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Abstract: Worldview-3 (WV3) 16-band multispectral data were used to map exposed bedrock and
mine waste piles associated with legacy open-pit mining of sandstone-hosted roll-front uranium
deposits along the South Texas Coastal Plain. We used the “spectral hourglass” approach to extract
spectral endmembers representative of these features from the image. This approach first requires
calibrating the imagery to reflectance, then masking for vegetation, followed by spatial and spectral
data reduction using a principal component analysis-based procedure that reduces noise and identifies
homogeneous targets which are “pure” enough to be considered spectral endmembers. In this case,
we used a single WV3 image which covered an ~11.5 km by ~19.5 km area of Karnes, Atascosa and
Live Oak Counties, underlain by mined rocks from the Jackson Group and Catahoula Formation.
Up to 58 spectral endmembers were identified using a further multi-dimensional class segregation
method and were used as inputs for spectral angle mapper (SAM) classification. SAM classification
resulted in the identification of at least 117 mine- and mine waste-related features, most of which
were previously unknown. Class similarity was further evaluated, and the dominant minerals in
each class were identified by comparison to spectral libraries and measured samples of actual Jackson
Group uranium host rocks. Redundant classes were eliminated, and SAM was run a second time
using a reduced set of 23 endmembers, which were found to map these same features as effectively as
using the full 58 set of endmembers, but with significantly reduced noise and spectral outliers. Our
classification results were validated by evaluating detailed scale mapping of three known mine sites
(Esse-Spoonamore, Wright-McCrady and Garbysch-Thane) with published ground truth information
about the vegetation cover, extent of erosion and exposure of waste pile materials and/or geologic
information about host lithology and mineralization. Despite successful demonstration of the utility
of WV3 data for inventorying mine features, additional landscape features such as bare agricultural
fields and oil and gas drill pads were also identified. The elimination of such features will require
combining the spectral classification maps presented in this study with high-quality topographic
data. Also, the spectral endmembers identified during the course of this study could be useful for
larger-scale mapping efforts using additional well-calibrated WV3 images beyond the coverage of
our initial study area.

Keywords: Worldview-3; mine waste; hyperspectral data; Jackson Group; Catahoula Formation; South
Texas Coastal Plains; Live Oak County; Atascosa County; Karnes County; sandstone-hosted uranium

1. Introduction

Between 1955 and 2013, about 8% of total U.S. production of triuranium octoxide
(U30g) was extracted from an estimated 92 mines in Karnes, Live Oak and Atascosa
Counties (the study area—Figure 1) in the Texas Coastal Plain [1]. These sandstone-hosted
uranium roll front deposits were created when oxidized groundwater containing soluble
uranium (e.g., U%") interacted with organic- or sulfide-rich reducing zones in coastal

Minerals 2023, 13, 839. https://doi.org/10.3390/min13070839

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min13070839
https://doi.org/10.3390/min13070839
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-9315-2032
https://doi.org/10.3390/min13070839
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13070839?type=check_update&version=2

Minerals 2023, 13, 839

2 of 30

marine sediments, where U-bearing minerals such as coffinite were precipitated ([1] and
references therein). Much of this ore was recovered using open-pit mining (OPM) methods,
commencing from the late 1950s/early 1960s until around the late 1990s, when in situ
recovery (ISR) methods were developed (e.g., [1] and references therein). The legacy of
uranium OPM is evident throughout the landscape, with numerous pit lakes, craters and
waste piles scattered throughout Karnes and adjacent counties as a result. Some of these
waste piles have been reclaimed using stabilizing vegetation cover, while others are more
exposed due to constant erosion by water, wind and grazing animals. Notably, some of
these waste piles may contain additional extractable critical and industrial mineral resources
such as uranium, vanadium and zeolites (e.g., [2]). They can also pose radiological hazards
if radioactive elements are concentrated at high enough levels (e.g., U, Th, Ra, Rn—[3-5]).
In addition, these elements can lower the quality of surface water and groundwater due
to acid mine drainage effects (e.g., [6] and references therein). Therefore, there exists a
need for inventorying the locations of these exposed waste piles, as well as their bedrock
source areas.

Atascosa
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mn Goliad Formation (Miocene-Pliocene)
mu Oakville Formation & Fleming Group (Miocene)
mm Catahoula Tuffs & Sandstones (Oligocene-Miocene)
‘ mm Jackson Group (Eocene)

Figure 1. Simplified geologic map the four main Tertiary sedimentary rock formations, which are the
focus of this study, and overlying Quaternary deposits (adapted mostly from [7]). Inset map on the
bottom shows the locations of Karnes, Live Oak and Atascosa Counties in gray. Black filled circles
are the locations of mine sites from which rock core samples were spectrally measured for this study:
1 = Spoonamore, 2 = Bargmann, 3 = Winerich (see also Table 1). White rectangle in the center of the
figure outlines the coverage of Worldview-3 (WV3) data used in this study.
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Table 1. Spectral endmembers matched various rocks and sections of Jackson Group core material
measured in the laboratory [8]. Spectral endmembers 5 and 14, shown in bold text, were extracted
from the McCrady waste pile, while endmembers 22 and 24 (also shown in bold text) were extracted

at or near the Garbysch-Thane mine, as discussed in portions of the text.

Endmember Spectral Match Spectral Match . .
Class # Angle (Radians) (Geologic Sample) 1-Micron MICA Match 2-Micron MICA Match
33 0.058535
25 0.066616
bargmann-1 goethite.thincoat.singlefeat montmorillonite_Na_highfit
19 0.068115
48 0.090795
43 0.045664
34 0.070265 bargmann-2 goethite.thincoat.singlefeat kaolin.5+smectite.5
45 0.089269
35 0.069281
36 0.074693 ligni
- gnite N .
41 0.079308 spoonamore-4 (nanohematite.singlefeat false positive) montmorillonite_Na
49 0.080826
24 0.077495
5 0.085778 spoonamore-5 goethite.thincoat.singlefeat montmorillonite_Na_highfit
39 0.092893
29 0.088401 spoonamore-6 Unclassified montmorillonite_Na
13 0.058144
spoonamore-7 goethite.thincoat.singlefeat montmorillonite_Ca
55 0.090287
37 0.065497
lignite i
30 0.085383 spoonamore-9 (hematite.finegr.fe2602 false positive) Unclassified
52 0.096045
54 0.073947
40 0.07803
lignite i
58 0.079606 spoonamore-10 (nanohematite.singlefeat false positive) Unclassified
11 0.08331
50 0.085465
44 0.053086
spoonamore-12 Unclassified montmorillonite_Na
23 0.076721
lignite a1
1 0.084202 spoonamore-13 (nanohematite singlefeat false positive) montmorillonite_Na
28 0.044385 spoonamore-14 Unclassified montmorillonite_Na
57 0.052872
spoonamore-27 Unclassified chalcedony
22 0.069876
Fe3+_type_1b . . g
14 0.081956 spoonamore-38 (Acid_Mine Dr Assembl) montmorillonite_Na_highfit
12 0.033884
17 0.035235 winerich-5 goethite.thincoat.singlefeat montmorillonite_Na
42 0.06012
27 0.036447 winerich-8 Unclassified calcite.8+montmorillonite_Ca.2

Prior to the advent of advanced multispectral and even hyperspectral sensors, some
of the earliest applications of multispectral remote sensing imagery (e.g., Landsat Multi-
spectral Scanner (MSS)) for uranium mineral exploration relied heavily on the detection of
ferric iron minerals associated with roll-front and sandstone-hosted deposits (e.g., [9-11]).
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However, those studies were not specifically targeting active mines and/or waste piles.
After reviewing the criteria for using spaceborne multispectral and hyperspectral imagery
for identifying uranium mines and mills, Stork et al. [12] concluded that uranyl-bearing
minerals tend to occur in concentrations too low to be detected. They also noted that spec-
trally more abundant gangue minerals would have to be used instead. Some of the earliest
hyperspectral studies demonstrated the utility of aircraft-flown airborne visible/infrared
imaging spectrometer (AVIRIS) data for characterizing the type, distribution and abundance
of alteration (and some gangue) minerals in mine waste, as well as downstream ferruginous
sediments and resulting acid-mine drainage and runoff (e.g., [13-16]). However, these and
other multi- and hyperspectral studies reviewed by Werner et al. [17] focused mainly on
the land-use, water quality and human health impacts of individual mine sites, and did not
necessarily focus on broader regional mapping such as across entire watersheds (e.g., [18])
or even inventorying multiple waste piles and/or mine features.

