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Abstract

Mineral discoveries are typically tangible on surface studies. Previous
research describes mineral deposits of ferric and ferrous irons in the lithology,
structures, and alluvial fans in the Apache Hills in southwest New Mexico. The
research for this thesis combines and models four methods for validating and
mapping the presence of Ferric and Ferrous Irons developed in weathered zones
above mineral deposits. A beneficial steppingstone before exploration and
discovery begins with extensive research.

This study began with data acquisition and reviewing previous research and
was essential for the project methods. The study combines four techniques:
spectral geology (e.g., remote sensing and spectrometry), geographic information
system (e.g., GIS software ArcMap 10.8 and ENVI 5.3), and geochemical data
analysis (e.g., previous research and Act Labs trace element results). These
methods were combined to create mineral maps for specific locations and represent
an exploration method of collecting diverse data at minimum or no cost. This study
concludes that satellite geospatial data, laboratory spectroradiometer, and
geochemical results should be combined to conclude and validate the presence of

ferric and ferrous irons in a research area.
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1. Introduction

The research for this thesis aims to combine and model four methods for
mapping ferric and ferrous iron oxides in the Apache Hills Sierra Rica, Hidalgo
County, New Mexico. Mineral discoveries typically have surface manifestations.
The classic example is iron-stained weathering manifestations (gossans) developed
on iron-rich sulfide deposits used for centuries by prospectors, but many other
manifestations are known. Gossans are characterized by using iron oxide
mineralogy and spectral reflectance as a possible aid to mineral exploration using
remote sensing data (Accame et al., 1983). Remote sensing applications by
capturing airborne digital images and spectral analysis contributed several
dimensions to modern exploration (Swapan et al., 2018).

Remote sensing methods are the science, technology, and art of acquiring
information about objects from a distance and taking us well beyond the limits of
human capabilities (Aranoff, 2005). Spectral analysis, such as remote sensing and
Spectroradiometer methods, remains innovative. Different image processing
techniques, such as color composites, band rationing, filtering, supervised
classification, and unsupervised classification, are typically used to delineate

favorable areas for further exploration (Pour et al., 2008).



Identifying surface mineralogical composition using remote sensing presents
an opportunity for exploration geologists seeking potential ore-bearing
hydrothermal systems (Huntington,1996). Previous research describes mineral
deposits of ferric and ferrous iron oxides in the lithology, structures, and alluvial
fans in the Apache Hills in southwest New Mexico. In addition, a current
geochemical analysis in the research area highlights the presence of ferrous and
ferric iron oxides that represent weathering of iron-bearing sulfide minerals like
pyrite and chalcopyrite.

A beneficial steppingstone before exploration and Discovery begins with
extensive research. To begin an exploration project, data acquisition and reviewing
previous research information are essential for the project methods. This might be
followed by four techniques that require mineral investment: spectral geology (e.g.,
remote sensing and spectrometry), geographic information system (e.g., GIS
software ArcMap 10.8 and ENVI 5.3), and geochemical data analysis (e.g.,
previous research, assay reports, and Act Lab trace element results). Geologists can
combine these methods and create mineral maps for specific arid locations when

collecting diverse data at minimum or no cost.



A spectroradiometer (e.g., GER 3700) identifies the surface wavelength and
reflectance in a laboratory environment from the field samples provided. The
results from the examples are then input into software for mineral identification.
The Spectral Geologist 8 software (TSG-8) and the USGS Spectral Library 2007
ENVI [add-on] carry a consortium of stored spectra. The spectral signatures from
the resulting wavelengths are researched within the software/add-on libraries to
confirm the presence of iron oxide minerals from the locations where the samples
are extracted. The spectral signatures for Goethite and limonite (e.g., ferric and
ferrous irons) are especially relevant for this study. Some of the best quantitative
mineralogic descriptions of porphyry copper rocks are from the formation of
Goethite and Jarosite during the weathering process of sulfide-bearing felsic rocks
of the Goethite, Hematite, and Jarosite in the leached capping rock. (Locke,1926;
Tunell,1980; Blahd, 1983). This study reviews remote sensing geospatial raster
data image results on a GIS platform applied to the Apache Hills area of
southwestern New Mexico, USA. Raster images are generated using unique band
ratios and combinations to expose and isolate iron oxide minerals over an
extensive land surface area. Minerals that Strongin (1957) reports are present in the
area and essentially concur with the previous geochemical research assay results
from Peterson (1976). Satellite geospatial data, laboratory spectroradiometer, and

geochemical results conclude and validate the presence of ferric and ferrous iron



oxides in the research area. These minerals are precursors that characterize and
identify the existence of a porphyry system.
2. Regional Geologic Settings: The Southwestern United States

The tectonics of southwest North America is widely recognized as the
product of convergence between western North America and a mosaic of oceanic
plates that started in the late Triassic time following the assembly of Pangea. The
Cretaceous tectonism in the Southwestern United States and northwestern Mexico
Is typically interpreted as the product of eastward subduction of the Farallon plate
beneath North America (Dickinson, 1981), but the collision of oceanic arcs also
played a role in the polarity of those subduction systems (s) debated (Busby et al.,
2023).
2.1 Regional Tectonics, Magmatic Flare-Up, Extensions, and Structures

The tectonic history of the US-Mexico border region is less constrained than
areas to the north in the western U.S... Nonetheless, evidence indicates a complex
Cretaceous history of extension and contraction (Hamilton et al., 1982). The
extensional phase of basin development was coeval with Late Jurassic—Early
Cretaceous retro-arc shortening that formed Central Nevada and Sevier thrust belts
north of Las Vegas, Nevada (DeCelles, 2004; Yonkee and Weil, 2015; Giallorenzo

et al., 2018; Lawton et al., 2020).



The proximity of a westward migrating arc (Fitz-Diaz et al., 2018) that
provided sediment to Jurassic and early Cretaceous back-arc basins is considered
the primary basin-forming process (Fitz-Diaz et al., 2018; Lawton et al., 2020).
Shortening to the north created the retro-arc Cordilleran foreland basin. A
migrating Jurassic magmatic arc swept westward across northern and central
Mexico, including the Late Jurassic Bisbee rift basins (Currie, 1998; DeCelles,
2004; Mauel et al., 2011; Lawton et al., 2020). In Cenomanian times, the Arperos
basin closed in central and southern Mexico (Martini et al., 2014). The marginal
basin model predicts (Figure 1) that the closure of the Arperos basin began
sometime between mid-Aptian and mid-Albian time. The diachronous closure of
the marginal basin and progressive suturing of Guerrero may explain apparent
inconsistencies in the timing of the post-rift increased subsidence. Scientists infer
that the well-defined, late Albian subsidence event in Sonora resulted from the
collision of the Guerrero super terrane with North America (e.g., Martini et al.,

2013; Palacios-Garcia and Martini, 2014; Lawton et al., 2020).
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basin transition (modified from Lawton et al., 2020) Figure 13, p.2508 red box denotes the

time scale.
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The exact time interval marked a magmatic decline in the Sierra Nevada arc
of California and a pluton emplacement shift to the batholith's western flank
(Ducea, 2001; DeCelles et al., 2009; Nadin et al., 2016; Lawton et al., 2020). The
contrasting along-strike magmatic histories of Guerrero and the western United
States mirrored the respective, contemporary along-strike transition from Late
Jurassic—Early Cretaceous back-arc extension to retro-arc shortening. It presents a
mechanism for observed patterns of basin subsidence and sediment sources
(Lawton et al., 2020). The sedimentary basin development and provenance
relationships of the U.S.—Mexico border region suggest that the basins and arc
system evolved with the marginal basin’s opening and closing phases. Widespread
mid-Cretaceous sedimentation buried the former rift margin in southwestern New
Mexico. It accompanied resumed sediment accommodation following a hiatus of at
least 20 m.y. in northwestern New Mexico (Lawton et al., 2020).

The stratigraphic section is part of a broad subsiding region that preserved
the former basins as separate depocenters with their provenance and sediment
routing characteristics (Lawton et al., 2020). The Albian—Cenomanian subsidence
event was a long-wavelength phenomenon that resembles modeled dynamic
topography resulting from the initial emplacement of a slab subducted into the

asthenosphere (Gurnis, 1992; Lawton et al., 2020).
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The inversion of the local basin to form potential tectonic changes by crustal
shortening, as recorded by the Bisbee Group clasts in a synorogenic conglomerate,
did not occur until Turonian in northern Sonora and Campanian time in
southwestern New Mexico. (Gonzalez-Leon et al., 2011; Lawton et al., 2020). In
response to subduction, a magmatic arc is formed in western Nevada, western
Arizona, eastern California, Baja, California, and Sonora, Mexico (Mack, 1987).

Late Jurassic—-middle Cretaceous magmatism occurred without apparent

interruption along the North American continental margin. (Juarez-Arriaga et al.,



2019; Lawton et al., 2020). During Bisbee Group sedimentation, the Jurassic arc
magmatism was succeeded by a bimodal phase of volcanism, transitioning to the
tectonics of the Border rift system (Dickinson and Lawton 2001). The Laramide
Tornillo basin (Figure 2-purple rectangle) developed in the foreland of the thrust
system (Lehman, 1986, 1991; Dickinson and Lawton, 2001). The Lower
Cretaceous strata of the Chihuahua trough change facies are eastward and thin
rapidly by onlap of a pre-mid-Mesozoic substratum along the flank of the Diablo
platform (Gries and Haenggi, 1970; Underwood, 1980; Drewes and Dyer 1993;
Dickinson and Lawton, 2001). The Chihuahua trough rift basin is separated from
the retro-arc foreland basin to the north by a rift shoulder and lowlands (Figure 4).
It complements the Sevier thrust belt and an orogenic belt in southeastern
California, western Arizona, and Sonora, Mexico (McGookey et al., 1972). The
Sevier thrust belt developed east of the magmatic arc (Armstrong, 1968;
Dickinson, 1981). The foreland basin formed east of the Sevier thrust belt and
subsided in response to thrust loading and received detrital sediment from the
thrust belt McGookey and others, 1972; Dickinson, 1976, 1981; Jordan, 1981,
Mack, 1987). The tectonic history is less constrained in southeastern California,
western Arizona, and Sonora, Mexico. Dickinson et al. (1986a) suggest that the
Chihuahua trough (Figure 3) resulted from either back-arc rifting or was a failed

arm of the Gulf of Mexico rift. Middle and Late Cretaceous compressional



deformation overprinted these rift structures along the border region (Hamilton,

1982; Burchfiel and Davis, 1971; Drewes, 1978; Rangin, 1978; Reynolds and
others, 1980).
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Figure 3: Paleotectonic maps illustrating two different tectonics models for a mid-Cretaceous
time. (@) The Chihuahua trough (Red Circle) is a rift basin separated from the retro-arc foreland
basin by a rift shoulder and lowlands, adapted from McGookey et al., 1972 (modified from
Mack et al., 1987 figure 1, p. 507).
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The Basin and Range Province (Figure 5c¢) developed in the central-western
United States and northwestern Mexico through block faulting, strike-slip faulting,
and associated relative regional subsidence during the late Cenozoic. During the
initial extension in the Neogene, brittle failure of the upper continental crust
produces a series of horsts and grabens (Figure 5c¢). The crust thins to less than
average, heat flow is high, and a sparse bimodal basaltic-rhyolitic volcanism has
accompanied the extension. The Basin and Range Province remains active from
southern California to ldaho and Montana, as well as the Rio Grande rift segment,
as evidenced by seismicity and landscape (Coney, 1987). However, the Basin and
Range of Arizona and western New Mexico record an older mid-Cenozoic
extension that originated under different conditions than the modern, active Basin
and Range (Coney, 1987). The timing and tectonic setting of the middle Cenozoic
crustal extensions in the North American Cordillera support the concept that an
over-thickened crustal welt formed behind or astride the thrust belts produced
during Mesozoic (Figure 5a) to early Cenozoic contraction (Coney, 1987). The
mid-Cenozoic extension (Figure 5b) in Arizona and southern California is well
known for developing sub-horizontal younger over older low-angle normal faults,
aka detachment faults of modern terminology (Armstrong 1972). These
detachment systems juxtapose un-metamorphosed upper-plate Precambrian to

Cenozoic sedimentary and volcanic rocks against lower-plate mylonite-gneiss. The
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Cordilleran hinterland's well-known metamorphic core complex extension affected
a large area than the younger Basin and Range region, a section covering northern
British Columbia through the western United States and southward into Mexico
north (Coney, 1987).

A voluminous outburst of caldera-centered ignimbrite eruptions mid-
Cenozoic extension (Figure 5b) (Lipman et al.1971; Elston 1976; Coney &
Reynolds 1977; Dickinson 1981). Elston (1978) general location of calderas
(Figure 6) of Hidalgo County, New Mexico, that were produced during this event.
The dashed outlines (Figure 6) show the approximate location of the inner margins
of the calderas. A lowering crustal viscosity aided the extension that resulted from
an intricate arrangement of volcanism and a decrease in intraplate compressive
stress. As plate regimens developed along the Pacific margin during the late
Cenozoic, subduction also ceased, as did compressive stress. A developing
transform boundary and a massive Cordilleran-wide lithospheric uplift allowed the
second phase of the extension to progress across the already thinned and thermally

weakened crust to form the Basin and Range Province (Figure 5¢) (Coney, 1987).
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2.2 Stratigraphy

Upper Jurassic marine, continental, and mafic volcanogenic strata have been
deposited in narrow basins in the study region. These basins are in northern
Sonora, southeast Arizona, and southwestern New Mexico. Marine and volcanic
strata in the Chiricahua Mountains of southeastern Arizona overlie a thin (40 m)
basal conglomerate interpreted as the Glance Conglomerate, establishing a part of
the Bisbee Group (Drewes et al.,1995). A stratigraphic convention retained the
section and is recognized now as Jurassic (Lawton et at., 2020). The stratigraphy
corroborated the previously postulated extensional origin of the Bisbee Group
(Lawton et al. 2020). The Bisbee Group nomenclature extends into southwestern
New Mexico (Lawton and Harrigan, 1998; Lucas and Estep, 1998b). The Group
includes the Upper Jurassic Broken Jug (Figure 7 lower left) Formation and the
Lower Cretaceous Hell-to-Finish, U-Bar (Figure 7 left-center), and Mojado
Formations (Zeller, 1965, 1970; Lawton, 2004; Lucas and Lawton, 2000; Lucas et
al., 2001; Lawton et al., 2020). A well-exposed Jurassic—Lower Cretaceous section
overlies Permian carbonate rocks in the Little Hatchet Mountains (Figure 7). To the
north of the Little Hatchet, Paleozoic, and Mesozoic strata thin toward the Burro

Mountains, where the middle Cretaceous Beartooth Member of the Mojado
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Figure 7: Southwest and northeast stratigraphic cross-section of Bisbee Group, Dakota
Formation, and Mancos Formation from Little Hatchet Mountains in southwestern New
Mexico to San Ysidro in northwestern New Mexico Rift to foreland transition, Bisbee Basin
(modified from Machin, 2013; Lawton et al., 2020, Figure 12, p.2507). The black box with
arrows denotes the regional strata of the Little Hatchet Mountains adjacent to the Apache
Hills, New Mexico.
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Formation directly overlies Mesoproterozoic granitoid and metamorphic rocks
(Paige, 1916; Darton, 1917; Lasky, 1936; Chafetz, 1982; Lawton et al., 2020). The
thinning of the Paleozoic section was produced by erosional truncation beneath the
Jurassic unconformity. Lower Cretaceous strata thin northward by stepwise
thinning at syn-depositional normal faults (Bayona and Lawton, 2003; Lawton,
2004; Machin, 2013; Lawton et al., 2020). The Early Cretaceous paleogeographic
high in the Burro Mountains is the Burro uplift (Trauger, 1965), which is a
southeastward extension of the Mogollon highlands (Figure 8) (Bilodeau, 1986;
Lawton et al., 2020). The southeast-trending paleogeographic element, the Burro-
Mogollon uplift, is interpreted as a Late Jurassic—Early Cretaceous rift shoulder
(Figures 3 & 18) of the Bisbee basin (Figure 8) (Bilodeau, 1982; Dickinson et al.,
1986; Mack, 1987a, 1987b; Lawton et al., 2020). The Bisbee Group strata are
present on the international border between Chihuahua and New Mexico near El
Paso, Texas, where they consist of mudstone and subordinate sandstone
intercalated with carbonate strata, which dominate the middle Cretaceous section
of the Chihuahua trough (Monreal and Longoria, 2000; Haenggi, 2002; Lucas et
al., 2010; Lawton et al., 2020). The Hell-to-Finish Formation (Figure 7) of
southwestern New Mexico overlies Jurassic basaltic rocks of the Broken Jug
Formation (Figure 7) on a sharp but concordant contact in the central part of the

Little Hatchet Mountains. Whereas elsewhere, the Broken Jug overlies Paleozoic
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limestone (Lawton and Harrigan, 1998; Gillerman, 1958; Zeller, 1965; Lawton et
al., 2020). The Broken Jug Formation comprises red siltstone, thin, upward-fining
conglomerate beds, and sandstone with scoured bases. A stratigraphically complete
exposure in the central part of the Little Hatchet Mountains is 525 m thick (Lucas
and Lawton, 2000; Lawton et al., 2020). The Chapo Formation comprises
Paleozoic Limestone (Pzl) to volcaniclastic conglomerates (Figure 9). The Apache
Hills map (Figure 18) illustrates the Tertiary Rhyolite flows (Tfr) and fault
Northwest of the Luna Mine flow banded rhyolites exposed at the Apache Mine

and Christmas mine.
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(LHM) near the Apache Hills (modified from Lawton et al., 2020, Figure 1, p.2490).
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Figure 14. Stratigraphic relationships of rocks in the Apache nNo. 2
mining district, Hidalgo County, New Nexico.
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3. Geology of the Apache Hills Study Area

