.


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].
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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.




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 [167,168,169,170]; but there has been no production except for test shipments of nepheline syenite for use as sand-blasting material in 1995.


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].
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Table 3. Description of igneous intrusive bodies within the Cornudas Mountains. Bodies shown in Figure 16.


	Name
	Form
	Predominant Lithology
	Age Ma
	References





	Alamo Mountain
	phonolite, foliated porphyritic nepheline syenite
	discordant sheet or sill
	36.8 ± 0.6 (K/Ar on biotite)
	[165,166]



	Flat Top Mountain
	phonolite, augite syenite dike
	sill
	—
	[165]



	Cornudas Mountain
	quartz–bearing syenite, syenite, trachyte
	plug or laccolith
	34.6 ± 1.5 (K/Ar on biotite)
	[165,166]



	Wind Mountain
	nepheline syenite, phonolite, porphyritic nepheline syenite
	Laccolith or plug
	36.32±0.15 (40Ar/39Ar, NMBMMR Geochronology Laboratory).
	[163,165,170,193]



	San Antonio Mountain
	nepheline syenite
	laccolith
	—
	[165]



	Deer Mountain (Little Wind Mountain)
	nepheline syenite
	plug or laccolith
	33.0 ± 1.4 (K/Ar on biotite)
	[165,166]



	Chatfield Mountain
	phonolite
	sill
	—
	[165]



	Black Mountain
	porphyritic nepheline syenite
	sill
	—
	[165]



	Washburn Mountain
	porphyritic nepheline syenite
	sill
	—
	[165]



	Unnamed hill
	nepheline–bearing augite syenite
	plug
	36.8 ± 0.6 (K/Ar on biotite)
	[165,166]









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 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.


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.
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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 and thorium are found disseminated within the dikes, veins, and breccias but are not economic. Assays ranged from 0 to 0.8% U3O8 [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.


Figure 19. Chondrite-normalized [192] REE plots of mineralized veins and breccias from the Cornudas Mountains. Data are from ([168], supplemental material).
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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 (Figure 1 and Figure 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 [173,174,175,176,183,184].


Figure 20. Trans-Pecos magmatic province, New Mexico, Texas, and eastern Mexico (modified from [165,179]).
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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 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)2), with lesser amounts of berborite (Be2 (BO3)(OH,F)·H2O), 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].


Figure 21. Chondrite-normalized [192] REE plots of the Sierra Blanca (black diamonds) and Aguachile (red triangles) rhyolites ([179,189], supplemental material).
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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 [42,49,187,188,189] and is part of the Trans-Pecos alkaline magmatic province (Figure 1 and Figure 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].




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 (sövite) 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 ± 0.19 Ma and Crest Tuff dated as 35.61 ± 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.


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



[image: Resources 07 00008 g022]








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).


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 Figure 2 and Figure 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.
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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 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
	−2.8
	[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
	31.7–34.7
	0.70673
	−3.7
	[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 (Table 1 and Table 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 K2O, Na2O, 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 (Table 1 and Table 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 40Ar/39Ar studies in several districts suggest tighter constraints in timing of magmatic activity, emphasizing the need for additional detailed 40Ar/39Ar and U/Pb geochronological studies. In the Ortiz porphyry belt, detailed 40Ar/39Ar 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 40Ar/39Ar 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 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 [78,79,80,87,108,122,170]. REE deposits are typically found along local faults (Figure 3, Figure 7 and Figure 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 [29,30,31,32]); 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 [122,126,127,128] and Nogal-Bonito deposits [136,137,138,140], (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 [106,107,108,109,110] 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 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 [203,204,205]. 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 (Table 1 and Table 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 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.
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moderate interstitial nepheline and analcime plus
accessory argirine-soda-amphibole and minor magnetite

TERTIARY
1

PERMIAN

TNSP2

Phb

Nepheline-Syenite Porphyry—medium-grained alkali-feld-
spar phenocrysts in a matrix of dominant feldspar with
moderate interstitial nepheline and minor analcime plus
accessory argirine-soda-amphibole-biotite and minor

Mafic—zonation/lamination

Nepheline-Syenite Porphyry—medium-grained alkali-feldspar
is present as subhedral blocky prisms. Intersitial nepheline
plus accessory arfedsonite-aegirine and minor magnetite are
present in a feldspar rich groundmass. The orientation of the
feldspar crystals are vertical rather than flat (as in the main
intrusive mass), suggesting a different intrusive limestone

Nepheline-Syenite Dikes—fine-grained massive crystalline
dike-like bodies outcrop around the stock in the hornfels
facies of the limestone

Limestone—Hueco Fm. and Bone Spring Fm. limestone
undifferentiated. Near the contact with the stock, the
limestone is altered to a hornfels facies by contract
metamorphism.

Nephaline-syenite pits
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