Although there have been other attempts at inventorying past and currently oper-
ational open-pit mines and uranium mineral occurrences along the South Texas Coastal
Plain and elsewhere (e.g., [1,19]), those efforts have relied on information extracted from
historic topographic maps and/or provided by lease holders and property owners to state
regulatory agencies such as the Railroad Commission of Texas. Unfortunately, many of the
mines are often inaccurately located and their waste piles are often transported miles away
from their original excavation sites [1]. Also, a number of these waste rock and tailings
piles may not have been recorded at all. In this study, we demonstrate the use of 16-band
multispectral imagery (i.e., Digital Globe Worldview-3, herein WV3) for extracting spectral
signatures from known open-pit mine bedrock exposures and waste piles and using them
to identify spectrally similar target features elsewhere throughout the image. In the process,
we also show how these spectral signatures can be used to distinguish bedrock and mine
waste materials from other regolith and landscape surface features which may share subtly
similar spectral characteristics, such as bare and fallow agricultural fields and oil and gas
drill pads. The resulting spectral classification maps can be combined with other data
and/or used as a basis for more accurate inventories of the locations of uranium mine
excavations and their resulting waste piles.

2. Study Area: Location, Geology, Soils, Vegetation, Land-Use and Land-Cover

Our study area encompasses portions of Karnes, Live Oak and Atascosa Counties, and
is covered by an ~11.5 km wide by ~19.5 km long WV3 satellite image (white rectangle—
Figures 1 and 2a) acquired on 12 October 2017. Much of the bedrock shown to be exposed
and mined within the image coverage area consists of sedimentary rocks from the Jackson
Group, with some overlying cover of rocks and sediment from the Catahoula Forma-
tion (Figure 1). The Eocene Jackson Group is geologically the oldest Gulf Coastal Plain
sedimentary unit from which uranium has been mined [2]. It consists predominantly
of quartzo-feldspathic sandstone, mudstone, claystone and lignite members, whose ori-
gins are coastal strandplain/barrier bar sand bodies as well as lagoonal mud and swamp
deposits, minor landward fluvial channel sand bodies and gulfward shelf-related mud
deposits [20,21]. Several members of the Jackson Group are described as tuffaceous in
origin, with some members described as fossiliferous and bentonitic ([7,21] and references
therein). The Oligocene to Miocene Catahoula Formation consists mainly of tuffaceous
mudstone, claystone, sandstone and conglomerate members, and is interlaminated with
massive and less altered volcanic tuff deposits of rhyolitic, trachytic and trachyandesitic
composition ([7,22] and references therein). The Catahoula Formation is believed to be the
main source of the uranium mined in the area, in that it has been heavily leached of ura-
nium by oxidizing and alkaline groundwaters, which deposited the uranium in reducing
zones surrounded by impermeable barriers. Some of these reduced or “roll front” zones are
contained within the Catahoula itself, as well as underlying (Jackson Group) and overlying
(Oakville Formation) geologic units ([1,2,22,23] and references therein). Smectitic soils dom-
inate the area, according to previous soil surveys ([24]—Figure 2d), which is not surprising,
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since the parent bedrock material is dominated both spectrally and mineralogically by
montmorillonite (e.g., [2]).
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Figure 2. Various datasets and derivative products used and interpreted in this study (see Figure 1
for scale and location), including: (a) true color composite of WV3 visible bands 5, 3 and 2, displayed
as red, green and blue, respectively (see text for details about band center wavelength locations);
(b) 2016 national land-cover dataset (NLCD—[25]); (c) locations of various WV3 pixels used to derive
various endmembers displayed as + with different colors (see text for details). Large black filled
circles are locations of known uranium mines, prospects and occurrences from Hall et al. [1]. Smaller
black circles are locations of mine and quarry features digitized from topographic maps and compiled
by Horton and San Juan [19]. (d) Soil mineralogy, attributed by polygons, representing different
pedons mapped for the three counties shown on all four maps (e.g., [24,26-28]). In all four subset
figures, the heavy black lines are the county boundaries for Karnes, Live Oak and Atascosa Counties,
which are shown to their full extent in Figure 1.

Prior to this study, 23 known mines and occurrences (larger black circles—Figure 2c)
were compiled by Hall et al. [1], all of which were mined within and/or are associated
with Jackson Group rocks at depth. This includes the “Esse-Spoonamore” mine (labeled as
1—Figure 1), which is covered within our imagery, but was mined beneath a surface cover
of Catahoula. An additional 24 possible mine locations (smaller black circles—Figure 2c)
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were digitized directly from 7.5 min historic topographic maps compiled by Horton and
San Juan [19]. Seven of these points located within Live Oak County were attributed as
“gravel pits”, while the remaining seventeen points located within Karnes and Atascosa
Counties were attributed as “quarries”. Interestingly, some of the points digitized from the
topographic maps either overlapped with or were in close proximity to the uranium mines
and occurrences compiled by Hall et al. [1]. Several of these abandoned open-pit mines
have left evidence on the landscape in the form of numerous craters, some of which are
permanently or seasonally filled with pit lakes (Figure 2a,b); nearby piles of waste rock
and mine tailings can be recognized as well. In addition to historical uranium mining, the
production of other energy resources such as lignite coal bed mining (e.g., [29]) and oil
and gas drilling have left evidence on the landscape. For example, there are numerous
bright and rectangular-shaped drill pads visible within our satellite imagery (Figure 2a),
especially near major and secondary roads. Notably, much of the oil and gas production
in the area is associated with the much deeper Upper Cretaceous Eagle Ford Shale Play
(e.g., [30,31] and references therein).