The Apache Hills and the Sierra Rica Mountain are separate ranges but
similar in stratigraphy and structure (Figure 10-11). The Apache Hills and
associated Sierra Rica (Figure 12) form a different complexly faulted block
structure (Figure 14-16-17) (Lasky, 1947). Strongin (1957) described the Apache
hills as having a composite stock intruding (Figure 14 #25 Red) the
Limestone/Sandstone member (Figure 14 #2 below # 25 Apache Peak) of the
Howell Ridge Formation and that it is directly responsible for developing a contact
metamorphic type deposit. Igneous body intrusions (Figure 14-15) described by
Strongin (1957) are a significant feature of the Apace Hills and Sierra Rica
visualized through ArcGIS. Two reasonably large intrusive bodies are seen: 1) on
the up-thrown block of the Apache fault near Apache Peak and 2) on the down-
thrown block fault in Sierra Rica (Figure 14). Dips in the Sierra Rica are
southwest, and those in the Apache Hills are mostly northeast, suggesting a faulted
dome structure within a larger dome structure (Figure-17-Occidental Anticline
structure). Hachita Valley and Warnel Valley are, thus, synclines lying between the
Hatchet Mountains to the west and the Cedar Mountains to the east, with the
Apache Hills and Sierra Rica in the middle (Lasky, 1947). The significant
difference between the two is what Strongin (1957) refers to as volcanism which is

the intrusive composite that composes most of the Apache Hills complex.
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The Apache Hills area has more significant thrusting along the Apache fault
(Figure 17), as Strongin (1957) documented. The thrusting is along the Apache
Fault and Indian fault from the Apache mine (Figure 9) and further past the Chapo
mine (Strongin, 1957). The Sierra Rica represents the southern limb of a
significant anticline (Occidental Anticline) (Figure 17 purple line). The axis trends
northwest along the foot of Doyle Peak and then west toward the Occidental
mines, where the exposed axis is on the surface immediately after border post No.
41 (Figure 17-purple arrows) (Strongin, 1957). Trauger (1965) suggests the axis of
the Vista anticline, if projected from the Little Hatchet Mountain across Hachita
Valley, would pass along the Apache Hills with the approximate trace of the line of
dip reversal running through the Apache Hills and Sierra Rica (Figure 18). The
regional area crosses through what is known as the Texas Lineament and the Basin

and Range Province (Figure 18).
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Figure 10: Geology of the Apache Hills, Hidalgo County, New Mexico. The numbers denote
the lithological units and their relevant ages. The red box illustrates the geology that is not
included by the USGS. This part of the geology is courtesy of the Servicio Geologico
Mexicano https://www.sgm.gob.mx/Gobmx/en/About_ SGM/Geology.html.
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Apache Hills, Hidalgo County, New Mexico
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Ortho-image of the Regional area of the Apache Hills, Hidaldo County, New Mexico.

Figure 12: Ortho-image of the regional area of the Apache Hills, Hidalgo County, New
Mexico. Routing Highways NM 9 West and NM 81 South.
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Apache Hills and Southwest New Mexico Regional area
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Figure 13: Hillshade and World terrain layers on ArcGis stacked for a three-dimensional view of
the geological physiography structural features in the regional terrain area.
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Apache Hills, Hidalgo County, New Mexico
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Figure 14: Contacts of Pluton Igneous Bodies of Apache Hills and Sierra Rica, Hidalgo County,
New Mexico.
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Figure 17: Map showing structures and faults Mairland Syncline-Blue line) (Daisy Anticline-
Green line) (Red line Apache fault) (Other red lines are faults) in the Apache Hills (Occidental
Anticline-Red Arrow) closer to Sierra Rica. (Modified from Strongin, (1957, p.222, plate 1A).
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Geologic structural elements in Graut County, New Mexico

Figure 18: Geologic structural elements in Grant County, Vista Anticline (Purple Box), in
between the Hatchet Arc and Cedar Arc (Red Box) (modified from Trauger, 1965, Figure 1, p.
186).
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An anticline and syncline (Figure 17 Blue-Red lines) are exposed north of
the Apache fault. These structures suggest that the anticline is a composite
structure produced by a succession of structural events. These structural events
occurred in a different time-related sequence (Strongin, 1957). The local structural
features discussed by Strongin (1957) include high-angle- reverse, thrust, tear, and
fissure faults (e.g., McKinley, Chapo, and Mairland Faults, (Figures 16-17) related
to the emplacement of the composite stock, followed by vein fissures striking in a
west-northwest (earlier) and north-northeast direction. An elevation profile
combined with a Google Earth Map of the Apache Hills shows the position of the
faults perpendicular to the Apache (Normal) fault as described by Strongin (1957
(Figure 17) (Figure 16, yellow arrows). Strongin (1957) documented three folds in
the Apache Hills: the Occidental anticline (red), at the base of Sierra Rica, the
Mairland syncline (yellow) and the Daisy (green) anticline north of the Apache
fault, and the Indian fault (purple) (Figure 12). The folding of this area marks the
local expression of the Laramide Orogeny (Strongin, 1957). The Apache Hills
contain two major normal faults (e.g., Apache fault & Indian fault) parallel with
the west-northwest extent of the Range (Figure 17). The Indian fault is the fissure
along which the stock had risen and subsequently provided a conduit for the

rhyolite dikes and is related to other normal faults (Figure 19) like the Mckinley,
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Chapo, Mairland, County, International, and others (Figure 17). The faults trend at
a high angle to significant regional faults like the Apache (Strongin, 1957).
Strongin (1957) interpreted five significant phases of faulting after the folding but
before the stock intrusion in the Neogene (Strongin,1957). North to northeast-
trending faults were originally extensional fractures associated with the stock
intrusion that formed fissures of this stage. Short transverse faults cutting the
mineralized faults reflect a recurrence of faulting toward the close of this vein-
forming stage (Strongin, 1957).

Basin and Range extension is also recorded in normal faults forming step-
like patterns in the eastern bloc of the Apache Hills (Strongin, 1957). The last
phase of faults is northwest of the Luna mine. (Strongin, 1957). Exceptions include
the minor ore fissures at the Big Shiner mining area, the Luna mine, the Christmas
mine, and the Queens Taste mine, all of which are associated with the intrusive of
rhyolite porphyry or related felsite. The bulk of the mining was in the sedimentary
rocks cut by sulfide-filled fractures devoid of tactite minerals. Strongin (1957)
observed that mineral zoning, though imperfectly developed, is nevertheless
noticeable. He suggested from accessible workings that the most intense
mineralization is confined to the upper levels in the form of replacement veins,

particularly in the calcareous sediments (Figure 20).
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Furthermore, the ore zone should not be considered a single body of high-
grade material surrounded by lower-grade ore. Instead, Strongin (1957) suggests a
wide mineralized area with localized high-grade copper and copper-silver
mineralization characterizes the deposits. The type of ore was restricted to the
upper levels and occurred as replacement veins in the limestone and rarely shale

(Strongin, 1957).

gtV S TN |

Figure 19: Apache Hills map showing the Rhyolite flows and fault Northwest of the Luna
Mine (modified from Strongin (1957, p. 222 Plate 1A).
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The mineralization is of an age comparable to that in other local mining
districts. It is associated with the intrusion of the mid-Tertiary quartz monzonite
and monzonite stocks. Similarly, this is the case in other southwestern U.S.
districts and northern Mexico (e.g., Strongin, 1957). The Apache Hills differ from
other nearby localities in that it lacks early, pre-stock mineralization as that at the
Santa Rita District. Nonetheless, the Apache Hills has weak post-stock
mineralization (Figure 20) genetically related to the rhyolite porphyry intrusive.
The zone of weakness extends from the rhyolite breccia (Figures 19 & 20)
(Strongin, 1957). The dome on the northern fringe of the Apache Hills to the
Coyote Hills (Figure 20 Cedar Arc) and the Little Hatchet Mountains' north
termination is known as a Basin and Range system. The limestone strata in the
Apache Hills strike in a general northerly direction and dip 40° to 70° East
(Lindgren et al., 1910; Strongin, 1957).

3.1 Background and Mining History of the Apache Hills, New Mexico.

Prospecting in Hidalgo County began in 1870, with no significant mining
until the coming of the Southern Pacific Railroad in 1880 (Elston, 1965). The
Apache mine in section 30, T. 28 S., R. 14 W. (Figure 29), accounted for virtually
all the Apache No. 2 district production between 1880 and 1929. The area is part of
the Arizona & New Mexico west Texas porphyry copper province with all

associated mineralization (Elston et al., 1978). Peterson (1976) shows (Figure 9-
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purple box) Tertiary Rhyolite porphyry (Trp) erupts out as dikes and plugs forming
skarn mineralization. Strongin (1957) says all the ore extracted from the Apache
orebody is oxidized. The veins are significantly altered and consist mainly of iron
oxide, limonite, or hematite. There are subordinate amounts of copper, gold, and
silver in quartz or calcite gangue (Strongin, 1957).

A steady production went on for years in the early 20th century. There have
been several theories concerning the origin of this ore. Still, surficial concentration
by leaching silver's metallic sulfides and chlorides was the primary origin of the
economic deposits leaching out of silver's metallic sulfides and chlorides. The ore
has significant manganese and iron (Jones, 1904). The turn of the century estimates
of $107,000 worth of copper, silver, lead, gold, and zinc have been produced from
the Apache No. 2 district from 1880 to 1956, including 1.3 million Ibs. of Cu and
300,000 Ibs. of Pb (Table 1) (McLemore et al.,1996). The chief products of the
district are copper ore containing gold and silver. Over the years, some operations
produced small quantities of bismuth (Table 2-Apache mine) (Elston,1965). The
Apache Hills No. 2 District includes silver, calcite, copper, and gold.
Approximately 300 oz. of Gold has been reported and recovered (Table 1) in the
Apache mine area. Strongin (1957) described iron oxides such as ferrous FeO Iron
(1) oxide and ferric oxide Fe203 (Hematite) as the most abundant iron oxide in

the contact aureole (Strongin,1957).
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There are three sections of interest [20,30,33] as presented in Peterson’s
(1976) geochemical assay report (Table 6) for the occurrence of ferric and ferrous
minerals. A geochemical analysis by Peterson (1976) (Table 6) in the research area
highlights Ferrous (FeO) and Ferric Oxides Fe203 within a hydrothermal
alteration porphyry deposit (Peterson,1976). The percentages in the assay are
significantly high in Ferrous (FeO) and Ferric (Fe203) iron (Table 6). For
example, samples 1, 6, and 7 yielded 8.14, 9.05%, and 8.96 % of FeO. Samples 1,
2, 6, and 8 show high Ferric (Fe203) percentages of 2.41%, 2.60%, 5.94%, and
3.62%. Unfortunately, according to Peterson (1976), sample 8, in location section
(???), is not available (highlighted in red, Figure 28); only the township (28S) and
range (14W) information is available. This omission is likely a typo, or the location
information is unavailable. | suspect it is section 33, based on the Township and
Range information given for the area. The Section, Township, and Range that
Peterson (1976) described from the geochemical assay report are sections 20, 30,
and 33 (Figure 31). The ferric and ferrous irons are present throughout a large area

surrounding and within the intrusive stock of the Apache Hills (Figure 30).
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Table 1: Report from the U.S. Bureau of Mines, 1927-1990 (McLemore et al., 1996, Table 49, p.

105).
YEAR ORE | COPER | GOLD | SLVER | LEBAD | ZNC [ TOTAL
HORT | (U&S) | (O2) | (0Z) | (LBS) | (LBS) | VALUE(S)
108 | _
1977 4800 | 144H0 =| T - - -
1939 164 5600 1 36| 5000 - 4380
1942 Kl - - - - 1430 1330
1943 3 2300 LS ST000 - 8868
94 3l 400 [ LB 4960 - 4%
195 0wl - s - [ 1
TOTAL ST 176400 1] M2 1600 14300 2
19271956
ESTIMATED TOTAL = L0000 | D[ 125000| 300000 20000 107,000
1880195
Three types of deposits occurred in the district (Figure 15): Skarns, 2)

Carbonate-hosted Pb-Zn replacement polymetallic vein oxidized skarns, and 3)
Carbonate-hosted lead-zin deposits with copper sulfides replacing strata of
Cretaceous U-Bar Limestone at the contact with the Quartz Monzonite (Mclemore
et al.,1996). The deposit extends into the Sierra Rica Mountains of Mexico, where

little exploration has been done in the district (McLemore, 1996).
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Table 2: Township and Range in the Apache No. 2 mining district, different deposit types
modified (from McLemore et.al., 1996 table 50 p.107-108).

MINENAME | LOCATION | LATITUDE, | COMMODITIES | YEARSOF |DEVELOPMENT | PRODUCTION | TYPEQOF | REFERENCES |
{ALIAS) LONGITUDE FRODUCTION DEPOSIT
Apache (lndia,| NEJOZJES | 30040, | Cu,ApPbZa, | LE70s- 1936 | 300,470 & shafls, | 50,000 wns orc thars, | Lindgrenetal
Squaw 14w 108% 18 18* An, BL W T300Reldrifly  |aknoe 1370 carbonste- | (1910}
Mooarch, ard cromars, bosted b | Andeson
Copper Cromn, opeacut, Tils Za | (1957), Dule
Cochise, 30 McKinncy
Havajo, (1259,
Papocec) Stroegin
— {1337
Dig Shiner SWII 285 | 34735, | Cu Fb7Za moee  |incliood eafl, | oone carbonste- | Stocpa
14w 108 16 33° vertical shalt hoied Fb- | (1557)
In
Chapa (VE NENIES | 31" 24°, | Cu.Ph Ap Au 1916 1540 | 18071 shafl, 40 carloads 4 ixam, | Swoagis
Day, Chagpo, 14w e e several peospect. | $%Cu carhonates | (1957),
Chapel) pil hoatod P | Peterecn
in (1978),
NMBMME fik
data
Chrutras I0ZE5 14W | 31°31°31%, | Oz Py En Mo e inclined wope 100 | some carbonates | Pelonon
(Gelger, Oclper 108* 1737 £ oo, cther bored - | (1976),
e | X I'H-T]:
{
Damy I6IRS AW | 31747465, | CuPhZnAp | 186051908 | opencuts, shafti no | 8,000 Cu-Ag | carbonsle- | Petarmn
198% 13 53° Ma mogs than 40 1t A ore bhoated Fb- | (L976),
deep In |Lindgreaetal
{1910},
Stroegin
(1957)
Last Chans SENLSWIY | 3, | CuPo.Za Mo | 1943, 1945 | 2500 ehatt, o 1948 « 80 carhonates | Peterson
155 1AW 1087 17 04 mhlu MMM beated T (1976,
_ (1957)
Luens (Lebomos | 22285 14W | 317 501°41°%, | Oz, P 7a Ms 1930, 1940u | abaft 150 Mdeep, | 26 toas oce carbonte- | Petersen
14, Eaves, 195 13 M 3 Madit avenging 15 | bosed Pb- | (1976),
Cont'nental) 2Pa o, 15% In | Stospin
In 4S5z Ag (1957,
e NMEMMR fil:
dala
Maicland SWHISS | 31%4730%, Ca, b 1920 Inclined shaft 6O 1t | 1 carload of Fb- | carbosale- | Stronpin
4w 198 19 58 doep Agoce hﬂ;d?b- (1957)
a
NWE | SWI2ES | 31°47 30, Y7 moce afewstallow | none carboere | Stronpin
of Last Chasce 4w 108 16 47° boles bosted P- | (1957)
Za
Quastz prospest | WWP 295 I 4¥ 15, Fo noes 3 prospact pis [ = caroonatee | Stronmn
14w 1082 1624 bosted P | (1957)
Ia
— e e . —
MINENAME | LOCATION | LATITUDE, | COMMODITIES | YEARSOF |DEVELOFMENT | FRODUCTION | TYPE OF | REFERENCES
im LONOITUDE FPRODUCTION DEMOSIT
Quoon's Tuté | NEIS 288 PN, | Cu b, o Mo | 19001930153 |prospectpitsand |afewtomsof | carbooste | Pelerson
(Lead Quoem) | 14W 106 14'04° T840 shafty FoAg ore beoted b= | (19763,
Zn  |Swonga
{1957
Sumamarteme SWig 288 J*aroes, | Cu, P, Zn Mo nong staft near VE Day | noos carhonates | Peterson
4w 105 16 807 shatt homted P- | (1976)
Fil
Unkonorany S8 4w EIRE S LA Culft nong T pits nona carbonate- | MMDIMAMER Sl
108% |6 4" bostod Ph- | data
in
worksws NEof | NWI3 283 31T 40 4%, Cu, s shalbow iselined | mons carhonate- | Strongin
Big Stince 14w 108° 141" @ pits lz:hdl'h- (1957
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4. Methods

Remote sensing techniques are the science and technology of obtaining
information about objects from a distance that takes us well beyond the limits of
human capabilities (Aranoff, 2005). Remote sensing has become increasingly
sophisticated, and new methodological perspectives continue with this technology
(Pour et al., 2008). Different methodologies (Figure 22) and image processing
techniques, such as color composites, band rationing, filtering, supervised
classification, and unsupervised classification, are typically used to delineate
favorable areas for further mineral exploration (Pour et al., 2008). Earth explorer
(Figure 21) is the primary search interface accessing the aerial imagery interface

for mapping.