One striking feature of our WV3 image (Figure 2a) is the abundant vegetation cover,
which appears as various shades of green in the composite of visible bands displayed.
Notably, not all the abandoned mine features in the area are well exposed, and several have
since been fully or partially reclaimed by the growth of natural and/or anthropogenically
planted vegetation. Some of this vegetation includes crop- and pastureland (Figure 2b).
The analysis of temporal changes in vegetation cover and/or distinguishing reclaimed
abandoned mine features from non-reclaimed or even active features is beyond the scope
of this work (see, e.g., [32,33]). However, three different GIS datasets compiled at different
times and which use different methods show good agreement in the distribution of natural
and artificially planted vegetation types found throughout our study area. For example,
the 2016 National Landcover Database (NLCD—[25]) shows that approximately 55% of
our study area is covered in shrub/scrub vegetation types, 32% is covered by hay and
pastureland and around 7% is covered by cultivated crops (Figure 2b and Supplementary
Materials Table S1a). The 2017 Texas Cropland Data [34] also shows around 55% of the
area covered in shrubland, but breaks the artificially planted and fallow vegetation types
further into 26% grassland pasture; 6% non-alfalfa hay; and various crop types, including
around 2% each for oats and corn, 1.5% cotton, and nearly 1% fallow or idle cropland
(Supplementary Materials Table S1b). The Texas Parks and Wildlife “Vegetation Types of
Texas” map [35] and updated vector GIS database [36] provide the best information on
naturally occurring native and invasive shrubland communities in our study area. For
example, the three largest communities based on aerial coverage percentages are “South
Texas Disturbance Grassland” (~46%—Supplementary Materials Table Slc,d), “South Texas
Clayey Mesquite Mixed Shrubland” (~13%—Supplementary Materials Table Slc,d) and
“South Texas Shallow Shrubland” (~7%—Supplementary Materials Table Slc,d). In all three
shrubland types, honey mesquite (Prosopis glandulosa) is the typical and most dominant
overstory vegetation type, while common understory species can include Cynodon dactylon
(bermudagrass), Acacia farnesiana (huisache), Celtis ehrenbergiana (granjeno), Acacia rigidula
(blackbrush), Pennisetum ciliare (buffelgrass) and Ziziphus obtusifolia (lotebush), to name
a few (e.g., [36]). Notably, planted row crops are estimated at around 6% aerial coverage
(Supplementary Materials Table S1c,d), which agrees somewhat with the NLCD dataset
(Figure 2b). Inherent within our methodology is the masking of all vegetation and artificially
built-up surfaces (e.g., red colored pixels—Figure 2b) in order to facilitate the extraction of
spectral signatures (i.e., endmembers) that can be used to map mine waste material and
source bedrock. These procedures are described in further detail in the following section.

3. Image Calibration, Pre-Processing, Spectral Analysis and Classification Methods

Considerable portions of the methods used for atmospheric correction and calibration
of WV3 radiance data to reflectance closely follow those presented by Mars [37]. The
pre-processing steps include spectral and spatial data reduction and extraction of spectral
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endmembers through multi-dimensional class segregation methods, which follows the
“spectral hourglass” approach described in greater detail by Boardman and Kruse [38] and
the references therein. In summary, WV3 data were distributed as two VNIR (spectral
bands between 400 and 1000 nm) and one SWIR (spectral bands between 1000 and 2500 nm)
scenes with overlapping spatial coverage. The two VNIR scenes covered both the northern
and southern halves of the geographic extent (white outline) shown in Figure 1, respectively,
while the SWIR scene covered the entire extent of the study area. The ~3.9 m resolution
SWIR pixels were resampled to the ~1.3-m resolution VNIR pixels so that both datasets
could be spectrally joined to form a continuous 16-band spectral dataset (e.g., [37,39]).
WV3 had 8 VNIR spectral bands at approximately 429, 483, 548, 605, 661, 723, 825 and
914 nm; and 8 SWIR spectral bands at approximately 1210, 1572, 1662, 1730, 2164, 2203,
2260 and 2330 nm. The VNIR subset had bands in common with previous sensors such
as the Advanced Land Imager (ALI) and Sentinel, while the SWIR subset had bands in
common with ASTER (e.g., [37,39]), but both at much higher spatial resolutions. Despite
the system not being hyperspectral, Mars [37] showed that WV3 can be used to produce
comparable mineral maps, provided that overlapping spectral absorption features are
considered for mineral groups.

The FLAASH atmospheric correction program [40], available as a module within
the Environment for Visualizing Images (ENVI—[41]) software, was used to convert the
VNIR and SWIR radiance values of WV3 to scaled reflectance. Atmospheric correction
was first performed using an initial scene-dependent and software-derived estimate of
atmospheric water vapor. This was later revised based on more reliable total precipitable
water vapor values (scene average = 5.5 cm) derived from the MODIS satellite sensor,
which were acquired within an hour of the WV3 image (e.g., [37]). The resulting 16-band
reflectance dataset was then used for further pre-processing, including vegetation masking
and the removal of noisy and/or outlier pixels and artificial surfaces not related to exposed
rocks or natural regolith materials. With 16 spectral bands spanning the VNIR and SWIR
wavelengths, several green and dry vegetation indices can be derived, as was summarized
and reviewed by Hively et al. [42]. The standard normalized difference vegetation index
(NDVI) and the shortwave infrared normalized difference residue index (SINDRI) were
used to map green chlorophyll-bearing and senesced lignin- and cellulose-bearing materials,
respectively (results shown separately in Supplementary Materials Figure S1). The NLCD
(Figure 2b) was used to help to facilitate the masking of artificially built-up and impervious
surfaces such as roads, building rooftops and parking lots, with the help of Google Earth
imagery acquired around the same time as the WV3 image.

After vegetation masking, a minimum noise fraction (MNF) procedure was applied
to the remaining WV3 pixels. The MNF transformation is a variation of the standard
principal components analysis (PCA) procedure, which relegates spatially incoherent noise
to higher-order image channels that have been transformed to an orthogonal feature space,
thus allowing for noise and data redundancy to be excluded from subsequent analyses [43].
Boardman and Kruse [38] highlight this as an essential step for spectral compression, noise
suppression and dimensionality reduction (e.g., [39]). They also describe further spatial
data reduction by applying a pixel purity index (PPI) to the remaining non-masked pixels.
PPI uses convex geometric methods [44] to determine which pixels have the most extreme
spectral features and are, therefore, considered to be the “purest” and thus most useful
as spectral “endmembers” ([38] and references therein). Figure 2c shows the location and
distribution of 943 WV3 pixels identified as spectral endmembers using the PPI method.
Notably, these pixels are considered “pure” in a macroscopic sense if they are homogeneous
targets. Therefore, their resulting spectra can be combined in a linear mixing fashion (i.e.,
through spectral averaging or weighted proportions) to explain every remaining spectral
signature in the data [38]. Alternatively, intimate mixtures behave non-linearly at sub-
pixel scales (e.g., [38,45] and references therein). Even prior to subsequent processing and
spectral analysis, these pixels were evaluated as legitimate targets based on their locations
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on exposed fresh bedrock, possible abandoned mine materials and/or weathered bedrock
and regolith materials using Google Earth imagery.

The next pre-processing step involved separating and clustering the 943 PPI-derived
pixels into spectral classes using n-dimensional visualization methods, where “n” equaled
the number of spectral bands containing spatially and spectrally coherent information, as
opposed to various types of noise (e.g., [38,41,44]). Notably, the n-dimensional orthogonal
feature space defined during the MNF processing step also defined a “mixing space” where
pixels located further from the center were considered less mixed ([38] and references
therein). In this case, the 943 pixels shown in Figure 2c actually represent 6% of a larger
subset of PPI-mapped pixels, most of which were plotted much closer towards the center of
the 16-band orthogonal feature space. Likewise, the spaces further from the center where
these pixels clustered together can be considered spectral classes, each displaying different
spectral shapes from one another ([38] and references therein). Using this n-dimensional
visualization method, all 943 PPI-mapped pixels were segregated into 58 unique spectral
classes, which were then evaluated further. 16-band WV3 spectra representing each of
these 58 spectral classes are shown and provided in Supplementary Materials Table S2.

Boardman and Kruse [38] note that the automated identification of spectral end-
members “is still problematic”, and most methods require comparing absorption features
displayed within endmember spectra to those of material standards available within spec-
tral libraries (e.g., [46]). These methods can be either manual, such as visual comparison and
interpretation of spectral absorption features, or automated by use of spectral shape-fitting
algorithms, such as the spectral angle mapper (SAM) or the USGS Tetracorder and Mate-
rial Identification and Characterization Algorithm (MICA) codes ([47-50] and references
therein). For this study, we compare our WV3 image endmembers to around 70 laboratory
spectral measurements of rocks and sediments, mostly from the Jackson Group, collected
from seven former uranium open-pit mine locations. These samples were measured using
a portable FieldSpec4 Analytical Spectral Device (ASD—Model #18336) with an artificial
light probe attachment (model #A122320), which measures continuous spectral reflectance
in the range of 350-2500 nm at ~1 nm spacing. Prior to being convolved to the broader
VNIR and SWIR bandpasses of WV3, the full-spectral-resolution ASD-derived spectra were
analyzed using MICA in order to determine the spectrally most dominant minerals in the
1- and 2-micron wavelength regions. The mineral identification command file governing
the execution of MICA included ferric iron minerals in the 1-micron VNIR range, as well as
clay, sulfate and carbonate minerals in the 2-micron SWIR range (e.g., [51]). Sample spectra
from three of these mine sites that best match the spectral shapes of our image endmembers
(black filled circles—Figure 1) are compiled and summarized here in the results section for
both clarity and brevity. The SAM methodology used to compare the endmember spectra
with the convolved laboratory sample spectra described above is further discussed below.
Also, the full-resolution version of each mine site sample spectrum is provided in a separate
data release publication [8].

The SAM method determines the similarity between two spectra in n-dimensional
feature space (i.e., n = 16 for WV3) by treating them as vectors and computing the angle
between them. This angle is based on the arc-cosine of the dot product of the two spectral
vectors [47]. The smaller the computed angle, the closer the match in spectral shape
between the two spectra. SAM has an added benefit in that it is insensitive to brightness or
albedo differences between the two spectra being compared. This is because the computed
angle between the two spectra is independent of the lengths of the vectors used to calculate
the angle between them in the first place. Typically, SAM is run on either hyperspectral or
multispectral data by comparing image pixel spectra to reference spectra from a spectral
library (e.g., [46]). Crosta et al. [48] provide a more detailed summary and comparison of
the SAM and Tetracorder methods, on the latter of which MICA is loosely based, as well
as discussing their resulting classification accuracies using actual hyperspectral imaging
spectrometer data. For this study, we used the SAM algorithm in different ways for three
different purposes. For example, spectral angle measurements of similarity were computed
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for each of 58 spectral class endmembers as pairs against one another and compiled in a
matrix format, along with their standard deviations from the average computed spectral
angle value (Supplementary Materials Table S3). This was carried out in order to help to
evaluate which of these spectral signatures varied only subtly, if at all. Secondly, SAM was
also used to compare each of the 58 spectral endmember classes to a library of 70 laboratory-
measured spectra of MICA-characterized Jackson Group rock cores, as described above.
Those results are discussed further in the section below. Finally, both the original set of
58 spectral endmembers (Figure 2c) and another set which was reduced to 23 endmembers
were used as inputs for SAM classification of the entire WV3 scene (Figure 2a). Both sets
of results were compared to one another, and the overall accuracy of the mapping results
were further evaluated in the context of landscape features that we expect will impart
some confusion to the accuracy of our mapping results (e.g., bare agricultural fields and oil
and gas drilling pads). This is in spite of the fact that most of our spectral endmembers
closely match the spectral characteristics of host Jackson Group sedimentary rocks. In our
evaluation of accuracy, we also considered the mapped spatial distribution of individual
spectral classes across previously located and/or field-investigated mine and waste pile
features (e.g., [1,52,53]).

4. Results
4.1. Compositional Identification of Spectral Endmembers

All 58 spectral endmembers were compared to higher-resolution (>1000 bands) spectra
convolved to the 16-band spectral resolution of WV3. These include all the Jackson Group
rocks described above and measured at the Texas Bureau of Economic Geology core facility
in Austin, Texas [8], as well as pure mineral standards compiled in the USGS spectral
library [46]. Using the SAM algorithm and the default threshold matching vector angle of
<0.10 radians, 62% of our spectral endmembers were matched to the spectra of 15 Jackson
Group rock samples (Table 1). For convenience, Table 1 also provides the corresponding 1-
and 2-micron MICA-generated mineral identification results [8]. The latter MICA analyses
used the higher-spectral-resolution versions of each spectrum. For brevity, five of the best
matches (i.e., <0.077 radian- computed vector angles and visual interpretation) are shown
in Figure 3, with Figure 3a showing the image-derived spectral endmembers on the left
and Figure 3b showing the resampled Jackson Group rock spectra described in Table 1 on
the right. In all cases, the 2-micron (i.e., >2000 nm, or SWIR range), mostly montmorillonite
clay absorption features (2203 nm) were well-resolved by WV3 in both sets of spectra. The
Spoonamore-27 spectrum (blue plot—Figure 3b), on the other hand, was dominated by a
hydrous silica mineral feature (2260 nm) matched to chalcedony during the full-resolution
MICA analysis. This feature was also resolved less strongly within the image endmember
represented by class 57 (blue plot—Figure 3a). The 1-micron (i.e., <1000 nm, or VNIR
range) iron-bearing minerals were typically not as well resolved due to a combination of
fewer spaced-out WV3 bands in that spectral region and the broader shapes of iron-bearing
minerals responsible for those features, such as hematite, goethite and jarosite (e.g., [37,39]).
In this case, Jackson Group rocks were dominated mainly by goethite and lignite features,
as shown in Table 1. Except in cases where there is interference from chlorophyll-bearing
vegetation, WV3 image spectra strongly affected by ferric iron minerals (and/or lignite)
generally shows a strong slope from WV3 bands 6 to 1 (723 to 429 nm). Notably, the image
endmembers shown in Figure 3a differ from the rock spectra shown in Figure 3b in that they
display weak residual chlorophyll features due to subtle mixing with unmasked residual
vegetation material at the surface. This demonstrates that even the most homogeneous
remote sensing pixels are rarely pure, considering how prevalent aerial mixtures with
vegetation are on earth.
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Figure 3. (a) Example spectral profiles of five spectral classes extracted as endmembers from the
WV3 image, matched using SAM and compared to: (b) reference spectra measured from sections
of various rock cores from the Winerich, Spoonamore and Bargmann mines [8] and convolved to
the bandpasses of WV3. The locations of each mine site are shown in Figure 1. Table 1 lists all rock
sample spectra and the endmembers which they best match using SAM.