Figure 21: LC08 L1TP_034038 _20140107_20170306_01_T1, Natural Cover Image Landsat 8
image,) (http://earthexplorer.usgs.gov).
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4.1 Spectral Geology

Spectral Geology is a method used for exploration and interpretation, where
spectral variation results from different components, the degree of ordering,
mixtures, and the size of the grain from various rocks and minerals (Huntington,
1996). This method measures and analyzes sections of the electromagnetic
spectrum to recognize spectrally distinct and physically significant features of
different rock types and surface materials, mineralogy, and alteration signatures
(Geosciences Australia, 2014). The instruments in the remote sensing satellite

(Land sat 8 (OLI)) (Figure 24) retrieves global spectral data. Spectral data are

Landsat & (OLI)
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Figure 23: A comparison graph of L8 spectral bands and wavelength to that of L7 ETM+.
Spectral Bands and Wavelengths for Landsat Sensors modified (from Inhel 2019, p. 50).
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measured using spectral sensors (Figure 23), which register either solar or
artificially offered radiation reflected from the surface of materials. Because many
materials absorb radiation at precise wavelengths (Figure 23), it is possible to
identify them in a spectral curve by their characteristic absorption features (Kruse,
1994). The wavelength ranges most suitable for the discrimination of iron oxides
are represented in Table 5a. A spectroradiometer (e.i. GER 3700) is used for the
spectral signature wavelength analysis from the Apache Hills samples. The same
examples are sent to Actlabs for ICP-MS trace element analysis. The Peterson
(1976) geochemical assay results (Table 6) are reviewed and integrated into
ArcGIS for iron mineral mapping. The SWIR wavelength area between 2000 and
2500 nanometres (nm) (Figure 23, band seven, orange arrow) is particularly
appropriate for mineral plotting. The 2000-2400 nm wavelength region can show
many absorptions features characteristic of certain hydroxyl (Figure 55e),
carbonate-bearing minerals, and mineral groups distinctive of hydrothermal
alteration. (Thomas and Walter, 2002). The use of spectroscopy makes it possible
to create accurate maps of surface mineralogy, relative abundances, and mineral
assemblages. Mapping techniques can identify individual species of iron minerals,
providing detailed information about hydrothermal mineralization and alteration

zones (Thomas and Walter, 2002).
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Identifying surface mineralogical composition using remote sensing (e.g.,
Landsat 8 (airborne)) presents an opportunity for exploration geologists seeking
refined vectors to potential ore-bearing hydrothermal systems (Huntington, 1996).
Samples from the research area are part of a reconnaissance effort to isolate the
spectral signatures of the examples collected and validate the presence of ferric and
ferrous irons. The GER 3700 spectroradiometer from the Geophysical and
Environmental Research Corporation (GER), in conjunction with The Spectral
Geologist software 8 (TSG) and the spectral library 2007 (USGS), aids in
identifying resembling wavelengths and reflectance.

4.1.1 Landsat 8 Operational Land Imager &Instruments (OLI) (Spaceborne)

The OLI sensor on the Landsat 8 satellite, launched on February 11, 2013,
extends the legacy of the Landsat multispectral remote sensing program by adding
several significant enhancements that improve spectral mapping capabilities
(Rockwell, 2021). Nine ratio-based spectral indices (Table 5b) generated exploit
diagnostic absorption feature characteristics from accredited spectral libraries (e.g.,
spectral library 06a and The Spectral Geologist 8) that highlight Iron Oxide (1)
(111) minerals. A new band in the visible (VIS) wavelength region is designed for
coastal and aerosol studies. It is ideally suited for more detailed discrimination of
iron-bearing mineral species since many iron minerals have diagnostic spectral

absorption features (Figure 63) in this wavelength region (Rockwell, 2021).
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Landsat 8 satellite contributed to an uninterrupted multispectral record of the
Earth’s land surfaces since 1972 (Inhel, 2019). Landsat 8’s spaceborne data format
files, combined with the USGS archival distribution systems, including the
metadata (Table 4) and data processing techniques, require information to render
usable images in a GIS format (e.g., ArcMap). (Inhel, 2019). Landsat 8 (OLI)
(Figure 24) carries a two-sensor payload, the OLI, built by BATC, and the TIRS,
made by NASA (GSFC) (Inhel, 2019). Both sensors offer technical advancements
over earlier Landsat instruments. The spacecraft is referred to as the L8
Observatory with two integrated sensors. The two sensors' image data (Figure 24)
represent nine visible, near-infrared, shortwave infrared bands and two longwave
thermal bands (Inhel, 2019). Table 3 shows the Landsat 8 OLI and TIRS bands
(um) 1 through 11, which include the band names, wavelengths, and spatial

resolution.
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Figure 24: Illustration of Landsat 8 observatory and instruments
(from Inhel 2019, Figure 2-1 p. 8).
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Table 3: Landsat 8 Bands (um) (from Inhel 2019, Table 2-1, p.10

Landsat-8& OLI and 77RS Bands (um)

30 m Coastal/Aerosol ~ 0.435-0451 | Band |
30 m Blue 0452-0512 | Band2
30 m Green 0.533-0.590 | Band3
30 m Red 0636-0673 | Band 4
30 m NIR 0.851-0879 | Band5
30 m SWIR-| 1.566 - 1.651 | Band 6
{00 m TTR-1 f060 1119 Band 10
{00 m 11R-2 f150-125] | Band 11
30 m SWIR-2 2.107-2.294 | Band 7
I5m Pan 0.503-0.676 | Band8
30 m Cirrus 1.363-1384 | Band 9
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4.1.2 Geophysical and Environmental Research (GER 3700)

Field-based reference sampling with a non-imaging spectroradiometer has
become prevalent for testing field-collected rock samples. Several airborne,
spaceborne, and laboratory imaging spectrometers are available for remote sensing
(e.g., Landsat 8 OLI and GER 3700) (Schaepman and Dangel, 2000). The
laboratory spectroradiometer utilized for sample testing is the GER3700 SN 3700-

1002 (Figure 25) manufactured by the Geophysical and Environmental Research

)

-
e

-

Figure 25: The spectroradiometer used in this thesis is a GER3700 SN 3700-1002 manufactured
by Geophysical and Environmental Research Corporation.
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Figure 26: Manufacturer specifications of the GER3700 Spectro-radiometer at the
DEERS building in Dr. Hurtado’s Geophysics lab room 301.
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Figure 27: Type 3 measurements were performed to measure the FOV. The illuminating
source is a tungsten halogen lamps Type 3a Configuration setup (Type 3a, yellow) of the
GER 3700 at the DEERS building in Dr. Hurtado’s Geophysics lab room 301(modified
from Schaepman and Dangel, 2000 Figure 1, p.3757).
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Corporation. The laboratory spectroradiometer provides spectral reference data as
wavelength and reflectance results from the mine dump rock samples offered. The
spectral signatures from the specimens assist in distinguishing between different
spectral images that may constitute mineral or economic importance and
distinctively differentiate from surface cover and mineral alterations, particularly in
an arid climate with extensive rock exposure. In this case, the collected rock
specimens for spectral analysis are initially large rocks. The assessment method for
the GER 3700 is a single field of view (FOV) of 3° standards, 10° optional, and
23° option with fiber optic (Figure 26). The spectroradiometer operates in the
spectrum's visible, near-infrared, and shortwave-infrared regions. The spectral
wavelength range is 350-2500 nm (Figure 26). Three detectors measure the
radiance; the first is a silicon (Si) line array with 512 elements. The other two
detectors are lead-sulfide (PbS) line arrays with 128 and 64 elements, respectively.
(Schaepman and Dangel, 2000). The cut-off wavelength for the (Si) detector can be
programmed to be 980-1030 nm; the transition between Pb S1 and Pb S2 is nearly
1900 nm. The resultant setup has 512 bands covering the 400-1000 nm range, 128
bands covering the 1000-1900 nm range, and 64 bands covering the 1900-2500
nm range. In total, 704 spectral band channels are recorded simultaneously (Figure
26) (Staenz et al., 1995). The GER 3700 is adjusted by the National Institute of

Standards and Technology (NIST). A spectral panel is a diffuse reflectance

50



standard calibrated by the NIST (Schaepman and Dangel, 2000). The uncertainties
associated with these measurements depend on the sampling strategy (e.g.,
sampling scheme and sample size) and the ambiguities related to the Spectro
radiometric measurements (Schaepman and Dangel, 2000). The rocks are
pulverized to fine dust and sieved through a USA Standard 100-micron mesh.
Spectral analysis is completed with the sieved samples through the GER 3700. The
laboratory configuration of the GER 3700 for the sample analysis is type 3a type
(Figure 27). The data results from this spectroradiometer are administered through
the Spectral Geologist 8 for further spectral signature mineral identification and
administered through the Spectral Geologist 8 for additional spectral signature
mineral identification.

4.1.2.1 The Spectral Geologist 8 (Software)

The Spectral Geologist 8 represents the combination of years of research
into spectral data analyses in a wide range of mineral exploration and mining
environments worldwide and in academia (spectralgeo.com.au/the-spectral-
geologist-TSG-software). The program revolutionizes how geological spectral data
are processed and analyzed, which means that the spectral data can easily be
interpreted in the project context and contributes directly to understanding the
alteration in the project area. The software generates value, adding multi-parameter

characterization results for infrared-active minerals to support the multi-
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disciplinary endeavors of geoscientists across exploration and mining
(spectralgeo.com.au/the-spectral-geologist-TSG-software). Spectral Geologist 8
organizes all the spectral data from 10s to 10,000s of file arrangement allowing the
data and analysis results from a single project to be stored and analyzed
(spectralgeo.com.au/the-spectral-geologist-TSG-software). They are integrating the
software platform with other methods to decipher the characteristic wavelength
and reflectance signatures of the data provided by the spectroradiometer (GER
3700). The results should reflect the presence of ferric and ferrous irons, as seen
through Landsat 8 (OLI). The band ratio index indices and RGB combination are
utilized on an ArcMap 10.8 and ENVI 5.3 GIS platform to display the presence
and location of these minerals. The results should concur with the geochemical
analysis done through Actlabs from the samples collected and the geochemical
analysis completed by Strongin (1956) and Peterson (1976) surrounding the
Apache Hills concerning the presence of the iron mineral mapped. A comparative
study reviews the spectral signature wavelength results from the GER3700, side-
by-side with the spectral signatures composed in the Spectral Geologist 8 spectra

archive files and the spectral library 2007 (USGS).
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4.1.2.2 The Spectral Library 2006 (USGS) (Add-On ENVI 4.8)

The spectra applications of the USGS 2006 library are convolved to the
selected spectrometer and imaging spectrometer sampling and band passes and
resampled to fixed broadband multispectral sensors. The library collects spectral
data measured with laboratory, field, and airborne spectrometers. Spectro-analysis
Is essential for interpreting spectral (e.g., airborne and laboratory) data gathered in
the area, aircraft, or spacecraft. The instrument the USGS utilizes determines the
wavelengths of ultraviolet to the far infrared Range from (0.2 to 200 microns [um].
The file format of the library is the SPECTRUM Processing Routines (SPECPR)
data format (Kokaly R.F. et al., 2017). This file format is an [add-on] provided by
the USGS website and is integrated into an ENVI software program for spectral
signature wavelength visualization. The spectral library 2006 format files
(SPECPR) are referenced with the four different spectrometer types used to
measure the spectra that depict the wavelength and reflectance spectral signatures
of those sought-after minerals (e.g., Ferrous and Ferric) resulting from the
GER3700 laboratory analysis. As geochemistry and previous research indicate, a
spectral analytical interpretation of the samples submitted would validate the
presence of ferrous (I11) and ferric (I11) minerals. Plotting the propagation of these
minerals on a GIS platform with specific software is essential for a clear vector

trend and a precise geological mapping of the minerals.
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4.2 Geographical Information System (GIS) Software Platform

The geographic information systems (GIS) field started in the 1960s as
computers and early quantitative and computational geography concepts emerged.
Early GIS work included necessary research by the academic community. GIS
allows people to create digital map layers to help solve real-world problems
(esri.com/history of GIS). ArcGIS is the leading commercial geospatial software
for handling and analyzing geographic data (vector and raster). It provides
functionality in raster data storage and management, image processing, image
visualization, and image serving over the web (Xu & Gao, 2008; Arunachalam,
2022). ArcGIS supports satellite images by offering geoprocessing tools for basic
Image processing. The processed image results on ArcGIS render georeferencing
raster images, orthorectified images, raster overlay, zonal and hydrology images,
generating pan-sharpened images and slope and shaded relief (hill-shade) images
from the DEM data (Xu & Gao, 2008; Arunachalam, 2022). ArcGIS lacks
advanced image processing and analysis tools for different sensors or camera
models offered by other Digital Image processing (DIP) software like ENVI (Xu &
Gao, 2008; Arunachalam, 2022). The raster image results using ArcGIS & ENVI
software platforms show ferric and ferrous iron mineral alteration surrounding the

intrusive igneous rock in the Apache Hills and Sierra Rita region.
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The spatial data information is collected for geologic mapping and interpreted for
potentially new (Greenfield) or continuous (Brownfield) economic mineral
discovery and exploration.

4.2.1 ArcMap 10.8: (Software)

In late 1999, Esri released ArcMap 8.0, replacing ARC/INFO, an earlier
command line-based GIS system for manipulating data, and ArcView, a guide-
based GIS with limited capabilities. ArcMap software became an alternative
mapping and analysis solution (geospatialworld.net). A geographical information
system (GIS) software allows for handling and analyzing geographic information
by visualizing geographical statistics through layer-building maps like geological
mineral mapping. The software makes maps, analyzes data, and shares
(geospatialworld.net).

ArcMap incorporates content from Esri's data library, and a user can
customize symbols and basement maps to personalize geological maps
(geospatialworld.net). Spatial analysis tools available in the ArcMap toolbox (e.g.,
map algebra, raster calculator) and map styles are accessible as an add-data feature
from GIS basement data or GIS online to assist in refining data. The maps created
from the compiled digital data and the raster images can then tell a digital data
story in relationship with the airborne observable mineralization of the regional

area. The raster data downloaded from the USGS website is added to ArcMap, and
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the image is further altered. The layer properties symbology in the raster image or
shapefile are altered to visualize the bands' combination. The alterations made to
understand different perspectives on the resulting images reveal new vectoring
patterns from a ground surface that may display geological mineral alterations
surrounding the intrusive igneous body. There may be surface features not
previously seen or known to interpret further the geology or physiology of an
extensive arid regional area. Georeferencing the downloaded raster images and
digital data transforms longitude and latitude into points on ArcMap. True color
Images are the composite result of three visual primary grey images initially
appearing when uploaded to ArcMap. Color images are composed of three primary
colors (i.e., blue, green, and red). False color images, mainly color infrared images,
have specific advantages over actual color. It is easy to recognize different
geological units using true-color images. Various combinations of false color band
scans highlight many features ranging from mineralogy to moisture changes
(Banerjee et al., 2019). The main advantage of true color images is that it is easy to
recognize units in areas where the stratigraphy is known and increases the
interpreter's ability to identify rock units where the geologic section is unknown
(Banerjee et al., 2019). Landsat 8 OLI image capabilities, which utilize some band

numbers for rock discrimination of alteration zones based on color intensity
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variations, such as RGB Band combinations, eliminate most atmospheric
attenuation like haze and backscattering (Banerjee et al., 2019).

Band ratios can reduce the effect of environmental artifacts. Current research
suggests that iron-rich minerals or other minerals associated with hydrothermal
processes can be delineated using band ratios beneficial for mapping minerals.
Several bands have defined various rock-mineral types (Banerjee et al., 2019).
Color variations can be seen in different band ratio results, which are the primary
keys to identifying a hydrothermally altered zone. The altered zones illustrate
typical mineral alterations using band ratios that enhance lithological features. The
band indices 4/2 are visible as a combined image composite of iron (I1-111) (Figure
40), iron oxide 6/5 (Figure 46 ), hydroxyl-bearing rock (Figure 55e), and ferrous
mineral (B7/B5+B3/B4) (Figure 43). Processing the Landsat 8 (OLI) images
generated through remote satellite sensors is often affected by distortions resulting
from solar and atmospheric effects and distortion associated with differences in the
sensor’s calibration. Radiometric calibration is a common term used in remote
sensing that refers to converting digital numbers (DNs) recorded by satellite
sensors into radiance, reflectance, or brightness temperature at the sensor. Adding
raster images from earth explorer to a GIS platform such as ArcMap creates black-

and-white raster imagery that has to be modified.
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Table 5a: Landsat 8 Operational Land Imager (OLI) Nand Indices names, general and specific

Numbers

3

39

19

22

21

20

23

26

78

formulas Astrid’s (*) denotes repeated band formula and ratios.

Name

Alteration
Fe3+

Laterite
Fe3+

Ferrous
Iron,
FEO

Fe2+(11)

Ferrous
Iron,
FEO

Fe2+(11)

Ferric

Oxides

Ferric
Iron,
Fe3+

Ferrous
Silicates

Gossan

Simple
Ratio
Red/Blue
Iron
Oxide (I,
1))

General Formula

11600:1700}/|2145:2185|

|1600:1700]|2145:2185|

|2145:2185/|760:860]+|520:600}/|630:690]

|2145:2185|[760:860|+|520:600||630:690]|

11600:1700}/|760:860)

1630:690/|520:600]

|2145:2185|1600:1700|

|11600:1700}/|630:690|

RED/BLUE (B4/B2)

Specific Formula

*SWIR1/SWIR2

*SWIR1/SWIR2

*SWIR2/Near
Infrared+Green/Red

*SWIR2/Near
Infrared+Green/Red

SWIR 1/ Near Infrared
(B6/BS)

Red/Green

(B4/B3)

SWIR2/SWIR1

SWIR1/Red
(B6/B4)

General Iron Oxide Ratios

(1-11)

Red/Coastal

Index Data Base (remote sensing indices) www.indexdatabase.de/db/is.php?sensor id=168

(Astrid’s)*repeated band ratios*
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Table 5b: Landsat 8 Operational Land Imager (OLI) Band Indices Specific Formulas and
Reference Source (www.indexdatabase.de/db/is.php?sensor_id=168).

Numbers References
3 Volesky, J.C_; Stern, R T ; Johnson, P R (2003)
39 Kalinowski, Aleks; Oliver, Simon (2004)
19 Fowan, L.C_; Mars, J.C (2003)
22 Rowan, L.C.; Mars, J.C (2003)
21 Henrich, V. et al. (2011)
20 Fowan, L.C.; Mars, J.C (2003)
23 Henrich, V. et al. (2011)
26 Volesky_ J.C; Stern, R J et al _ (2003)
78 Hewson, Rob D. et al. (2001)

DNs are the initial pixel values we see when loading satellite images in
geospatial software. Satellite images are not directly measured to actual
radiometric measurements it is due to two main reasons: (1) to reduce the size of
computer memory required to store the measurements and (2) to provide data with
adequate precision (Knudby, 2021; Arunachalam et al., 2022). The atmospheric
condition affects the DN values of Landsat data. Radiometric calibration employs
algorithms and processes that improve the quality of the Landsat data (Mishra et
al., 2014). The Landsat 8 data users handbook provides more information on

radiometric characterization.
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It provides algorithms to convert DN to a-sensor spectral radiance,top-of-
atmosphere (ToA) reflectance, or brightness temperature (Arunachalam et al.,
2022). The Conversions of DN’s to physical units by radiometric calibration and
atmospheric correction applied to bands 1 and 7. Ihlen (2019) describes the
Landsat images handled in parts of absolute radiance using 32-bit floating-point
calculations. These values convert to 16-bit number values in the finished Level 1
product. They can then be converted to spectral radiance using the radiance scaling
factors offered in the metadata file:

LA =ML * Qcal + AL
Where:
LA = Spectral radiance (W/ (m2 * sr * um)).
ML = Radiance  multiplicative  scaling  factor for the band
(RADIANCE_MULT_BAND_N from the metadata).
AL = Radiance additive scaling factor for the band (RADIANCE_ADD BAND_ N
from the metadata) (Ihlen, 2019).
Like the conversion to radiance, the 16-bit integer values in the Level 1 product
can also be converted to TOA reflectance.
The following equation is used to convert Level 1 DN values to TOA reflectance
(Ihlen, 2019):

pA’ =Mp * Qcal + Ap
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Where:

pA' = TOA Planetary Spectral Reflectance, without correction for solar angle
(Unitless).

Mp = Reflectance multiplicative scaling factor for the band (REFLECTANCE
W_MULT_BAND_N from the metadata) (Ihlen, 2019).

Ap = Reflectance additive scaling factor for the  band
(REFLECTANCE_ADD_BAND N from the metadata).

Qcal = Level 1pixel value in DN.

The p)' is not true TOA Reflectance because it does not contain a correction
for the solar elevation angle. This correction factor is left out of the Level 1 scaling
at the users' request; some users are content with the scene-center solar elevation
angle in the metadata, while others prefer to calculate their own per-pixel solar
elevation angle across the entire scene. Once a solar elevation angle is chosen, the
conversion to true TOA Reflectance follows (lhlen, 2019):

o eu
PA = “cos(@s2) ~  sin(Bse)
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Where:

pA = TOA planetary reflectance OSE = Local sun elevation angle; the scene center
sun elevation angle in degrees is provided in the metadata 6SZ = Local solar zenith
angle; 6SZ =90° - OSE (lhlen, 2019).

The ArcMap 10.8 software spatial analysis tool ( map algebra) converts
bands 1-7 using the calculations presented. The metadata used for the calculations
can be observed in Table 4. The raster images continue to be changed through the
raster properties and symbology features. Once the raster images were altered, new
black/white raster image results were created. The final results will be discussed
further.

Other software, such as ENVI 5.3, in conjunction with ArcMap 8.0,
collaborate well in analyzing raster imagery. They make for a clear distinction
between the localization of the minerals and the band ratio indices created on GIS
platforms. Peterson's (1976) assay report (Figure 28) describes the locality of the
core samples analyzed as a township and the Range from which they were
extracted. This report gives geographical context using ArcMap 10.8 to Peterson’s
(1976) descriptive area of the same geochemical analysis for accurate visual

confirmation of the minerals described.
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4.2.2 Environment for Visualizing Images (ENVI): (Software)

ENVTI’s geospatial software and Esri’s ArcGIS platform work well using
geospatial data obtained by Landsat 8. With ENVI software, a geologist can
generate visual mineral maps. Professional analysts can get accurate information
from geospatial imagery created by the software. The software is a widespread
industry standard for image processing and analysis. It lets GIS users seamlessly
access and analyze imagery to solve critical problems confidently (L3Harris
Geospatial Solutions, Inc. 2022). ENVI is used to create geospatial imagery using
the band ratio indices to plot potential mineral alteration concentric zone (e.g.,
Ferrous and Ferric), propagation patterns, and surface mineral alteration transport
on multiple GIS platforms. Extending ArcGIS with ENVI analytics, a geologist
can derive quantitative, actionable results from remotely sensed data and use the
information to make a scientific interpretation based on the available statistics of a
given study area. Once converted to an appropriate file type (e.g., raster or
shapefile), the ENVI analytical digital data uploads to any ArcGIS environment,
and the results can be displayed directly from ArcMap. (L3Harris Geospatial
Solutions, Inc. 2022).

4.3 Geochemical Analyses
Determining elemental and isotopic compositions of geological samples is

necessary for achieving dynamic, reproducible, and accurate analytical results. It
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must be a prerequisite for successful mineral exploration and basic geochemical
and geochronological studies (Balaram et al., 2022). Sample preparation is critical
in the geochemical analysis and complete sample dissolution for accurate and
precise data for geological materials. During a rock analysis, sample digestion
involves steps from simple dilution to partial or total digestion, which is essential
and is a regulating dynamic for achieving reproducible and accurate analytical
results. A geochemical analysis determines the proportion of metallic (Cu, Pb Zn,
Au, Ag, etc.) or nonmetallic (FI, S, P, etc.) elements in a sample. It is commonly
referred to as an assay (gov.nl.ca/iet/mines/prospector/matty-mitchell/assay-
geochemical/). The sample material chemically analyzed included in this research
are rocks collected at specific areas known for mines (Figure 37). The assay results
are labeled by the location of the mine dump (Figure 36) where the samples were
collected. Lab analyses like those done at Activation Laboratories Ltd. (Actlabs)
provide single and multi-element analyses through various methods.

For this study, the method selected for the rock analysis is the ICP-MS
(Inductively Coupled Plasma Mass) Spectrometer. A technique most applied for
these studies and expected results for mineral identification. In this process, rock
samples are crushed, powdered, fused, or digested in acid and then analyzed.
Whole rock analysis defines a total determination of significant element

concentrations typically in rock samples. Elements are expressed as common
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oxides of each component (i.e., SiO2, Al203, CaO, Fe203, K20, MgO, MnO,
Na20, P205, TiO2). The analyses also include measuring all volatile phases'
concentration by loss on ignition (LOI). These volatile phases could include water,
sulfur, and carbon dioxide (gov.nl.ca/iet/mines/prospector/matty-mitchell/assay-
geochemical/). Geochemical analyses provide a cost-effective brownfield
exploration method in searching available mine sites for additional deposits. The
rock samples from Apache Hills mines were prepped, crushed, meshed to 100
microns, processed, and sent to Activation labs for a geochemical 60+ trace
element analysis.

4.3.1 Activation Laboratories Ltd (Actlabs)

Actlabs provided the geochemical analysis results for the ten crushed and
meshed samples on the 14th of November, 2018. The ICP-MS package chosen for
the geochemical rock analysis id Code: UT-1-0.5g Aqua Regia ICP-MS (Certificate
of Analysis/Appendix). The digestion method choice is critical in interpreting the
resulting data. However, the geochemical analysis report A18-17520 provides the
results (ppm) for dozens of elements within the sample submitted; for this thesis,
only the iron (ppm) results are mentioned for the applied methods. The iron results
from samples AH-001-AHO010 are georeferenced in ArcGIS. But it is not without
saying that the remaining results are not significant. On the contrary, the remaining

results from the Actlabs geochemical report are equally crucial for the presence of
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iron alterations and the existence of a porphyry copper system. The results may
reveal prominent information for future work in combination with the remote
sensing methods for further interpretations.
5. Results

The scientific results for the thesis are part of an extensive research and
multiple scientific methods project that results in mineral mapping alterations of
Ferric and Ferrous irons within the local area of the Apache Hills and Sierra Rica.
Those techniques include remote sensing from Landsat 8 (OLI), a geochemical
analytical report provided by previous Peterson (1976), research from Strongin
(1957), the use of a lab spectroradiometer (GER3700), and new trace element ICP-
MS analysis results from Actlabs.

All contribute to visualizing the presence of iron mineral alterations on a
GIS platform. Several samples collected (AH-001-AH-010) are sent out for a
geochemical trace element analysis (Figure 37). The laboratory in-house
(GER3700) and out-house (Actlabs) results are applied to the methods, referenced,
identified, and validated the presence of concentration and distribution of ferric
and ferrous iron minerals. The results are presented in the order shown in the
methodology flow chart (Figure 22). All the ArcMap full-scale location figures that
integrate the remote sensing spatial data are confined to a 1:110,000 scale size for

constant consistency. A grid coordinate system on the map figures ensures a proper
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and accurate location and identification of specific mine areas. Previous research
assay results from Peterson (1976) from the Apache Hills are offered as a Section,
Township, and Range. A Section, Township, and Range grid shapefile is available
through the USGS website. When the research results are integrated, it provides
excellent graphical context for the presence of ferric and ferrous irons on an
ArcGIS platform. Extensive research from previous publications (Strongin, 1957)
describes and acknowledges the existence of iron-derived oxides and sulfides. One
of the methods presented in this thesis is integrating research (prior or current) into
GIS and image analysis software programs. When processed, the areal satellite
(Landsat 8 OLI) remote sensing raster spatial data on GIS show different band (1-
11) ratios and RGB combinations. The laboratory spectroradiometer (GER3700)
results from the same samples analyzed by Actlabs Ltd. identify iron mineral
wavelength and reflectance spectral signatures.
5.1 Previous, Present Modern Research & Integration Methods

A previous publication by Strongin (1957) describes iron minerals such as
Hematite or Specularite (Fe203) as the most abundant iron oxide in the contact
aureole—Hematite as isolated plates or groups of plates with a brown-to-black
color (Strongin, 1957). Chalcopyrite (CuFeS2) invariably accompanies Andradite-
Epidote veins, appearing with other sulfides in veins cutting metamorphosed

sediments, particularly at the Apache mine (Strongin, 1957). Pyrite (FeS2) is
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ubiquitous in all sediments. It has probably formed in many cases under purely
thermal conditions from the reaction of iron oxide and sulfur initially present and
shared in tactite veins. A common mineral associated with tactite zones is
Magnetite (Fe304) (Strongin, 1957).

A geochemical analysis (Oxide %) for 8 samples (Table 6) provided by
Peterson (1976) illustrates the presence of FEO and the Fe,O; (Table Red-
Rectangle) from selected igneous intrusive rocks collected at the Apache Hills No.
2 mining District. The Landsat 8 (OLI) remote sensing spectral raster images of
selected band ratio indices (Table 5a) on a GIS platform provides a visual
perspective of the distribution of these minerals. Peterson (1976) provided a
detailed geographical description of the location of these minerals (Figure 29).
Underlined in red are the local mine areas, the significant rock formations, the
monzonite porphyry, and the geologic time, where the minerals are locally
distributed. Peterson’s (1976) sample (Figure 29), converted to geographic
coordinates via GIS and areas Peterson (1976) describes (Figure 30, 32-33),
sections 05, 08, 20, 30, 31, 33, and 34 in Township 28S and Range 14W represent
an area where remote sensing and spectrometry data also detect the presence of

FeO and Fe;O3 in the Apache Hills.

68



Modern methods for integrating previous research involve applying the
Earth Explorer (https://earthexplorer.usgs.gov/) website to download and assemble
public domain spatial data for remote sensing evaluation (Figure 28). The
resulting spatial data images were merged in the GIS with analytical data (sections
5.1 & 5.4), creating geographically referenced raster images. Earth Explore
provides the user with several areas of interest by manually drawing out (point-
point) a red polygon (square). The results from the red polygon reveal a larger grey

square that encompasses the smaller red polygon, and datasets are available for

download from the Landsat 8 (OLI) Collection 1 Tier 1 source (Figure 28).
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Figure 28: An image containing a geographical user interface created using the USGS Earth
Explorer website. The red polygon & black circle shows the desired user-selected region; the
grey area is the dataset results contained in the USGS data base for Landsat 8 (OLI)for the study
area of the Apache Hills-Sierra Rica, New Mexico. The search results render various data sets.
The data set (red arrow) used is LC08_L1TP_034038_20140107_20170306_01_T1 (Figure 21).
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Table 6: Chemical analysis of oxide percentages (FeO and Fe,Os in red box) of selected
igneous rocks from the Apache #2 mining District modified (from Peterson, 1976, table 3
p.20).
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Figure 29: Location description (Township and Range underlined in red) of the chemical
analysis (Table 6) of the igneous rocks from the Apache #2 mining District modified (from
Peterson, 1976, table 3 p.20).
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Figure 30: Apache Hills (Hillshade) consisting of an overlayed Section, Township 28S and
29S, and Range 14W grid blocks (Red blocks) (purple block 34 and red block 33 speculated
section of sample 8) as described by Peterson (1976) followed with the local (MRDS) mines

in the area. No Remote sensing data is provided in this illustration.




Apache Hills, Hidalgo County, New Mexico

39754301

IITEATN-

IEIIO N

i

31°S3TN—

31°S20'N-

31-51'3u'n.n)’

)
IS1OTN—). &

3soon=] -
31430 N

31°52 30 N -

13 1s'|'l-

31'so-3cm-2# 30 :

I1°ATT Ny

3174530 Nem

31T Ny

31ET IO N
31°4T T Ne]
3972530 N
IT4STN
»
3174530 N
3145 T N e~

33N

I1EAT Ny

R

13T Ny

.fi -"g/|

| SRR
pESION
P=31°5230"N|

-
y f=31°520N

31°500N

e 31 "2 F 30N

=31°430N
B e
favason
31°4730N)
.‘ bz TON
farssaon

[=31"250'N

) IESDREEERN
| SESDI SN
pEAT 31°4430N|
XA
. l‘.
i3 o
S h31°s00N
b=31°2730N
34"2370N
=312230°N]
31°220N

fr 3124 1'30"N

1 1 1 1 1 1 1 T 1 Ll
108°130°W  108°18°30°W  106*17°30°'W  108*15'30"W  108*1S730°W 108°14'30°W  108"1330°W 10€°12'30°W 106°1120"W  108"10730°W  308°30"W  108°330"W

0

3.75

P 15 Kilometers

1
t t t t 1

1:110,000

Section, Township and Range (Ferric and Ferrous Irons)

Figure 31: Section, Township, and Range integrating Remote sensing results for Ferric and

Ferrous Irons to complement a formal visualization of Peterson’s (1976) geochemical results

of iron mineral data location.
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Figure 32: Sections 20, 30, 31, and 33 from Township and Range T 28 S, R 14 W. (Peterson
(1976) Table 3 p.20) geochemical analysis locations that are georeferenced on ArcGIS for
reference, visualization, identification, and validation of the presence of Ferric and Ferrous
Irons by integrating remote sensing band ratio data results of the mapped minerals.
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Figure 33: Sections 5 and 8 from Township and Range T 29 S, R 14 W. (Peterson (1976) Table
3 p.20) geochemical analysis locations that are georeferenced on ArcGIS for reference
visualization, identification, and validation of the presence of Ferric and Ferrous Irons by
integrating remote sensing band ratio data results of the mapped minerals. Sections 33 and 34
from Township and Range T 28 S, R 14 W location is speculated based on the information
given by Peterson (1976. The section location results for sample eight are missing, but the
Township and Range and the mine name is given (Chapo Mine). The remote sensing data
results, however, are accurate.
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Gossan (Dark Red) in a Hillshade background.
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Figure 35: Section, Township and Range and Accumulation of Watershed Flow Direction with
the integration of Remote sensing results for ferric and ferrous irons to compliment a formal
visualization of Peterson’s (1976) geochemical results of iron mineral data location.