The remaining 38% of our spectral endmembers were not matched to any of the
rocks from the Jackson Group or any other geologic units exposed in the area (Figure 1),
despite consistently using the same SAM default vector angle threshold of <0.10 radian.
However, each spectrum was visually compared to absorption features associated with
minerals within a convolved version of the USGS spectral library [46], as well as spectra
measured and/or digitized from other sources, such as lignite coal (e.g., [54]) and the
uranium mineral coffinite (e.g., [55]). Other minerals detected in the samples and cores of
Jackson Group rocks using higher-resolution spectral measurements [8] include gypsum,
jarosite and calcite mixtures with montmorillonite. A detailed summary of the charac-
teristics of these endmembers and a supporting discussion of the suitability of each for
further classification of mine waste features throughout the rest of the image is provided
in Supplementary Materials Table S4. Examples of endmembers displaying three of the
most commonly identified and sometimes ambiguous spectral features summarized in
Supplementary Materials Table S4 are shown in Figure 4. For example, endmember 3
(green plot—Figure 4a) shares some spectral shape characteristics with a convolved gyp-
sum spectrum from the USGS spectral library (green plot—Figure 4b), except for the drop
in reflectance of the last band displayed by endmember 3. This includes a prominent re-
flectance peak in WV3 SWIR band 3 (1662 nm) and a broad flat absorption feature at SWIR
band 6 (2203 nm), with a steep slope between both wavelength bands. However, image
endmember 3 displays an additional drop between SWIR bands 7 and 8 that is likely due to
mixing with carbonate minerals such as calcite, as well as a residual chlorophyll feature in
VNIR band 5 (661 nm) from mixing with unmasked vegetation. Image endmember 56 (red
plot—Figure 4a) matches well with the lignite coal spectrum presented in Kruger et al. [54]
(red plot—Figure 4b). In fact, a spectral angle of similarity of ~0.08 radian (less than the
0.10-radian SAM default threshold) was calculated between the two spectra. In coal and
other hydrocarbon materials, this broad concave-shaped feature continues into the ultravi-
olet and is due to electronic transitions in complex organic molecules (e.g., [56]). However,
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the image spectrum (red plot—Figure 4a) displays an additional sharp absorption feature
at 2203 nm due the presence of montmorillonite and a weak chlorophyll feature, both of
which are absent in the reference lignite spectrum (red plot—Figure 4b).
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Figure 4. (a) Example spectral profiles of three spectral classes extracted as endmembers from
the WV3 image, but not matched to any of the sample measurements compiled in Table 1 (see
Supplementary Materials Table S4 and portions of the text for more detailed descriptions). These
endmembers are compared to: (b) a reference spectrum of gypsum taken from the USGS spectral
library [46], lignite digitized from Kruger et al. [54] and coffinite digitized from Herbert et al. [55].
All convolved to the bandpasses of WV3.

An example of a more ambiguous spectral feature is illustrated by the absorption
feature displayed in SWIR band 1 (1210 nm) of image endmember spectrum 20 (black
plot—Figure 4a). Several minerals display absorption features broad and deep enough
to overlap with WV3 SWIR band 1 (1210 nm), including zeolites (~1157 nm) and the
uranium mineral coffinite (~1135 nm) (e.g., [8]). In the case of coffinite and other uranium
minerals, Dahlkamp [2] notes that abundances in South Texas deposits typically do not
exceed 1000 ppm or <0.1 wt%, although the highest-grade ores can contain up to 0.3 wt%
or 3000 ppm (e.g., [1,57]). Herbert et al. [55] measured the VNIR-SWIR reflectance of
coffinite, including various mixtures with silica sand, and showed how various absorption
features decreased in depth between 0 and 1 wt%. The strongest coffinite absorption
feature at ~1135 nm was still detectable above instrument background noise down to
>0.1 wt%. Figure 4b shows the pure coffinite spectrum measured by Herbert et al. [55],
convolved to WV3. Notably, the broad and deep feature at 1135 nm is diminished to a
weaker absorption feature at WV3 SWIR band 1 at around 1210 nm, as compared to the
WYV3 image endmember 20 shown in Figure 4a. Also, the continuum slope of the pure
coffinite feature (Figure 4b) goes from being brighter at longer wavelengths to less bright at
shorter wavelengths, which is the reverse of the continuum slope displayed by the WV3
image spectrum (black plot—Figure 4a). Unfortunately, Herbert et al. [55] did not provide
digital versions of their spectra. Therefore, the shape of the spectral absorption features
depicted in Figure 4b may not be accurate due to the lack of reference scales on the plot
figures rendered by these authors.
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Zeolite minerals such as heulandite and/or clinoptilolite also occur within Jackson
Group rocks [2,21-23,29]. Figure 5a shows three example spectra from the Spoonamore
mine site, which all display weak zeolite-related absorption features at 1157 nm. However,
absorption feature depth analysis [58] of these and two other Spoonamore rock samples
displayed weaker absorption features with lower relative band-depth (RBD) values at
1157 nm (Table 2) than the RBD values computed using SWIR band 1 for WV3 spectral
endmembers matched to Spoonamore samples and others (Table 2). Notably, none of the
zeolite features displayed in the spectra of higher spectral resolution (Figure 5a) were
preserved when these spectra were resampled to the lower spectral resolution of WV3.
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Figure 5. (a) Example of full resolution spectra of measured rock core sections from the Spoonamore
mine listed in Tables 1 and 2 [8], showing weak zeolite features and strong montmorillonite features.
(b) Example of full-resolution gypsum and jarosite spectra (bottom curves of each set) taken from the
USGS spectral library [46] and convolved to the bandpasses of WV3 (bottom curves of each set).

Another possible explanation for the broad and deep features at 1210 nm, as exem-
plified by image spectral class 20 (black plot—Figure 4a), are intimate mixtures of the
sulfate minerals gypsum and jarosite, both of which have been reported in Jackson Group
rocks, including iron disulfide minerals, of which they are alteration products (e.g., [2]).
Evidence of this is provided by the higher-spectral-resolution spectrum of gypsum shown
in Figure 5b, which displays a fairly strong absorption feature at ~1204 nm. However,
when convolved to the spectral resolution of WV (top red plot—Figure 5b), this feature
becomes overwhelmed by the steep continuum slope towards the triplet-shaped absorption
feature at 1444 nm. On the other hand, image spectral class 20 (black plot—Figure 4a)
shares similar shape attributes with the jarosite spectrum convolved to WV3, including
a steep continuum slope from WV3 VNIR bands 6 to 1 (723 to 429 nm) due to ferric iron.
However, the full-resolution jarosite spectrum (bottom black plot—Figure 5b) displays
an absorption minimum at 914 nm (VNIR band 8) when convolved to WV3 (upper black
plot—Figure 5b), which is shifted from the absorption minimum at 1572 nm (SWIR band 2)
displayed by the WV3-convolved version of gypsum (top red plot—Figure 5b). Unfortu-
nately, current spectral libraries do not contain reference spectra for various mixtures of
gypsum and jarosite. Although the exact nature of the mixing (e.g., aerial versus intimate)
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between gypsum and jarosite in our study area is unknown, numerous studies of lignite
and uraniferous lignite-bearing mine waste support our intimate mixing interpretation,
with several of these studies documenting various proportions and abundances of the two
minerals (e.g., [54,59-61]).

Table 2. Spectral endmembers with high relative band depth (rbd) values indicative of absorption
features in WV3 SWIR band 1 (1210 nm) that may be due to zeolite minerals computed in the last
column using full-resolution (i.e., hyperspectral) spectra of the Jackson Group rock sample shown in
column 3. Spectral endmembers 5 and 20, shown in red, were extracted from the McCrady waste pile,
as discussed in portions of the text. See also Table 1 for the MICA mineral matches to the geologic
samples shown in column 3. Supplementary Materials Table S4 describes the endmembers listed as
“unmatched”. “#” refers the n-dimensionally clustered class numbers discussed throughout the text.