77




Lagand

iy g _timas2E Farrda Oxddec | 3WIR18IR) Clag cifled (£) Katural Breake (Jankc) (B5/85 Henrloh, Voot sl (23H)
RLLES

[u

[Jumsin- s

Wi Fafwrs rad Dol iy
Flow Dol o /Ao oum ulsthon of ub-Watsrchade
inlus

« Wighi: TATTS

* L L

splus_timeei: FERROUE IRON Fed+ (IWIRENIR) «{OREENRED) Clavelfiad (4) NWatural B resie () anic) (ET/BE+EL/B4) Rowan, L.C., Mare, J.G (3002)
hLLUE>

% Mireral Radourcs Dom Syusn (MR DS) wdscion
pluc_timeae1s_Goc can (PWIRTRED) Clacelfad (1) Kstural Breake (Jenke) (B2B4) Vobseky, J.C. oL s, (2003)
CYALUE™
--: 4 13T
I:l.'--:'-:.'-;'-: {,0M 41 4
pluc_timae13 Ferdainon, Fad+ (REDADREEN) Claceed (%) Mabursl Breake iJenke) (B4/8Y) Rowan, L.C.; Mare, J.C (2008
CYALUE>
I:l.
| L
DI.

Werld Tarrain i

AT O = 1 T

AL A SRR ki o
Hlll i a_nm _n2_Pra jsod3_Cubk
il
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The results from figures 35-36 illustrate the Section, Township, and Range
accumulation of iron minerals and the watershed flow direction integrating remote
sensing spatial data and adding multiple band indices (Figure 36). The ferric and
ferrous irons complement a formal visualization of what Peterson (1976) describes
as the geochemical results of iron mineral data location (Figure 32-33). The
watershed direction flow demonstrates the distribution of iron minerals dispersal
by erosion in the Apache Hills and Sierra Rica area. Because of variable
deposition, iron mineral concentrations are more abundant in some areas than
others.

5.2 Actlabs: Geochemical Trace Element Results Report (Results)

Ten mine dump samples were collected for detailed geochemical analysis.
The geochemical analysis results (Table 7) are spatially referenced in ArcGIS,
which identifies the samples (AH-001-AH 010), the mines (names), the location
(Geo-Coordinates), and the amount of iron present, according to the mine dump
samples (Figure 38). The samples (AH-001-AHO010) results are shown in ArcGIS
with a Hillshade background (Figure 38-39). The results collected from mine
dumps are highlighted in red (Figure 38). The sample results from the Apache
Hills mine dump are shown on a GIS platform (Figure 38). Iron's geochemical
assay result concentration values (Figure 37-highlighted-yellow) are mapped on a

GIS platform within the Apache Hills and Sierra Rica alteration zones.
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The Fe percentage results (highlighted in yellow Figure 37) in the samples
(AH-001-AH-002-and AH-010) were of particular interest to validate the presence
of iron in the local area. The sample results from the Apache Hills mine dumps are
shown on a GIS platform (Figure 38). Those samples reveal a Fe percentage of 10,
9.22, and 25.1 %. The first two are samples from the Apache mine (AH-001-AH-
002 (10, 9.22 %)) and the last from Quartz Prospect (AH-010, 25.1%) (Figure 38).
The USGS provides an applicable Mineral Resource Data System (MRDS) (Table
8) that identifies mines, production status, and any extracted mineral resources
from the Apache Hills (red boxes). Although Section, Township, and Range are
methods used to describe a location in previous research, it is more practical to use
a coordinate system, especially when applying data results to a GIS platform. The
USGS provides an applicable Mineral Resource Data System (MRDS) (Table 8)
that identifies mines, production status, and any extracted mineral resources from

the Apache Hills (red boxes).
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Figure 37: Actlab geochemical trace element analysis results in the report of the samples
collected from the Apache Hills. Highlighted in yellow are the Fe percentages for each
example collected.
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Figure 38: Actlabs geochemical mine sample results overlaid on a GIS platform.
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Figure 39: Actlabs geochemical result georeferenced on an ArcGIS platform at the Apache

Hills.

Table 7: Actlabs Geochemical Analysis results from ArcGIS table report.

ActLabs Geochemical Analysis Results (Fe)

Sample #
AH-001
AH-002
AH-003
AH-004
AH-005
AH-006
AH-007
AH-008
AH-009
AH-010

Apache Hills Minez
Apache

Apache
Unknown Name
Chapo
Mairland

Last Chanee
Last Chance
Last Chance
Quartz Prospect
Quartz Prospect

Lat DD

51844444
31.843611
51.836111
51.828611
51.826667
31.321944
51.822222
51.822222
51.822222
51.822222

Long DD
-108.305556
-108.305833
-108.282778

-108.2725
-103.268611
-108.285278
-108.285278
-108.285278
-108.285556
-108.285556

Fe
10
9.22
191
485
211
0.9

3]
.

1.96
162

4.1
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5.3 Metadata: Landsat 8 (OLI)

A cloud-free, levell Tierl (Table 4) and terrain are radiometric corrected
Landsat-8 (OLI) raster image (bands 1-7)
LC08_L1TP_034038 20140107_20170306_01 T1(Path/Row 038/034) (Figure
28) obtained through the U.S. Geological Survey (USGS) Earth Resources
Observation and Science Center (EROS) (http://earthexplorer.usgs.gov), shows
consistent maps of minerals and hydrothermal alteration proficiently. They
comprise a generalized region to a more localized area of the Apache Hill, Hidalgo
County, New Mexico using Landsat 8 (OLI/TIRS) data.

The Landsat product identifier tag on all downloads carries important
attribute value information. This data set (Table 4) includes the acquisition date
(Blue), generated date (Red), path (Green), row (Orange), collection category
(Purple), sun elevation/azimuth (Gold for radiometric correction purposes), and
sensor identifiers (Brown). The identifier tag (Table 4) is color-coded to show that
the product identifier label recognizes different data set attributes in an all-in-one
tagline when downloaded from the USGS website (e.g., Landsat Product Identifier
Attribute Value (Table 4)).

Some data set features collected and downloaded, such as UTM zone,
datum, and map projection, are necessary attribute value information for applicable

GIS platforms. The spatial digital data files derived from the Landsat 8 (OLI)
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satellite must be uploaded and projected accurately to match the layer properties of
a GIS platform such as ArcMap 10.8. After processing and filtering the data, the
results render accurate geographical maps. The datasets (Table-3, bands 1-11) will
launch on the GIS platform as black and white raster images with the appropriate
latitude and longitude coordinate location on ArcMap 10.8. Moisture and
precipitation from cloud cover can affect the result images created on an image
platform, rendering a misleading data raster image and inadvertently leading to an

improper interpretation of the mineral identification results.
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Table 4: Dataset attribute and values, Landsat 8 OLI bands 1-11, for Raster images on ArcMap
(https://earthexplorer.usgs.gov).

Data set AttributeValues
Attributes
Landsat Product
Identifier LCO8 L1TP_ 034038 20140107 20170306 01 T1
Acquisition Date
2014/01/07
Date L-1
Gmernted Zﬂ 1 T;"rﬂ 3!{]6
Target WRS
Path 038
Target WRS
Rﬂw 034
Collection
Category Tl
Land Cloud
Cover 0.96
Sun Elevation . _ .
L1 31.59619305 (Radiometric Correction)
Sun Azimuth L1
154.77537844 (Radiometric Correction)
Sensor Identifier
OLI TIRS
Map Projection
Level-1 UTM
UTM Zone
12
Datum
WGS84
Center Latitude
31°44°32.60 "N
Center
Longitude 108°18'12.64"W
Grid Cell Size
Reflective 30.00
Grid Cell Size
Thermal 30.00
Grid Cell Size
Panchromatic 15.00
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5.4 Integrating Remote Sensing Spatial Data & GIS Platform (ArcGIS-ENVI)

Figures (35, 40, 43, 46, 49, 52, and 55) show the result of integrating remote
sensing spatial data on a GIS platform. The figures are created using different band
indices ratio combinations using Table 5a. The figures are accompanied by a
legend identifying the concentrations of ferric and ferrous iron minerals
distribution in the Apache Hills and Sierra Rica Hidalgo County, New Mexico.
The legends place the classification statistics as count, minimum, maximum, sum,
mean, standard deviation, and break values. The processing figures (Appendix-2)
illustrate the Jenks natural break classification algorithm (ArcGIS 10.8) used to
classify the resulting figures into 3, 4, 5, and 32 classes. The Jenks natural breaks
are a data clustering method designed to determine the best configuration of values
into different classes. The process seeks to reduce the variance within classes and
maximize the variance between classes (Jenks). Jenks's natural break algorithm is a
dependent classification method. It does not require ground points as input for the
training with natural breaks classification (Jenks) classes based on inherent natural
groupings in the data. Class breaks are created to best group similar values and
maximize class differences. The features are divided into categories whose
boundaries are set where the data values have relatively significant differences.

(Lamgadem, 2018).
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Simple Iron Ratio (II-IIT) (RED/BLUE) Classified Classes (4) Natural Breaks (Jenks) (Band 4/Band 2) Hewson, Rob D. et al. (2001)

Figure 40a: Remote sensing band ratio results integrated on an ArcMap 10.8 GIS platform for
Simple Iron Ratio (RED/BLUE) Classified (4) Natural Breaks (Jenks) (B4/B2) Hewson, Rob D.
et al. (2001) Table 5b reference index 78.
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Figure 40b: Simple Iron mineral ratio (SWIR1/RED) Classified (4) Natural Breaks (Jenks)
(B4/B2) on a Hillshade background Volesky, J.C. et al., (2003). Table 5b reference index 78.

Figures 40a, 40b, and 40c (Appendix-2) demonstrate the alteration,
classification, and distribution of simple iron minerals (red) surrounding the
Apache Hills and Sierra Rica, New Mexico. The numbers (e.g., 14, 15, and 21)
describe lithology (Figures 10-11), but only the contact boundary outlines are
shown in these figures. The Apache fault is prominent across the Apache Hills
from the Apache mine to Mexico as a linear band of iron-rich alteration (e.g.,
Figures 40a and 40d). Other faults are visible as linear alteration bands, as in the
Sierra Rica Mountains. The indices band ratio used was Band 4/Band2 or

SWIR1/Red from Table 5b, reference 78.
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Figure 40d: Remote sensing band ratio results integrated on an ArcMap 10.8 GIS
platform for Ferric Iron Fe3+, (RED/GREEN) Classified (3) Natural Breaks (Jenks)
(B4/B3) Rowan, L.C.; Mars, J.C (2003)-Table 5b reference index 20.
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Figure 41: Legend Ferric Iron, Fe3+ (RED/GREEN) Classified (3) Natural Breaks (Jenks) on a
Hillshade background and a World reference overlay. (B4/B3). Concentration values in
Magenta. Rowan, L.C.; Mars, J.C (2003). Table 5b reference index 20.

Figures 40d, 41, and 42 (Appendix 2) demonstrate the alteration,
classification, and distribution of Fe3+ (magenta) surrounding the Apache Hills
and Sierra Rica, New Mexico. The indices band ratio used was Band 4/Band 3 or
Green/Red from Table 5b indices reference 20. The numbers (e.g., 14, 15, and 21)
describe lithology (Figures 10-11), but only the contact boundary outlines are
shown in these figures. The Apache faults again are visible across The Apache

Hills from the Apache mine to Mexico as linear bands of iron concentrations.

Other faults are visible in the Sierra Rica Mountains (Figures 40d and 43).
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Figure 43: Remote sensing band ratio results integrated on an ArcMap 10.8 GIS platform for
Ferrous Iron Fe2+ (SWIR2/NIR) + (Green/Red) Classified (4) Natural Breaks (Jenks)
(B7/B5+B3/B4) Rowan, L.C.; Mars, J.C (2003). Table 5b reference index 19.
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Figure 44: Legend: Ferrous Iron Fe2+) on a Hillshade background and a World reference
overlay. Concentrated Ferrous Irons values are in Red. Rowan, L.C.; Mars, J.C (2003).

Figures 43, 44, and 45 (Appendix-2) demonstrate the distribution and
classification pattern of ferrous iron Fe2+ throughout the Apache Hills and Sierra
Rica, New Mexico. The Fe2+ alterations are visible in dark brown ad red on a
Hillshade background. The band indices used to visualize Fe2+ (SWIR2/NIR) +
(Green/Red) Classified (4) Natural Breaks (Jenks) (B7/B5+B3/B4) and a reference
index 19 Table 5b. The numbers (e.g., 14, 15, and 21) describe lithology (Figures

10-11), but only the contact boundary outlines are shown in these figures.
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Figure 46: Remote sensing band ratio results integrated on an ArcMap 10.8 GIS platform for
Ferric Oxides (SWIRL/NIR) Classified (32) Quantile (B6/B5) Henrich, V. et al., (2011).
Including lithologic contact boundaries. Table 5a reference index 21.
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Figure 47: Legend: Concentrated Ferric Oxide values in Magenta and white (Henrich, V. et al.,
The concentrations and distribui?gélzf ferric oxides alteration using band
indices (SWIR1/NIR) Classified (32) Quantile (B6/B5) are represented in figures
46, 47, and 48 (Appendix-2). The numbers (e.g., 14, 15, and 21) describe the

contact lithology (Figures 10-11). The dissemination of the iron oxide alterations is

visible North of the Apache Hills and South of Sierra Rita.
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Figure 49: Remote sensing band ratio results integrated on an ArcMap 10.8 GIS
platform for Gossan (SWIR1/RED) Classified (3) Natural Breaks (Jenks) (B6/B4)) on
a Hillshade background Volesky, J.C. et al., (2003) Table 5a reference index 26. Red
circled areas may be of future interest for the possibility of a hidden porphyry Elston,
(1976).

96




Legend
Woadd Raferance Ovarlay
HillSha_nm_n3_Projectd Cubic1
Value
- High : 254

 low:0

bfreral Resource Duala System (M RD.S) sdecion
plus_times16_Gossan | SWIR1/RED) Classified (3) Natural Breaks (Jenks) [B6/B4) Volesky, J.C. et. al., (2003
<VALUE>
|:| Q473556101 - 0. 1141 30247
- Q114138267 - 019898127
|:| Q198961279 - 1071416259

Wodd Terran Basa

Figure 50: Gossan (SWIR1/RED) Classified (3) Natural Breaks (Jenks) (B6/B4) in a Hillshade
background Volesky, J.C. et al., (2003) Red Circles Area of Future Interest.

Figures 49, 50, and 51 (Appendix 2) use bands (B6/B4) or (SWIR1/RED)
reference indices 26 from Table 5a and Classified (3) Natural Break (Jenks).
Gossan is observable throughout the Apache Hills-Sierra Rica Mountains, New
Mexico, particularly in faulted areas. The Gossan is noticeable as the dark red-
brown stain-like pattern on a Hillshade background. The numbers (e.g., 14, 15, and
21) describe lithology (Figures 10-11), but only the contact boundary outlines are
shown in these figures. The copper concentration is higher than other levels in the
surrounding area, and other alterations (e.g., phyllic, argillic Figures 105 and 106)

are present in these areas. There are areas of interest for future work and discovery.
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Figure 52: Remote sensing band ratio results integrated on an ArcMap 10.8 GIS platform for
Alteration (SWIR1/SWIR?2) Classified Natural Breaks (Jenks) (B6/B7) Volesky, J.C. et al.,
(2003). Table 5a references 3 and 39. Note: Both references are the same band ratios but different
reference sources 3 is referenced as an alteration, and 39 is referenced as a Laterite, which is a
form of a profound alteration exposed on the surface by a form of erosional weathering and
fluvial transport.
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Figure 53: Classified Natural Breaks (Jenks) (B6/B7) on a Hillshade background Volesky, J.C. et
al., (2003). Table 5a references 3 and 39.

Figures 52, 53, and 54 (Appendix-2) display remote sensing band ratio
(B6/B7) or (SWIR1/SWIR2) results on an ArcMap 10.8 GIS platform for
alteration Classified (5) Natural Breaks (Jenks). Referenced indices band ratio is
from Table 5a 3 and 39. Note: Both references in Table 5a are the same band ratios
but different reference sources. Number three is referenced as an alteration, and
number 39 is referenced as a Laterite, a form of a profound alteration exposed on

the surface.
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The image from Figure 55a is created using ENVI 5.3 and is processed with
this software to render a final band combination RGB much like the ArcGIS
processed RGB (Figure 55b). A significant color quality difference exposes
specific topographical and mineral alterations. These geological features
encompass the local lithology (igneous intrusion-Red Box), (fluvial transport-
Yellow Box), and ferric oxide and hydroxyls (Figure 55e) alterations surrounding

Doyle Peak (Purple Box).

Figure 55a: ENVI 5.3 image of the Apache Hills in RBG Combination showing Iron Oxides
Alterations surrounding Doyle Peak (Purple-Box, Black Arrow), the Apache Mine (Red Box,
Black Arrows), and Northeast of the Apache Hills (Yellow-Box, Black Arrows).
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Figures 55b, 55c, 55d, 55e, 55f, and 55g are RGB composite (7,4,2) bands
that discriminate the lithology and alteration of the study area. Figures 55h, 55i,
and 55j (Appendix-2) are the processed spatial data classification and statistics.
Figures 55c, 55d, 55e, and 55g are RGB band combinations that include band ratio
combinations that expose iron oxides and hydroxyls. Figure 55g consists of the
Copper values from the Actlab analysis from AH-001-AHO010. All of these figures
have been integrated with ArcGIS and ENVI software. Figures 55c (Ferric Iron),
55d Ferrous Iron, 55e (hydroxyls), 55f (Gossans), and 559 (Compilation) are add-
on shapefile of band ratio indices processed on ENVI and transferred to ArcGIS.

Figure 55i (Appendix 2) shows the classification values for the RGB
composite image of band ratios 7,4,2 (Figure 55b). Figure 55j (Appendix-2)
displays the Histogram Equalize for the RGB Composite bands 7,4,2. The statistics
minimum is -5.06, and the maximum of 2.99, with a standard deviation of 5.30.
The ArcGIS image (Figure 55b) is like the ENVI 5.3 image (figure 55a). Both
software-derived colored ortho-images share the same composite band 7,4,2 but
differ in the color quality of each image. The ENVI (Figure 55a) colors stand out

more with darker colors than the ArcGIS image.
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Figure 55b: ArcGIS image of the Apache Hills in RGB (7,4,2) with contact boundaries for
general lithological mapping (Imbroane, 2007).
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Figure 55c: Created on ENVI 5.3 (Ferric
Iron-Orange) and added to ArcGIS as a
shapefile.

1:110,000

Figure 55d: Created on ENVI 5.3 (Ferrous
Iron-Red) and added to ArcGIS as a
shapefile.

1:110,000

1:110,000

Figure 55e: Created on ENVI 5.3
(Hydroxyls) and added to ArcGIS as a
shapefile.
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Figure 55f: Gossan (SWIR1/RED) |

Classified Classes 5 (Band 6/Band 4) Volesky,

J.C.; Stern, R.J.et al., (2003).




1:110,000

Figure 55g: ArcGIS image of the Apache Hills in RGB (7,4,2) with contact boundaries for
general lithological mapping (Imbroane, 2007). A compilation of several band ratios (Figures
55c, 55d, 55 e, and 55f) and Actlab analysis results for copper are included.
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Figure 55h: Legend that describes all the band combinations (Figure 55g) lithology, faults,

MRDS mine data, and Actlabs analysis results for copper.
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5.5 Spectral Wavelength Signatures (USGS-PRISM, GER3700 & TSG 8 Data
Image-Results)

The spectral wavelength signature results incorporate several method
techniques that use (1) USGS-PRISM add-on data file of the spectral wavelength
signatures incorporating ENVI 4.8 software. (2) The 100-micron meshed sample
(AH-001-AH-010) was analyzed with the spectroradiometer (GER3700) for
wavelengths signature results, which are compared to the Spectral Library 2006a
as a validation source for mineral accuracy. (3) The Spectral Geologist 8 software
reinforces the GER 3700 and USGS-PRISM results that support the same or
similar wavelength spectral signature of the mineral (e.g., Hematite and Goethite)
known to be present in the study area.

5.5.1 USGS-PRISM

The library consists of different spectrometer types used to measure the
spectra within the spectral library. The Beckman™ 5270 (480) encompasses the
spectral Range of (0.2 to 3 um) (Kokaly, R.F., 2011) and is the spectrometer type
used (Figure 56) from the Spectral Library 2006a digital data (PRISM). The data is

uploaded to ENVI 4.8 software.
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Figure 56: USGS spectral Library 2006a digital data (PRISM) add-on for ENVI 4.8 software.
Spectrometer type: Beckman™ 5270 measures spectra in the library covering the spectral
range 0.2 to 3 um (Kokaly, R.F., 2011).
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Figure 57: Wavelength spectral signature record (9271) of Hematite courtesy of the
USGS Spectral Library 2006. For wavelength comparison and validation purposes, the
data results from the GER 3700 and the Spectral Geologist 8.
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Figure 58: Wavelength spectral signature record (8296) of Goethite courtesy of the
USGS Spectral Library 2006. For wavelength comparison and validation purposes, the
data results from the GER 3700 and the Spectral Geologist 8.
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Figure 59: Wavelength spectral signature record (8296) closeup of image (0.5-0.9um)of

Goethite courtesy of the USGS Spectral Library 2006. For wavelength and validation

comparison purposes to the data results from the GER 3700 and The Spectral Geologist 8.
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Figure-60: Wavelength spectral signature record (11210) of Jarosite courtesy of the USGS
Spectral Library 2006a. For wavelength comparison and validation purposes, the data

results from the GER 3700 and the Spectral Geologist 8. Jarosite is not a result of the
Spectral Geologist 8 from the samples collected but shares a similar absorption feature of

0.925 (um) as Goethite and should be recognized. The spectral wavelength signature,
however, differentiates from that of Goethite.
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Figure 61: Wavelength spectral signature record (12886) of Limonite courtesy of the USGS
Spectral Library 2006a. For wavelength comparison and validation purposes, the data
results from the GER 3700 and the Spectral Geologist 8.
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Figure 62: Wavelength spectral signature records of (9271) Hematite, (8296) Goethite,
(12886), Limonite, and Jarosite (11210) courtesy of the USGS Spectral library 2006a. For
wavelength comparison and validation purposes, too, the data results from the GER 3700

and the Spectral Geologist 8.
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Figure 64: Wavelength spectral signature of Magnetite. Field surveys and previous
research (Strongin, 1957) indicate the presence of this mineral.
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Figure 65: Wavelength spectral signature of Chalcopyrite. Field reconnaissance, and
previous research (Strongin, 1957), indicates the presence of this mineral.
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Figure 66: Wavelength spectral signature of Pyrite. Field reconnaissance, and previous
research (Strongin, 1957) indicate the presence of this mineral.
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5.5.2 The Spectral Geologist 8 (TSG 8) & GER3700 (Spectroradiometer)

A combination of the Spectral Geologist 8 (TSG 8) and the GER 3700
(Spectroradiometer) is used to identify and validate the presence of iron alteration
minerals in the samples collected from Apache Hill, Hidalgo, County, New
Mexico. The spectral wavelength results from the GER 3700 configuration setup
(Figure 27) reveal the spectral wavelength of the ten samples provided, sieved at
100 mesh. The numerical data is further processed, and an Excel spreadsheet is
generated. The results are input into The Spectral Geologist 8 for signature
wavelength comparison. The TSG 8 has a consortium of examples within the
software to cross-reference with the data provided by the GER3700. It should be
noted (disclaimer) that unreliable results, as seen in Figures 67,71, 73, 79, 82, 85,
91, and 94, are interpreted by the TSG 8 as spectral unmixing. The TSG 8 has not
found a perfect fit; hence, the results are just the best estimate of the TSG 8
(Huntington, 1997; Berman, 1999). A smooth line is the wavelength signature from
the TSG 8 reference library. The rough (e.g., squiggly) line is the wavelength that
results from the GER3700. Figures 76 and 88, however, display as reliable. The
wavelength and reflectance data input results from the GER 3700 are viewed
through the Short-wave infrared (SWIR) (e.g., Figures 67, 70, 75, 78, 81, 84, 87,
90, and 93) and visible near-infrared (VNIR) (e.g., Figures 67,71, 73, 76, 88, 79,

82, 85, 91, and 94) spectral feature option of The Spectral Geologist 8 software.
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It is a reminder that even TSA 8, a state-of-the-art automated spectral unmixing
algorithm, is imperfect. A human should authenticate TSA results - ideally, an
expert. The results should be checked against reference spectra provided in the
TSG Reference library to ensure consistency (Berman 1999).

For VNIR spectra, the Not in Library (NIL) statistic iS a non-negative
number. When used with the default value of the regularization
parameter, lambda = 0.9, good quality spectra which are mixtures of (at most) two
materials in the VNIR library, should have a NIL value threshold less than 60
(Berman 1999). VNIR spectra with a NIL value above this threshold should be
cautiously treated (Berman 1999). Figures 67,71, 73, 79, 82, 85, and 91 all had
values higher than 60, but Figures 76 and 88 had values below the threshold. The
spectral wavelength results from TSG 8 were cross-referenced with the USGS-
PRISM spectral reference library 2006a [add-on] to ENVI 4.8 (e.g., Figures 57, 58,
and 59) as a preliminary precaution for approximate identification. The spectral
wavelength signatures from the TSG 8 and PRISM were a match. The candidate
results (*) from the spectral analyst (TSG 8) identified Figures 69, 72, 74, 76, 77,
88, 89 as Goethite and Figures 80, 83, 86, 91, and 95 as Hematite. These mineral
alterations are profoundly noticeable from the remote sensing results and have

been documented in prior research for the Apache Hills.
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Figure 67: Apache Hills Sample 001 (Apache Mine) wavelength and reflectance data
input results from the GER 3700 viewed through a combination of SWIR and VNIR
from The Spectral Geologist 8 software platform.
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Figure 68: Apache Hills Sample 001close-up of the image indicated by the red arrows
(Apache Mine) wavelength and reflectance data input results from the GER 3700
viewed through the visible near-infrared (VNIR) spectral feature option of The
Spectral Geologist 8 software platform. A smooth line is the wavelength signature for
Goethite according to the Spectral Geologist 8 spectral library. The rough line is the
wavelength results from the GER3700.
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Figure 69: Sample 001 candidate results from The Spectral Analyst Astrid (*) indicate a possible
spectral signature match according to The Spectral Geologist 8 data library.
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Figure 70: Apache Hills Sample 002 (Apache Mine) wavelength and reflectance data input
results from the GER 3700 viewed through a combination of SWIR and VNIR from The
Spectral Geologist 8 software platform.
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Figure 71: Apache Hills Sample 002 close-up of image (Apache Mine) wavelength and
reflectance data input results from the GER 3700 viewed through the visible near-infrared
(VNIR) spectral feature option of The Spectral Geologist 8 software platform. A smooth line is
the wavelength signature for Goethite according to the Spectral Geologist 8 spectral library. The

rough line is the wavelength results from the GER3700.
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Figure 72: Sample 002 candidate results from The Spectral Analyst Astrid (*) indicate a possible
spectral signature match according to The Spectral Geologist 8 data library.
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Figure 73: Apache Hills Sample 003 (unknown Mine-Adjacent to Chapo Mine) wavelength
and reflectance data input close-up results from the GER 3700 viewed through visible near-
infrared (VNIR) spectral feature option of The Spectral Geologist 8 software platform. A
smooth line is the wavelength signature for Goethite according to the Spectral Geologist 8
spectral library. The rough line is the wavelength results from the GER3700.
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. Figure 74: Sample 003 candidate results from The Spectral Analyst feature denotes an
Astrid (*) indicating a possible spectral signature match according to The Spectral
Geologist 8 data library.
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Figure 75: Apache Hills Sample 004 (Chapo Mine) wavelength and reflectance data
input results from the GER 3700 viewed through a combination of SWIR and VNIR
from The Spectral Geologist 8. software platform.
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Figure 76: Apache Hills Sample 004 (Chapo Mine) wavelength and reflectance data
input close-up results from the GER 3700 viewed through the visible near-infrared
(VNIR) spectral feature option of The Spectral Geologist 8 software platform. A smooth
line is the wavelength signature for Goethite according to the Spectral Geologist 8
spectral library. The rough line is the wavelength results from the GER3700.
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Figure 77: Sample 004 candidate results from The Spectral Analyst feature denotes an
Astrid (*) indicating a possible spectral signature match according to The Spectral
Geologist 8 data library.
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Figure 78: Apache Hills Sample 005 (Mairland Mine) wavelength and reflectance data input
results from the GER 3700 viewed through a combination of SWIR and VNIR from The
Spectral Geologist 8 software platform.
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Figure 79: Apache Hills Sample 005 (Mairland Mine) wavelength and reflectance data
input close-up results from the GER 3700 viewed through the visible near-infrared
(VNIR) spectral feature option of The Spectral Geologist 8 software platform. A
smooth line is the wavelength signature for Hematite according to the Spectral
Geologist 8 spectral library. The rough line is the wavelength results from the
GER3700.
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Figure 80: Sample 005 candidate results from The Spectral Analyst feature denotes an
Astrid (*) indicating a possible spectral signature match according to The Spectral
Geologist 8 data library.
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Figure 81: Apache Hills Sample 006 (Last Chance Mine) wavelength and reflectance data
input results from the GER 3700 viewed through a combination of SWIR and VNIR from

The Spectral Geologist 8 software platform.
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Figure 82: Apache Hills Sample 006 (Last Chance Mine) wavelength and reflectance data
input close-up results from the GER 3700 viewed through the visible near-infrared (VNIR)
spectral feature option of The Spectral Geologist 8 software platform. A smooth line is the

wavelength signature for Hematite according to the Spectral Geologist 8 spectral library.

The rough line is the wavelength results from the GER3700.
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Figure 83: Sample 006 candidate results from The Spectral Analyst feature denotes an
Astrid (*) indicating a possible spectral signature match according to The Spectral
Geologist 8 data library.
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Figure 84: Apache Hills Sample 007 (Last Chance Mine) wavelength and reflectance
data input results from the GER 3700 viewed through a combination of SWIR and
VNIR from The Spectral Geologist 8 software platform.

124



Reflectance

000007:Last Chance Mine AH Sample 007 Error

a2
I

39
I

33 36
/
/
/

/

/
/
\

\

30
I

27
.

24
I

T T T T T T T T T T T T T T 7
480 560 640 720 800 880 960 1040
Wavelength in nm

Figure 85: Apache Hills Sample 007 (Last Chance Mine) wavelength and reflectance
data input close-up results from the GER 3700 viewed through the visible near-infrared
(VNIR) spectral feature option of The Spectral Geologist 8 software platform. A smooth

line is the wavelength signature for Hematite according to the Spectral Geologist 8
spectral library. The rough line is the wavelength results from the GER3700.
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Figure 86: Sample 007 candidate results from The Spectral Analyst feature denotes an
Astrid (*) indicating a possible spectral signature match according to The Spectral
Geologist 8 data library.
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Figure 87: Apache Hills Sample 008 (Last Chance Mine) wavelength, and reflectance data
input results from the GER 3700 viewed through a combination of SWIR and VNIR from
The Spectral Geologist 8 software platform.
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Figure 88: Apache Hills Sample 008 (Last Chance Mine) wavelength, and reflectance data
input close-up results from the GER 3700 viewed through the visible near-infrared (VNIR)
spectral feature option of The Spectral Geologist 8 software platform. A smooth line is the
wavelength signature for Goethite according to the Spectral Geologist 8 spectral library. The
rough line is the wavelength results from the GER3700.
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Figure 89: Sample 008 candidate results from The Spectral Analyst feature denotes an
Astrid (*) indicating a possible spectral signature match according to The Spectral
Geologist 8 data library.
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Figure 90: Apache Hills Sample 009 (Quartz Mine) wavelength and reflectance data input
results from the GER 3700 viewed through a combination of SWIR and VNIR from The
Spectral Geologist 8 software platform.
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Figure 91: Apache Hills Sample 009 (Quartz Mine) wavelength and reflectance data input
close-up results from the GER 3700 viewed through the visible near-infrared (VNIR)
spectral feature option of The Spectral Geologist 8 software platform. A smooth line is the
wavelength signature for Hematite according to the Spectral Geologist 8 spectral library.
The rouah line is the wavelenath results from the GER3700.
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Figure 92: Sample 009 candidate results from The Spectral Analyst feature denotes an Astrid
(*) indicating a possible spectral signature match according to The Spectral Geologist 8 data
library.
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Figure 93: Apache Hills Sample 0010 (Occidental Mine) wavelength and reflectance data
input results from the GER 3700 viewed through a combination of SWIR and VNIR from
The Spectral Geologist 8 software platform.
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Figure 94: Apache Hills Sample 0010 (Occidental Mine) wavelength and reflectance data
input close-up results from the GER 3700 viewed through the visible near-infrared (VNIR)
spectral feature option of The Spectral Geologist 8 software platform. A smooth line is the

wavelength signature for Hematite according to the Spectral Geologist 8 spectral library. T
rough line is the wavelength results from the GER3700.
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Figure 95: Sample 0010 candidate results from The Spectral Analyst feature denotes an Astrid
(*) indicating a possible spectral signature match according to The Spectral Geologist 8 data

library.
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6. Discussion

A beneficial steppingstone before exploration and discovery begins with
extensive research. ldentifying surface mineralogical composition using remote
sensing presents an opportunity for exploration geologists seeking refined vectors
to potential ore-bearing hydrothermal systems (Huntington,1996). Research is one
of the most prevalent parts of any exploration project to combine with any
applicable scientific method which would contribute to interpretive results. A
suitable solution to overcome certain limitations for exploration is, to start with,
simple techniques already practical in the field of economic geology investigation.

The research presented for the thesis combines and models several methods
for further validation and mapping the presence of Ferric and Ferrous irons of a
porphyry copper system. Remote sensing applications by capturing airborne digital
images and spectral analysis contributed several dimensions to modern exploration
(Swapan et al., 2018). Spectral Geology is a method used for exploration and
interpretation, where spectral variation results from different components, the
degree of ordering, mixtures, and the size of the grain from various rocks and
minerals (Huntington, 1996). Mapping techniques can identify individual species
of iron minerals, providing detailed information about hydrothermal mineralization

and alteration zones (Thomas and Walter, 2002).
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Gossans are the specific end products of oxidation and leaching of iron-
bearing sulfide deposits exposed to the surface environment by erosion. They are
the signposts that aim at what lies under the surface and are the outcome of
oxidation by weathering and leaching sulfide mineralization (Kelly, 1981). Iron
alterations such as gossans provide many indications of the character of ore once
present now at the topographic surface and, therefore, aid in exploring deposits
concealed at depth (Kelly, 1981). The colors significantly depend on the
mineralogical composition of iron hydroxides and oxides phases and vary between
red (hematite) and yellow jarosite (Swapan et al., 2018).