Endmember WVvs }-bd-1210' nm Spectral Match Hyperspectral
Class # (Ze‘ollte/Uramum (Geologic Sample) rb(.1-1157. nm
Minerals Index) (Heulandite/Clinoptilolite)
21 2.478887 unmatched N/A
32 2.344082 unmatched N/A
20 2.186793 unmatched N/A
15 2.150885 unmatched N/A
2 2.147810 unmatched N/A
29 2.103521 spoonamore-6 2.017605
8 2.053413 unmatched N/A
55 2.047738 spoonamore-7 2.004085
5 2.044193 spoonamore-5 2.028697
23 2.036904 spoonamore-12 2.035804
50 2.027945 spoonamore-10 2.012043
56 2.012584 unmatched N/A
47 2.010877 unmatched N/A
31 2.006367 unmatched N/A

4.2. SAM Initial Classification Results, Class Reduction and Accuracy Assessment

All 58 initial endmember spectra were used as inputs for SAM classification of the
entire WV3 scene using the default threshold of 0.10 radian. Figure 6b shows those results,
although the assigned colors are too numerous to label at the scale shown. For reference,
Figure 6a shows a larger version of the visible band color composite of the full WV3 scene
shown in Figure 2a, likewise showing the locations of 23 previously known mine sites (red
filled circles) compiled by Hall et al. [1]. In total, we located at least 117 suspected mine-,
quarry- and waste-related features in the landscape (yellow open circles—Figure 6a). This
is largely based on our knowledge of previously known mine, waste pile and pit crater
locations, as well as photo-geologic interpretations of the spatial patterns and distribution
of mapped classes derived from each of the spectral endmembers. At least 22 of these
features either are close to (i.e., <200 m) or cover some of the known mines, prospects,
occurrences and quarries mapped by Hall et al. [1] and/or Horton and San Juan [19] within
their boundaries.
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Table 3. Class histogram statistics, sorted by % of total mapped pixels (see Supplementary Materials
Table S5a—e for full expanded statistical dataset), for various broad and generalized land-use and land-
cover categories. Bare and partially fallow fields; oil and gas drill pads; and exposed bedrock (usually
along pit craters), waste piles and quarries were all identified by photo-geologic interpretation of
true-color WV3 imagery and sampled randomly using region of interest (ROI) polygons, while
avoiding edges and mixtures. Class numbers in bold are based on endmembers extracted from
the Wright-McCrady mine area, as discussed in Section 4.3 of the text. Other endmembers (i.e.,
numbers 22, 24 and 38) extracted from the Esse-Spoonamore and Garbysch-Thane areas map fewer
pixels, as explained in the text, but their full scene statistics are included in Supplementary Materials
Table S5a—e. “#” refers the n-dimensionally clustered class numbers discussed throughout the text.

S EMs Fall WV3 Scene %0 P (TR D ey Features WV Seene
Class # % Mapped Class # % Mapped Class # % Mapped Class # % Mapped Class # % Mapped
35 17.57 54 29.95 13 42.08 35 16.79 35 25.04
54 13.25 11 14.22 57 20.62 26 14.59 54 23.30
26 11.36 35 13.00 44 12.28 53 12.84 37 10.43
53 7.54 37 8.43 28 7.98 57 8.15 14 6.85
11 5.77 43 6.13 27 6.54 14 6.74 13 5.82
37 5.60 26 5.59 19 2.34 37 4.52 25 5.30
13 4.96 58 5.57 17 2.10 13 4.03 57 4.66
58 4.05 40 4.67 16 0.99 36 2.86 43 3.33
25 3.81 50 2.60 37 0.60 5 2.67 44 2.99
57 3.57 56 2.48 36 0.56 19 2.61 56 2.66
43 2.72 25 2.40 30 0.39 58 247 1 2.50
40 2.17 45 1.49 29 0.33 25 1.97 28 1.43
44 1.96 48 0.72 43 0.27 54 1.79 5 1.24
28 1.21 12 0.59 52 0.26 48 1.37 12 1.21
56 1.16 10 0.37 31 0.24 28 1.28 51 0.98
14 1.14 53 0.33 54 0.21 33 1.15 27 0.87
50 1.05 51 0.25 12 0.20 44 1.14 29 0.65
48 0.94 19 0.22 26 0.20 42 1.08 20 0.61
27 0.74 42 0.20 42 0.19 20 1.00 32 0.10
33 0.69 1 0.15 14 0.18 49 0.83 2 0.02
19 0.66 49 0.12 53 0.15 17 0.83 15 0.01
45 0.63 36 0.12 5 0.15 29 0.80 21 0.01
5 0.60 9 0.09 25 0.15 39 0.75 3 0.00

In addition to in situ bedrock and translocated mine waste rock-related features, SAM
classification (Figure 6b) also highlights and maps large areas of exposed bare ground
associated with agricultural fields (crop and pastureland—Figure 2b), as well as numerous
oil and gas drill pad features. This is not surprising because many of the soil series
exposed throughout Karnes, Atascosa and Live Oak Counties are young, having formed
in a semi-arid climate, and tend to have poorly developed organic-rich O horizons (i.e.,
topsoil). Therefore, their mineralogy tends to reflect that of the parent lithologies on which
they are developed, but modified by the addition of carbonate minerals and/or gypsum
(e.g., [26-28]). In particular, Molina [27] mapped several uranium mine pits and dumps
throughout Karnes County and noted that “areas of piled soil material are 50 to 100 feet
higher than the natural surface elevation and consist of original topsoil that has been
mixed with the parent material”. In the case of oil and gas drill pad features, the original
topographic surfaces are often leveled and compacted by clearing the original vegetation
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and underlying topsoil, with the latter often being stored elsewhere for later landscape
restoration (e.g., [62-64] and references therein).

(b) (c)

Figure 6. (a) Initial SAM classification results using all 58 endmembers; (b) a second set of revised
classification results using a reduced 23-endmember dataset; and (c) expanded view of the WV3
color composite shown in Figure 2a, but with yellow open polygon overlays showing 117 features
interpreted as being mine- or mine waste-related. Black rectangular outlines show the locations of
detailed classification maps centered around the Garbysch-Thane mine (1), the Wright-McCrady and
surrounding mines (2) and the Spoonamore mine (3), which are shown in subsequent Figures 7-9,
respectively. Red filled circles are known mine locations compiled by Hall et al. [1], as shown in
Figure 2c. Interpretated reclamation statuses for each of the latter group of mine sites are compiled in
subsequent Table 4, with more detailed descriptions provided in Supplementary Materials Table S7.
Class color legends for each classification map are too numerous to describe here or in the text, but
are shown in subsequent detailed classification map figures cited above. Map histogram statistics are
summarized in Table 3, with more complete data provided in Supplementary Materials Table S5a—e.

Table 3 provides a partial summary of histogram statistics for pixels classified by SAM
as matches for many of the top 23 of 58 endmember classes. The full statistical dataset
is provided in Supplementary Materials Table S5a—e. In addition, pixels were randomly
sampled from features positively identified as either: (1) bare or partially fallow fields with
exposed underlying weathered regolith materials (~31% of classified pixels); (2) rectangular-
shaped oil and gas drill pad features (~5% of classified pixels); and (3) bedrock-, quarry- or
mine-related features (~2% of classified pixels). Histogram class statistics for these features
are also provided in Table 3, with the full expanded versions provided in Supplementary
Materials Table S5a—e. These supplemental tables also provide average spectra for each of
the three land-use categories for pixels mapped as any of the full 58 endmember classes.