Iron oxides and a hydrothermal altered porphyry system are significant
because one is distinctively correlated to the other; some of the best quantitative
mineralogic descriptions of porphyry copper rocks are from the formation of
Goethite and Jarosite during the weathering process of sulfide-bearing felsic rocks
of the Goethite, Hematite, and Jarosite is in the leached capping. Goethite is
usually the first mineral containing ferric iron that forms during weathering of iron
sulfide minerals. Jarosite precipitates later than Goethite in weathering
environments that originally included significant iron sulfide minerals and
potassium concentrations. The near-surface environment and chemical reactions
between pyrite, chalcopyrite, and oxygenated groundwater produce Goethite,

Hematite, and Jarosite (Locke,1926; Tunell,1980; Blahd, 1983). Mass abundances
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of these three minerals in weathered outcrops, such as in the Apache Hills, have
been used to infer the identity and relative abundance of sulfide minerals in unseen
fresh rock. This procedure has been used to evaluate the economic potential of
porphyry copper prospects. However, the ubiquitous distribution of pyrite and
chalcopyrite in other lithologies makes the oxidation reactions of general interest.
All the ore extracted from the Apache orebody is oxidized. The veins are
significantly altered and consist mainly of iron oxide, limonite, or hematite.
Gossans are characterized by using iron oxide mineralogy and spectral reflectance
as a possible aid to mineral exploration using remote sensing data (Accame et al.,
1983). Some Gossan samples produced by the weathering of lead-zinc replacement
deposits are composed of Goethite.

In contrast, other Gossan samples produced by pyrite weathering in the local
country rock are composited primarily of Jarosite. The iron oxide assemblages,
whereby Goethite precipitated early, are followed by Jarosite and Hematite
(Accame et al., 1983). All the ore extracted from the Apache orebody is oxidized.
The veins are significantly altered and consist mainly of iron oxide, limonite, or
hematite.

Mineral resource and geo-environmental assessments require efficient and
accurate mapping to characterize mineral exposures correlated to mined and

unmined hydrothermally modified rocks and mine waste (Rockwell, 2013).
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Ongoing U.S. Geological Survey (USGS) mineral resource and geo-environmental
assessments have utilized mineral maps derived from spectral analysis of remote
sensing data to identify and characterize hydrothermally altered rocks and other
surfaces with acid-producing or neutralizing potential (Day et al., 2016; Rockwell
et al., 2021). Ratio development is necessary to identify mineral groups based on
diagnostic absorptions of pure and mixed mineral species in laboratory reference
spectra convolved to spectral resolution (Rockwell, 2013). Some methodology
presented involves using band combination (RGB) and band ratio indices to
identify areas where several specific spectral absorption features are visible
through remote sensing. In addition, geochemical analysis, source rock samples,
spectrometry, several mineral reference spectral libraries (e.g., spectral library 6a
and The Spectral Geologist 8), and previous research validate the presence of the
Iron oxides (I1) (I11). in association with hydrothermal alteration in the study area.
This analysis demonstrates the existence of these minerals in the study area and
their association with a hydrothermal alteration porphyry system.

The near-surface environments and chemical reactions between pyrite,
chalcopyrite, and oxygenated groundwater produce Goethite, Hematite, and
Jarosite. Mass abundances of these three minerals in weathered outcrops, such as
in the Apache Hills, have been used to infer the identity and relative abundance of

sulfide minerals in unseen fresh rock. This procedure has been used to evaluate the
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economic potential of porphyry copper. However, the ubiquitous distribution of
pyrite and chalcopyrite in other lithologies makes the oxidation reactions of
general interest (Locke, 1926; Blanchard, 1968; Bladh, 1982). Copper minerals,
mostly chalcopyrite (CuFeS2), occur in the lower levels and are associated with
tactite minerals in zones that have been moderately metasomatized (Strongin,
1957). Almost invariably, chalcopyrite accompanies andradite-epidote veins. It also
occurs with other sulfides in veins cutting metamorphosed sediments, particularly
at the Apache mine (Strongin, 1957). All the ore extracted from the Apache
orebody has been the product of enrichment during surficial oxidation with no
economic development of deeper-level host rocks. The mineralized veins are
significantly altered in the oxidized zone and consist mainly of iron oxide, either
limonite or hematite (Strongin, 1957). The ferric-ferrous ratio was believed by
Butler (1923) to be due to the oxidation of original ferrous iron in solution to ferric
iron by carbon dioxide released upon recrystallization of limestone according to
the formulae:

3 FeO + CO, = Fe;04 +CO»
Fe;O4 +CO, = Fe,03 + CO

Given sufficient carbon dioxide concentrations, the first formula is
considered appropriate. Lasky (1934), however, believes that the second reaction
will not occur because there is not enough CO, in the system. Lasky (1934)

concluded that reducing CO, to CO probably accounts for the oxidation of Fe;O,4
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to Fe, Os. The presence of Fe, O3 must be accounted for by the greater volatility of
FeCl; than FeCl,. Therefore, all the Fe,Os in contact deposits must have been
transported in the form of FeCl; and must have been precipitated directly from
chloride and hematite. The ferric-ferrous ratio ranges widely in rock differentiates.
The ratio is high in diuretic solution, which commonly produces magnetite, and is
high in the solution that forms hypothermal deposits. (Lasky 1934). Presumably, it
Is insignificant in those that form lower-temperature sulphide deposits.
Reasonably, the variation in the ferric-ferrous ratio would seem to be that some of
the iron content of magmas and magmatic differentiates exist and migrate in the
ferric state and in a ratio to the ferrous iron controlled by whatever oxidation
equilibrium conditions exist at the time (Lasky 1934). The high ferric-ferrous ratio
In contact deposits seems to be due to a combination of two independent processes:
(1) Migration, in the ore-depositing, differentiates part of the iron in the ferric
state, but not necessarily all together in the form of ferric chloride; and (2)
Oxidation of some of the ferrous iron in this differentiate by carbon dioxide and to
a lesser extent by steam (Lasky, 1934).

The band ratio indices (Table 5a) are limited and, therefore, sensitive to
Ferric Iron even in low concentrations. Jarosite will generally have deeper
absorption than Goethite (Figure 63), but both minerals are common in weathered

pyritic rocks Rockwell, 2013). The band ratio index (Table 5a) specific formula
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SWIR2/Near Infrared Green/Red identifies Fe (I1). Peterson's (1976) geochemical
results confirm the presence of hematite (Fe203) bearing oxidized basalts in a
young (Tertiary) volcanic field (Figures 30-33). Coarse-grained Goethite, having
deep and broad crystal-field absorptions near 1.0 micrometers (Figure 63), is
present in rock sample spectrometry analysis (GER3700 and TSG 8) (Figures 68,
69, 71, 72, 73, 74,76, 77, 88, and 89). and the spectral wavelength captured by
remote sensing instruments (Landsat 8 OLI) (Figure 24). The GIS-generated raster
band indices images depict these areas in more detail. Doing so allows for a more
accurate delineation of a hydrothermal alteration characterized by specific
geological alteration zonation distribution patterns related to the Iron Oxide (I1)
(I11) occurrence. The Landsat 8-derived map permits users to focus more rapidly
on smaller areas when identifying alteration zones (e.g., pyritic or iron oxidation)
in hydrothermally altered rocks, mine waste, or mill tailings. (Rockwell, 2021).
The presence and mineralogy of altered rocks are essential factors in determining
the occurrence potential of concealed mineral deposits. The presence and type of
alteration can provide critical information for mineral resource investigations
(Rockwell, 2013). Hydrolytic alteration commonly occurs along faults and
fractures that are conduits for potentially metal-bearing fluids. This pattern is
visible in the study area as linear bands of iron-rich material, as seen in Figures

40d and 43. In addition, the region of Little Hatchet, Apache Hills, Sierra Rica, and
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south-southeastern New Mexico/Mexico indicate anomalous zones of prospective
porphyry-type mineralization where alterations are generally more identifiable and
more likely to host near-surface deposits. Exploration programs for porphyry Cu
deposits rely on many techniques. Mineral discoveries are typically tangible on
surface studies. Remote sensing applications that capture airborne digital images
and spectral analysis contributed several dimensions to modern exploration
(Swapan et al., 2018).

Nonetheless, from a geologist's perspective, whole rock litho-geochemical
and shortwave (SWIR) and visible near-infrared (VNIR) spectrometry have
become standard tools in addition to the hammer and hand lens (Halley et al.,
2015). Strongin's (1957) research paper presents information including geology,
structure, faults (Figure 17), mineralization (Table 20), and background mining
history (Table 1-2). Modern research papers present hypothetical models (Figures 1
and 8) of the regional area's geologic history and geographic changes (Lawton,
2020). The distribution of iron throughout the Apache Hills supports a watershed
transport mechanism for disseminating iron minerals, as seen on the map (Figure
35), where stream flow patterns are apparent as Fe-rich streaks along drainages
heading in altered zones. Thus, these stream patterns themselves point upstream to
potential mineral deposits, in line with long-established geochemical sampling

techniques. Rockwell (2013) suggests that deposits surrounding watersheds reveal
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the importance of sulfide-bearing altered rocks and mine waste as diffuse sources
of acidic solutions that can transport metals into the hydrologic system.

Gossan is severely oxidized, weathered, or decomposed rock, usually the
upper and exposed part of an ore deposit or mineral vein. In the classic gossan
or iron cap, all that remains is iron oxides and quartz, often in the form of box
works (quartz-lined cavities holding the shape of the dissolved ore minerals). In
other cases, quartz and iron oxides, limonite, goethite, and jarosite, exist as
pseudomorphs, replacing the pyrite and primary ore minerals (Guilbert, 1986).
Gossans may also be called iron cap because it denotes a concentration of iron
hydroxides on the top of sulphide mineral veins, where it reaches the surface. It
forms during the supergene sulphide ore enrichment when weakly acid surfaces
water percolates through the mineral deposit. Many sulphide ores are oxidized in
this process and brought into solution (red box) (Figure 96) (Asmus 2013). Ferric
iron sulfate minerals, including Jarosite and Goethite, are produced during the
weathering process of Pyrite. Furthermore, large concentrations of undifferentiated
ferrous and ferric iron oxide and sulfate minerals are identifiable using the analysis
methodology from Landsat 8 data (Rockwell, 2021).

6.1 Summary of Key Results
Gossans provide many indications of ore's character once present in the

plane of the topographic surface (Figure 96). They are the specific end products of
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oxidation and leaching of iron-bearing sulfide deposits exposed to the surface
environment by erosion. Gossans are the signposts that aim at what lies under the
surface and the outcome of oxidation by weathering and leaching
sulfide mineralization (Kelly, 1981). Peterson (1976) describes the presence of
Limonite Gossans at the Apache and Daisy mine, which is visible with remote
sensing in Figure 103. Quartzite Ridge (Figure 104) combines remote sensing with
a magnetic anomaly, where Peterson (1976) suggests that mineralization is
associated with a magnetic anomaly centered on the southern end of the Quartzite
Ridge. The copper value metadata table (Tables 9 and 10) created on ArcGIS
explains the geochemical collection analysis results by Leonard Resources AH-11
(1974) geochemical collection analysis results by Leonard Resources AH-11
(1974), and AH-14 (1975) presented by Peterson (1976).

Furthermore, Peterson (1976) states that Figures 98 and 99 are areas of good
exploration of the host rock. Two methods integrated into this Figure (98 & 99)
include 1) Remote Sensing (Ferrous Iron 3+ Band ratio (RED/GREEN)); the red
boxes show the 2) Geochemical assay results of copper values determined by the
legend (Figures 98 and 99). Other figures 102-103 show copper value results from
other geochemical result sources applied to GIS. The highest copper values
(Orange-Circles) extend from the Apache, Daisy, Summertime, and Mairland mine

well into Doyle Peak Township 29S and Range 15W in sections 12 and 13 (Red
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Box) (Figure 99). Two methods are integrated into Figure 99 and 100, 1) remote
sensing using band ratio (RED/GREEN) to expose the mineral alteration of

Ferrous Iron 3+, and 2) Geochemical assay copper values determined by the legend

figure 100.
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Figure 96: Schematic view of a sulphide vein. With a clear outlook of the oxidation
zone, consisting of the gossan, the leached zone, and the oxidized zone. The reducing
zone consists of the enrichment zone and the area of primary mineralization.
(Modified from Asmus 2013) http://en.archaeometallurgie.de/gossan-iron-cap/.

141



o soiers T
=, perevell Min.
¥ L

—— |

E ]
I'II:_IH'“IIUT!

‘ii aY ?;s

T

EXPLANATION

Appreximoie  limll o

ir . ondesite basing @ the
Poxt L pose of med-Terhory

woleanie rockA.

Approwimate  Imit @f thick
{ a00m o 1LOOOM ] awctions
of endesite ot the bose ol
mid=Tartidry volcanlc rocke .

Fhyoiile  bowiders near {he
patiom of bosgl i - Tertiary
dndesibe  BetHon |

Voloanle recks  designdted by
aumery o pages o8 Grelmcecus
of Gretaceous [F).

Minergilzed Laronide Porphyry
body.

Mingrolzod Loranalé  Porphyry
body with copper productian
> &40 mlilon.

Poasibls  Widen Laramide
Porphiyry  bady .

L] 1 L] (13 £
e

aEALE 1w MLER

Figure 96a: Relationship of Laramide porphyry bodies to Cretaceous and basal mid-Tertiary
andesites modified (From Elston, 1970, Figure 4, p. 152).
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Fernic Iron Fe3+ (RED/Green) Band 4/Band 3) Classified (5) Rowan, L.C_; Mars, J.C (2003) Table 3 reference index 20

Figure 98: Ferrous Iron 3+ (RED/GREEN) Band 4/Band 3) Classified (5) Rowen, L.C.;
Mars J.C (2003) Table 5a reference index 20. Including the Copper assay result samples
from *Leonard Resources AH-14 Assay Township 29S and Range 15W in sections 12 and
13 (Red Box) (1974-1975) georeferenced on a GIS platform from Peterson (1976) for
future exploration.
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Figure 99: Township 29S and Range 15W Sections 12 and 13 visualize the section area

t

hrough ArcGIS Peterson describes as an area of favorable exploration of the host rock.

Two methods are integrated into this figure, Remote Sensing Ferrous Iron 3+ Band ration
(RED/GREEN) and the red boxes showing the Geochemical assay results from the copper

values determined by the legend (Figure 100).
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Figure 100: Legend results from Figure 98 depicting Ferrous Iron 3+ Band ration
(RED/GREEN) and the Geochemical Assay Results from Leonard Resources (1975).
urced from Peterson (1976 with the Township and Range added on an ArcGIS platform).
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Table 9: Leonard Resources AH-14 Assay (1975) results of copper. These results are captured
on Figure in section 13 Township 29S Range 15W for visualization and interpretation that
would integrate Remote Sensing band indices combination for future interpretations.

*Leonard Resources AH-14 Assay (1975)
Depth: Lat DD Long DD Cu

300-350 31.784043 -108.319333 10
350-400 31.784043 -108.319333 10
400-4320 31.784043 -108.319333 5
450-500 31.784043 -108.319333 10
200-530 31.784043 -108.319333 10
200-600 31.784043 -108.319333 8
600-630 31.784043 -108.319333 5
650-700 31.784043 -108.319333 &
700-750 31.784043 -108.319333 5
T750-800 31.784043 -108.319333 &
200-230 31.784043 -108.319333 5
250-900 31.784043 -108.319333 &
900-830 31.784043 -108.319333 10
830-9a0 31.784043 -108.319333 29

Table 10: Leonard Resources AH-11 Assay (1974) results of copper. These results are captured
on Figure in section 12 Township 29S Range 15W for visualization and interpretation that would
integrate Remote Sensing band indices combination for future interpretations.

*Leonard Resources AH-11 (1974) Assay

Depth: Lat DD Long DD Cuppm

20-70 31.800597  -108.316732 11
70-120 31.800297  -108.316732 12
120-170 31.800597  -108.316732 16
170-200 31.800597  -108.316732 25
200-230 31800597  -108.316732 32
230-300 31.800297  -108.316732 21
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Table 11: Assay data of mines in the Apache No. 2 mining District, Hidalgo County, New
Mexico (modified from Peterson 1976, Table 4 p.61). Red lines describe Limonite
Chalcopyrite & Gossans in the Summertime, Daisy, and Apache Mine.

SAMPLE LOCATION Cu MO Pb Zn Ag DESCRIPTION OF SAMPLE

1. Summertime mine andradite skxarn with

sec.33, ?ZES, RIAW 1.1v | 66 200 | 100 - chalcopyrite

2. Last Chance mine ' guartz vein in guartz
sec. 32, T285, R14w | 182 126 | 3.8%v| 300 -—— latite host rock

3. Luna mine quartz vein in a
sec. 22, T285, Rl4wW 2.0%| 224 | S5.2%| 2.8y) === rhyolite dike

_— e

4. Christnas mine quartz vein in a
sec, 20, T285, Rl4w 0.5%) 37 1.68| 0.1%| === rhyolite dike
S. Queen's Taste mine quartz vein in andesite
sec. 23, T?28S, Rl4w 0.4y 3 1.2%) 0.3 === host rock
6. Daisy mine lironito goccan campled
sec. J6, T28S, Rl4w 0.4%] 22 850 | 625 | 2.1 oz over a 50 ft, traverse
7. Apache mine 18 17 800 48 | 0.2 oz dArill core at 778 feet
dark mottled marble
3. Apache mine 18 77 460 52 | 0.2 oz drill coxe at 795 feot
dork mottled marble
. Apache mine 26 66 720 42 | 0.2 o2 drill eore at 926 feet
dark gray marble
0. Apache mine 35 11 500 42 | 0.1 ozd <rill core at 1109 feet
calcareous hornfels
1. Apache mine 14 |600 20 15 | 0,) oz drill core at 762 feet
dark-gray marble
12. Apache mine 1.3%| 96 | 6.0%) 0.1% | 5.1 oz.| limonite gossan sanpled
I over a 100 foot traversd
13. Apache minc 6 foot channel sample
south prospect pit | 0,68 | 3 320 | 0.2y | ===
14, RApache mine 120 17 | 220 | 200 | 0.25 oz| 100 foot sample traverse
over main waste durp
15. Apache mine =e=| ===]10.7%| === |2.0 oz.|limonite gossan along
noxth prospect pit rhyolite-marble contact.
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. Apache Hills, Hidalgo County, New Mexico
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( SWIR1/RED) Classified (5) (Band 6/Band 4) Volesky, J.C.; Stern, R.J.et al., (2003)

Figure 102: Gossan (Band 6/ Band 4) Section 33 &36 Township 29S, and Range 14W,
including mines with Copper values in Hillshade.
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Peterson (1976) describes the presence of Chalcopyrite and Gossans from
the assay data Table 11 mines and in the sample locations Summertime, Apache,
and Daisy mines Section 30,33 and 36 in Township 28S and Range 14W.
Integrating remote sensing spatial data validates the existence of Gossan (dark
brown) in the section areas. Copper values are included in Figure 103 and are

explained further in Figures 102a and 102b.