The top three classes mapped throughout the full WV3 scene (column 2—Table 3) were
based on endmembers 35, 54 and 26, each mapping more than 10% of the total classified
pixels. Both classes 35 and 54 matched well to two convolved spectra measured from
rock materials sampled from the Spoonamore mine (Table 1). In both cases, their spectral
signatures were dominated by lignite, but differed in that the class 35 input spectrum
exhibited an additional absorption feature related to montmorillonite, while class 54 did
not (Table 1). Although both input spectra had similar shapes due the presence of lignite
or spectrally similar materials, the spectral angle calculated between the two reference
spectra was 0.156 (Supplementary Materials Table S3), which is larger than the 0.100 SAM
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threshold used for classification purposes due to the detection of stronger montmorillonite
absorption features in class 35 pixels. Class 54 was notably the largest percentage of pixels
mapped which represented bare or partially fallow crop- and pastureland (columns 3 and
4—Table 3). Class 35 ranked highest as a percentage of all pixels classified for the whole
scene (columns 1 and 2—Table 3), as well as pixels covering only rock, mine or quarry
features (columns 7 and 8—Table 3), using all 58 endmembers as SAM inputs. However,
class 35 also mapped 13% (3rd highest) of the classified pixels covering bare or partially
fallow crop and pastureland (columns 3 and 4—Table 3). Class 26 did not match to any
of the WV3 convolved spectra of Jackson Group rocks sampled from various mine sites
(Table 1), but did display both a slight chlorophyll feature from unmasked vegetation and a
strong montmorillonite feature (Supplementary Materials Table S4). It was included in the
initial classification, which used all 58 endmembers as inputs, but was later excluded in
the second classification attempt (column 9—Table 3), as explained further below. Notably,
class 26 had the second-most classified pixels, covering bedrock, mine and quarry features
during the initial classification run using all 58 endmembers (columns 7 and 8—Table 3).

Class 53 yielded the third highest percentage of classified pixels, covering mine, quarry
and bedrock features (columns 7 and 8—Table 3). Like class 26, it did not match to any
of the Jackson Group rocks from the mines listed in Table 1 or elsewhere. Also, its input
endmember spectrum appeared to be dominated by weak, dry vegetation features, as
described in Supplementary Materials Table S4. Class 11, on the other hand, yielded the
second-highest percentage of classified pixels covering bare contour plowed-crop and/or
pastureland fields (columns 3 and 4—Table 3). Class 11 matched to a Spoonamore mine
sample dominated by lignite, but with no detectable 2-micron clay features. However,
there were three other endmembers that yielded better SAM matches to this same sample
(Table 1). Classes 53 and 11 were ultimately excluded in the revised classification run
(column 9—Table 3), as discussed further below.

Classes 13, 57 and 44 were ranked with the first-, second- and third-highest percentages
of classified pixels covering oil and gas drill pad features, respectively (columns 5 and
6—Table 3). This is despite the fact that all endmembers (Figure 2c) were initially screened
and rejected if they either fell on or were near oil and gas drill pad features. Class 13 was
matched to a sample from the Spoonamore mine which exhibited goethite (i.e., strong ferric-
iron) features in the 1-micron spectral region and montmorillonite in the 2-micron region
(Table 1). Classes 44 and 57 were matched to Spoonamore mine samples that displayed
weaker or undetectable ferric iron mineral features in the 1-micron spectral region, but
montmorillonite and hydrous silica (chalcedony) features in the 2-micron spectral region
(Table 1). Notably, all three endmembers successfully mapped between 1 and 8% of the
classified pixels covering bedrock, mine and quarry features (columns 7 and 8—Table 3),
and were therefore retained as valid classes during the revised classification run (column
9—Table 3). As noted above, one possible cause of this class confusion is related to the way
in which oil and gas drill pads are constructed. For example, the removal of topsoil exposes
the deeper soil horizons, which become spectrally more similar to the parent bedrock
materials exposed during uranium mining. Another possible source of confusion is that
some drill pads are also covered with secondary gravel material to help minimize erosion
and sediment runoff (e.g., [63]). The source of this gravel is usually local bedrock quarries
exposing these same rocks.

Targeted spectral separation of oil and gas features from other disturbed landscape cat-
egories is beyond the scope of this work (e.g., [33] and references therein). However, these
results collectively show how difficult it is to separate spectral classes that map bedrock,
mine and quarry features from map landscape features related to regolith materials that
have been exposed by other types of human land-use activities. Also, it is clear that many
of the original 58 endmember classes were either similar to one another (Supplementary
Materials Table S3) or to reference spectra of actual mined Jackson Group rocks (Table 1).
For example, classes 54, 40, 58, 11 and 50 were all below the 0.10 radian SAM threshold
of the spectral shape exhibited by the Spoonamore-10 sample, the latter of which was
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dominated by lignite (Table 1). They were also between 0.059 and 0.10 radians of each other
in comparable spectral shapes (Supplementary Materials Table S3). SAM classification was
run a second time using the same default 0.10 radian SAM threshold and a more restricted
set of endmembers, which generally included (with two exceptions) those with the highest
fits which were representative of each of the 15 reference Jackson Group rock samples listed
in Table 1. This second run included six unmatched endmember spectra with absorption
features in WV3 SWIR band 1 (classes 21, 32, 20, 15, 2 and 56—Table 2) and two unmatched
endmember spectra with stronger ferric iron and carbonate features than many of the rest
(e.g., classes 3 and 51, respectively—Supplementary Materials Table S54). The results of this
second classification run using the same default threshold value are shown in Figure 6c,
while the corresponding histogram distribution of the mapped pixels is compiled in Table 3
(columns 9 and 10). The resulting mapped patterns are very similar those from the initial
58-endmember SAM classification (Figure 6b). However, at the full-scene scale, the reduced
endmember classification shows fewer scattered and isolated pixels (compare Figure 6b,c),
which is likely due to spatially and/or spectrally incoherent noise. This is especially true
for those pixels associated with endmember classes that map the fewest pixels using the
full set of 58 endmembers.

This more restricted SAM classification assumes that the remaining 23 endmembers
will also map those missing 25 endmembers that they most closely match (see Supple-
mentary Materials Table S3). Also, this should have the additional beneficial effect of
increasing the spatial and spectral coherency of the results of the second classification
by eliminating pixels mapped mainly due to noise. We tested these assumptions out by
performing a confusion matrix analysis of the new 23-endmember class map against their
distribution within the original 58-endmember class map. Normally, a confusion matrix
(also called an error matrix) is used for accuracy assessment by comparing a reference
mapped dataset (i.e., typically based on ground truth information) with a classification map
whose final accuracy is unknown [65]. Some of the more relevant outputs of the confusion
matrix for this discussion (Supplementary Materials Table S6) include: (1) overall mapped
accuracy based on the % of pixels correctly mapped as compared to the total within the
reference dataset; (2) the kappa coefficient, which measures classification accuracy reduced
by the amount of random agreement between the two datasets; (3) the omission error of
unclassified pixels, which measures the percentage of pixels which were mapped as actual
classes within the original reference map, but not within the second classified map; and
(4) the producer accuracy of unclassified pixels, which is related to the omission error, but
based on the number of unclassified pixels in the second classification divided by the total
number of pixels in either of the two output images.