Figure 103: Township 28S and Range 14W Sections 30,33, and 36 illustrating the
presence of Gossan (Dark Red) as described by Peterson (1976) Table 11
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The mineral deposits of the Apache No. 2 mining District occur in
Oligocene rocks except for possible mineralization related to a magnetic anomaly
(Figure 104) in the lower Cretaceous Mojado Formation (Figure 7) (Peterson,
1976). Considerable hydrothermal alteration is present where copper ore has been
mined. Several areas show some promise for further mineral exploration. They are
associated with a magnetic anomaly centered on the southern end of the Quartzite
Ridge in Section 12 &13 Township 29S and Range 14W (Figure 104) (Peterson,

1976).

North American Magnetic Anomaly High Pass 500 Km
Value
P High : 27565.8

"Low : -22729.3

Figure 104: Township 29S and Range 14W Sections 12 and 13 illustrating the presence of
Gossan (Dark Red) and a magnetic anomaly as described by Peterson (1976) Table 11.

152



7. Conclusion

A beneficial steppingstone before exploration and discovery begins with
extensive research. ldentifying surface mineralogical composition using remote
sensing presents an opportunity for exploration geologists seeking refined vectors
to potential ore-bearing hydrothermal systems (Huntington,1996).

In line with Strongin's (1957) and McLemore's (1960) conclusions,
undiscovered ore bodies exist. Still, the favorable area for exploration would be
intersections of the marbleized limestone in the Indian and McKinley-Chapo faults
and other north or northeast-trending faults (Figure 17). Mclemore et al. (1996) say
that major north-trending structures controlled the mineralization. The most
prominent of these structures is the McKinley fault, which hosts the Apache
deposits on its southeast side (McLemore et al.,1996).

It has been demonstrated in this thesis that remote sensing is a powerful tool
for geological mapping of Ferric and Ferrous iron alterations in the Apache Hills
and Sierra Rica Mountains, Hidalgo County, New Mexico. Research and
exploration outline the iron alteration visible in fluvial sediment environments and
structural features. The iron alterations (Figures 55a and 55b) follow a fluvial
stream pattern (Figure 35) and faults (Figure 40d) as linear alteration bands. The
geochemical sample, laboratory spectrometry, and remote sensing unequivocally

validate the presence of iron alteration (e.g., Hematite, Limonite, Goethite). In

153



comparison, prior research from Strongin (1957) and Peterson highlights the

occurrence of Hematite, Pyrite, Chalcopyrite, Magnetite Jarosite, and Limonite.

8. Future Work

Mineral deposits of the Apache No. 2 mining District occur in Oligocene
rocks except for possible mineralization related to a magnetic anomaly (Figure
104) in the lower Cretaceous Mojado Formation (Figure 7) (Peterson, 1976). The
Apache Hills" intrusive volcanic rocks are identified in Figure 6 as number 6 (black
box). Deal (1978) illustrates the regional area surrounding the Apache Hills, which
outlines the approximate location of the inner margins of calderas flow,
constituting various flow-tuff calderas (Figure 6). Peterson (1976) describes the
area as a good host rock; the host rocks are near the Chapo, Summertime, and
Apache mines. He suggests a hidden Laramide porphyry body within volcanic
rocks. Peterson (1976) says drilling has not intersected an ore horizon with any
continuity.

Ferric iron sulfate minerals, including Jarosite and Goethite, are produced
during the weathering process of Pyrite. Peterson (1976) proposes that future
exploration for skarn mineralization should be directed toward finding an area with
pre-ore ground preparation by faulting and fracturing to permit the ingress of
mineralizing fluids and where the host rock is favorable for the formation of

replacement ores. McLemore (1996) says three types of deposits occurred in the
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district (Figure 15). 1) Skarns, 2) Carbonate-hosted Pb-Zn polymetallic
replacement vein oxidized skarns, and 3) Carbonate-hosted lead-zin deposits with
copper sulfides replacing strata of Cretaceous U-Bar Limestone at the contact with
the Quartz Monzonite. The deposit extends into the Sierra Rica Mountains of
Mexico, where little exploration has been done in the district (McLemore, 1996).
Rockwell (2013) indicates that deposits surrounding watersheds (Figure 35) reveal
the importance of sulfide-bearing altered rocks and mine waste as diffuse sources
of acidic solutions that can transport metals into the hydrologic system.
Hydrothermal magnetite is common in scarns, and other hydrothermal
mineralization may be the origin of the significant magnetic anomalies associated
with the Gossens documented here, a hypothesis that requires further testing.
Additionally, magnetization analysis may determine if the ore deposit has been
subject to the tectonic rotation of disrupted blocks or constrain the age of discrete
hydrothermal pulses (Taylor 2000; Astudillo et al. 2008; Astudillo 2010; Riveros
2013). Geophysical methodologies should include an in-depth examination of the
magnetic anomalies (Figure 112), incorporating a systematic scalar analysis on a
GIS platform, encompassing the lower portion of the Basin and Range Province
(Figure 18) surrounding Apache Hill and the Sierra Rica Mountains. A method
necessary to understand and quantify the anomaly's magnetic effects on surface

oxidation developed in the Apache Hills and Sierra Rica. The mineralization
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associated with the magnetic anomaly is centered over Gossans on the southern
end of the Quartzite Ridge in Section 12 &13 Township 29S and Range 14W
(Figure 104) (Peterson, 1976). Areas where prominent magnetic anomalies are
present and more intense should be areas of potential interest for future mineral
exploration (Figures 49, 96a, and 97).

Remote sensing techniques demonstrate considerable hydrothermal
alteration in the Apache Hills, where copper ore has already been mined (Tables 1
and 2). The Mars and Rowen’s (2013) hydrothermal alteration (Table 12)
Interactive Data Language (IDL) logical operator algorithms, in conjunction with
Advanced Spaceborne Thermal Emission and Reflection (ASTER) Radiometer
data, expose mineral alteration to map hydrothermally altered rocks in the central
and southern parts of the Basin and Range province of the Apache Hills. Within
un-metamorphosed volcanic rocks and most mine waste, the presence of alteration
and (or) supergene weathering of Pyrite can be inferred if both ferric iron groups
and the clay-sulfate-mica-marble mineral groups are present, especially in the same

pixel (Rockwell, 2021).
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Future studies of the spatial data band combination results reveal
hydrothermal alterations (e.g., Phyllic, Argillic, Propylitic, and Hydrothermal)
(Figures 104-111) present in the Apache Hills and Sierra Rica. The porphyry
model (Figure 113) Halley et al. (2015) vertical and lateral distribution illustrates a
hydrothermal alteration system's trace element and alteration footprints. Halley et
al. (2015) trace element vertical distribution thresholds (Figure 113) may be
applied in the Apache Hills area and compared with the geochemical data results
(Figure 114) collected from Peterson (1976) and Actlabs samples. The graph
illustrates the trace element abundance according to the location where the samples
were collected in the study area. The trace element abundance from the
geochemical data results (Figure 114) meets or exceeds the minimum trace element
footprint for a porphyry system (Figure 113). Geochemical analyses from previous,
current, and future research (e.g., copper values) exploration illustrated in figures
104-111 should continue to extend further into the southwest portion of the Basin,
Range Province, surrounding the Apache Hills, Sierra Rica, and Mexico.

Integrating new methods with previous techniques (e.g., ASTER data
algorithm, Landsat 8, Spectroscopy, Geochemical analysis, Geophysics, and GIS
platforms) may reveal the hidden porphyry body or bodies projected to be present
by Elston (1976) in the Apache Hills and Sierra Rica. Figures 104-111 depict black

dots that are either spread out or collectively constricted to specific areas. Those
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dots represent USGS Mineral Resource Data System (MRDS) mines. Any future
work should take into consideration where mining has been done and what was
extracted.

Table 12: Interactive Data Language (IDL) logical operator algorithms used with
Advanced Spaceborne Thermal Emission and Reflection (ASTER) Radiometer data
to map hydrothermally altered rocks in the central and southern parts of the Basin
and Range province of the United States. Algorithm notations follow the usage of
Mars and Rowan (2006). b, band; float, floating point; le, less than or equal to; It,
less than; ge, greater than or equal to; gt, greater than (Mars and Rowen 2006; Mars
and Rowen 2013, Table 1 p.3).
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108°900°W

___Apache Hills, Hidalgo County, New Mexico

1:110,000

Mines and Prospects & Copper Values

Figure 104a: Mines (black dots) with copper values and faults covering the Apache Hills
and Sierra Rica.
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___Apache Hills, Hidalgo County, New Mexico
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Mines and Prospects & Copper Values Phyllic Alteration Mars and Rowen (2006)

Figure 105: Mines (black dots) with Phyllic Alteration Mars and Rowen algorithm (2006).
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102*90TW

___Apache Hills, Hidalgo County, New Mexico

1:110,000

Mines and Prospects & Copper Values Argillic Alteration Mars and Rowen (2006)

Figure 106: Mines (black dots), copper values, and Argillic Alterations Mars and Rowen
(2006).
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__Apache Hills, Hidalgo County, New Mexico
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Mines and Prospects & Copper Values Propylitic Alteration Mars and Rowen (2006)

Figure 107: Mines (black dots), copper values, and Propylitic Alterations Mars and Rowen
(2006).
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. Apache Hills, Hidalgo County, New Mexico
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Mines and Prospects & Copper Values Hydrothermal-Silica-rich rock Alteration Mars and Rowen (2006)

Figure 108: Mines (black dots), copper values, and Hydrothermal-Silica-rich rock
Alterations Mars and Rowen (2006).
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___Apache Hills, Hidalgo County, New Mexico

1:110,000

Mines and Prospects & Copper Values Prapylitic Alteration Carbonate Rich Rocks and
Epidote-Chloride Mars and Rowen (2006)

Figure 109: Mines (black dots), copper values, and Propylitic Alterations Carbonate rich
rocks and Epidote-Chloride Mars and Rowen (2006).
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___Apache Hills, Hidalgo County, New Mexico

108°90TW

1:110,000

Mines and Prospects & Copper Values & Mozaic Alteration Composite of
ASTER & LandSat 8 (OLI) Data

Figure 110: Mines (black dots), copper values, and a Mosaic Composite Landsat 8 (OLI) and
ASTER from Mars and Rowen Algorithm (2006).
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___Apache Hills, Hidalgo County, New Mexico

1:110,000
Mines and Prospects & Copper Values ASTER Data Rockwell (2017)

Figure 111: Mines (black dots), copper values, and ASTER date from Rockwell (2017).
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Mines and Prospects & Copper Values & Mozaic Alteration Composite of
ASTER & LandSat 8 (OLI) Data North American Magnetic Anomaly High Pass 500 Km

Figure 112: Mines (black dots) and Copper values a Mosaic alteration composite of ASTER
& Landsat 8 (OLI) Data. Including the North American Magnetic Anomaly High Pass 500
km.
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Figure 113: Vertical variations in trace elements in a porphyry Cu system. c.) Schematic
changes in hydrothermal alteration assemblages and trace elements through a porphyry
Cu system viewed as a series of map views through a vertical system. Figure 1, p. 12
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Appendix (Research Data Acquisition & Processed Data)

This section consists of previous research data retrieval information relevant
to the depicted figure it corresponds to. The Mine Resource Data System
(M.R.D.S) (Table 8) is mine-name information from the Apache Hills (red box)
and the productivity of certain mines. The wavelength and absorption spectra of
Limonite, Jarosite, Hematite, and Goethite are represented in Figure 63. The figure
has been modified to illustrate the absorption features of iron minerals.

The classification method (Appendix 2 Figures) identified the cut-off points
between categories using the Jenks optimization algorithm; this algorithm groups
data according to the inherent breaks in the data, which means that this
classification does not require training data as input. It needs only to identify the
number of classes. The points where the difference is maximized are identified and

used as the thresholds for each natural category (Lamgadem, 2018).
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Appendix 1 Research Data Acquisition

Table 8: USGS Mineral Resource Data System (MRDS) of the mines surrounding the
Apache Hills, Hidalgo County, New Mexico.

Mineral Resource Data System (M.R.D.S)
SITE_NAME DEV_STAT CODE_LIST
Ielpache Mine Past Producer CU AG PB ZN AU BI |
Eagle Mine Past Producer PBE AG CU AU BI
International Mine Past Producer PB AG CUAU ZIN
Fitch Property Past Producer PB AG
Barnett Property Past Producer CUAGAU
Doyle Property Past Producer PB ZN AG
Daisy Mine Past Producer CUAGAU
American Mine Occurrence CUAG
[Chapo Mine Past Producer CUPBAGAU |
Silver Fox Mine Past Producer PB AG
Napane Mine Past Producer cu
Christmas Tree Mine  Past Producer CUPB AG
Nutshell Mine Prospect CUAG
Luna Mine Past Producer PBIN
Yueea Claim Past Producer CUAUAG
Silver Fox Mine Prospect PB AG
Hachita Pit Oceurrence SDG
Ehapo Mine Past Producer (WI
Owens Mine Unknown CUPB
[Summerfime Mine — Past Producer (ojos |
Whaley Group Past Producer CUAG
Daisy Mine Past Producer CUPBAG
Eagle Mine Past Producer PB AG BI
Occidental Mine Prospect PB IN
American Mine Past Produecer CUAG
International Past Producer PB AG CUAUZN
Doyle Mine Prospect PB ZN AG
e Mine Past Producer CUAGBIPBW|
Barnett Mine Prospect CUAUAG
Ford Prospect Occurrence PB
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Figure 63: Laboratory spectra of Limonite, Jarosite, Hematite, and Goethite. Limonite,
Hematite, and Goethite have strong Fe3+ absorption features at 0.97-0.83 and 0.48-
micrometer. Jarosite has Fe-O-H absorption features at 0.94 and 2.27 micrometers. Red arrows
and labels identify and point to absorption features of Limonite FeO-nH2O Iron(l11) Oxide-
Hydroxides0.5-0.975 (um)(Fe3*) Purple Arrows, Jarosite KFes (SO4)2 (OH)s Ferric Iron (Fe-
[11) (0.475 (um) Fe®*), 0.925-2.275 (um) (Fe O-H) Gold Arrow, Hematite Fe2Os-1ron (111)
Oxide 0.525-0.875 (um) (Fe**), Blue Arrow, Goethite FeO (OH) Hydroxide 0.5-0.925 (um)
(Fe**) Green Arrow The generic formula is frequently written as FeO (OH)-nH20. However,
the ratio of oxide to hydroxide compositions can vary quite widely (modified from R.A. Ayuso
(2010) and Mars and Rowan (2006)).
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Appendix 2 Processed Data (ArcGIS-Figures Classification Method)

Classification =
Classification Classification Statistics
Method: Matural Breaks (Jenks) R Count: 58073241
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e Maximurm: 2.01508832
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Snap breaks to data values
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Figure 40c: Classification method type Natural Breaks (Jenks) Classes 4 including mean-
maximum statistics and standard deviation.

Classification >
Classification Classification Statistics
Method: Matural Breaks (Jenks) I Count: 58073241
Classes: Minimurm : -3.644593239
= Maximum: 2. 7394983921
Data Bxdusion Sum: 57,594,428.61
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Standard Deviation: 0.115933539
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Figure 42: Classification method type Natural Breaks (Jenks) Classes 3 including mean-
maximum statistics and standard deviation.
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Classification >
Classification Classification Statistics
Method: Matural Breaks (Jenks) e Count: 58073241
Classss: Minimum: -1.811365604
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Figure 45: Classification method type Natural Breaks (Jenks) Classes 4 including mean-
maximum statistics and standard deviation.
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Classification Classification Statistics
Method: | Quantile i Count: 58073241
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Figure 48: Classification method type Quantile Classes 32 including mean-maximum
statistics and standard deviation.
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Figure 51: Classification method type Classified (3) Natural Breaks (Jenks) including

mean-maximum statistics

and standard deviation.
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Classification Classification Statistics
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Figure 54: Classification method type Classified (5) Natural Breaks (Jenks) including
mean-maximum statistics and standard deviation.
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Figure 55i: Classification RGB (7,4,2) Composite Stretch Type Histogram Equalize)
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Figure 55j: Histogram Equalize for RGB Composite bands 7,4,2. The statistics
minimum is -5.06, and the maximum of 2.99, with a standard deviation of 5.30.
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Figure 101: Actlabs Ltd. Certificate of Analysis November 14, 2018.
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