The overall accuracy of the second classification relative to the first was about 98%,
while the kappa coefficient showed only a ~16% reduction in accuracy due to random
agreement factors. Notably, each of the pixels classified during the first SAM execu-
tion was also classified in the second, which is why the diagonal columns of the con-
fusion matrix (Supplementary Materials Table S6) yielded 100% correlation while the
off-diagonal rows and columns yielded 0% correlation. However, the omission error of
the unclassified pixels was calculated to be ~2.11% (row 64—Supplementary Materials
Table S6), which can be explained by several of the excluded endmember classes that
mostly mapped scattered and spatially incoherent pixels, as discussed above (compare
Figure 6b,c). This was confirmed by a producer accuracy for the unclassified pixels of
97.89% (row 92—Supplementary Materials Table S6), which is essentially 100% minus the
omission error. Each of the remaining 23 endmember classes yielded varying amounts
of commission (i.e., inclusion) “error” (column B, rows 65 through 87—Supplementary
Materials Table S6). This is due to the fact that the remaining 23 classes also mapped many
of the pixels formerly mapped by the 25 excluded endmember classes, which their spectral
shapes most closely matched. Improved spatial coherency between the two SAM classifi-
cation maps is best demonstrated by showing individual mine and waste pile features at
lower scales, as discussed in Section 4.3 below.
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4.3. Detailed Mapping Results: Wright-McCrady, Spoonamore and Garbysch-Thane Example
Mine Sites

Table 4 lists the 23 known mines and prospects which were compiled by Hall et al. [1]
and covered within the extent of our WV3 scene. The eight highlighted in bold text are
covered either fully or partially within lower-scale subsets displayed in Figures 7-9, with
their locations shown as the three black box outlines in Figure 6, respectively. Based on the
spatial distribution of the mapped endmember classes, and the lack thereof due to vegeta-
tion cover, each mine or occurrence was assigned one of six subjective rankings of likely
reclamation status. Additional considerations are described in an expanded comments
section in Supplementary Materials Table S7. Notably, five of the mine and prospect sites
display no spatially coherent pixels mapped as any of the 58 endmember classes, and have,
thus, been interpreted as being fully reclaimed. Multispectral or hyperspectral reflectance
data would not be useful for identifying, and, therefore, inventorying, such sites due to
excessive vegetation cover. The remaining sites display variable patterns of pixels classified
as different endmember types, and thus display a wide range of rock and regolith exposure
and mixtures, with residual vegetation. Several examples of other interpreted reclamation
statuses are exhibited by mines at or near the McCrady waste pile and the Wright open-pit
mine in Karnes County (Figure 7); the Esse-Spoonamore open-pit mine and crater in Live
Oak County (Figure 8); and the Garbysch-Thane open-pit mine, waste piles and perhaps
currently (?) active quarries in Atascosa County (Figure 9).

Table 4. The 23 known mines and prospects covered within our study, based on data compiled by
Hall et al. [1], for columns 1 through 6. Rows in bold are sites that are covered either fully or partially
in the zoomed scale, as shown in subsequent Figures 7-9 (see Figure 6 black outlines for locations).
Supplementary Materials Table S7 provides extended comments on the data shown in column 9, which
interprets reclamation status based on vegetation cover and the distribution of mapped endmember
classes. Columns 7 and 8 list the predominant mapped classes (based on generalized extents created
using polygon regions of interests) derived from SAM classification using all 58 and a reduced subset of
23 endmembers, as discussed in the text. Note that the classes listed are not necessarily ordered based
on spatial abundance at the scales shown in Figures 7-9. However, these figures do provide partial
histogram statistics of the top ten mapped classes in the legend, with complete histogram statistics
provided in Supplementary Materials Table S8a—f. Abbreviations: LAT = latitude, LONG = longitude,
OCCTYPE = occurrence type, OPTYPE = open pit mine, N.A. = not applicable.

Occurrrence or Mine

WV3 Mapped WV3 Mapped
Classes Using Classes Using

Name LAT LONG COUNTY OCCTYPE OPTYPE Full 58 Reduced 23 Comments
Endmembers Endmembers
BOSO-HACKNEY 2 28.8665 —98.1473 Karnes Deposit Open Pit 26,53, 5, 14 14,5 Mostly
reclaimed
BUTLER PIT/BUTLER . . Fully
RANCH 28.8587 —98.1157 Karnes Deposit Open Pit N.A. N.A. reclaimed
26, 51, 53, 35
AT 51,35,14, 5,29
COLONEL 29 T Mostly
WEDDINGTON 28.8594 —98.1533 Karnes Prospect N.A. (plus other (plus Aother reclaimed
. outliers)
outliers)
53,14, 26, 5,35 14, 5, 35, 44, 20 .
ESSE- . . . Rl g Partially
SPOONAMOORE 28.7332 —98.1063 Live Oak Deposit Open Pit (plus .other (plus .other reclaimed
outliers) outliers)
35,57,13, 53, 35,57,14,13,
GARBYSCH-THANE 28.8447 —98.1650 Atascosa Deposit Open Pit 14, 26 (plus 25 (plus other Unreclaimed
other outliers) outliers)
35, 54,26, 53, 35,54,43,37, Mostl
HURT MINE 28.7712 —98.1984 Atascosa Deposit Open Pit 37,43, 25 (plus 25, 14 (plus Sty
; . reclaimed
other outliers) other outliers)
26, 53, 48, 9, 35 14, 35,51, 5 Mostl
KELLNER PIT 28.8323 —98.1276 Karnes Deposit Open Pit (plus other (no other reclaimﬁ d

outliers) outliers)
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Table 4. Cont.
WV3 Mapped  WV3 Mapped
Occurrrence or Mine Classes Using Classes Using
Name LAT LONG COUNTY OCCTYPE OPTYPE Full 58 Reduced 23 Comments
Endmembers Endmembers
23263535 14,35,25,5,57 Mostl
MARVIN HACKNEY 28.8600 —98.1506 Karnes Prospect N.A. (plus other vy
(plus other outliers) reclaimed
outliers)
53, 26,14,35,5, 14,35,5,57,51, Partiall
MC-CRADY MINE 28.8252 —98.1212 Karnes Deposit Open Pit 57 (plus other 20 (plus other al a }:i
outliers) outliers) reclaime
26,53, 35,5 14,35, 5,20 Mostl
PFEIL-WEIG MINE 28.8124 —98.1284 Atascosa Deposit Open Pit (plus other (plus other recl imy d
outliers) outliers) eclamme
53,26, 35, 25, 14,35, 25,57,
. 57 37 Mostly
RICHARD RUDOLF 28.7411 —98.1486 Live Oak Prospect N.A. .
(plus other (plus other reclaimed
outliers) outliers)
26, 35,53 35,14 Mostl
SOILZ 28.7636 —98.1089 Live Oak Prospect N.A. (plus other (plus other el
outliers) outliers)
TOM-RETZLOF 28.7616 —98.1887 Atascosa Deposit Open Pit N.A. N.A. Fu.l ly
reclaimed
USGS GP—252_2 28.8613 —98.1507 Karnes Prospect N.A. N.A. N.A. Fully
reclaimed
53,26, 35,5 14, 35, 5, 20 Mostl
USGS GP—252_29 28.8407 —98.1634 Karnes Prospect N.A. (plus other (plus other reclaimZ d
outliers) outliers)
54,58,37,11, 54,37,1, 35,25, Mostl
USGS GP—252—4 28.8607 —98.1252 Karnes Prospect N.A. 25, 35 (plus 43, 56 (plus reclaim)e, d
other outliers) other outliers)
26,53, 35 35,14,5 Partially to
W. DZUIK UL-1798 28.8232 —98.1058 Karnes Deposit Open Pit (plus other (plus other mostly
outliers) outliers) reclaimed
26,53, 35, 5,48
e T 14, 35, 5,57
WEDDINGTON- . . 57,14 c Mostly
NORTH 28.842 —98.1232 Karnes Deposit Open Pit (plus other (plutslio’;h)er reclaimed
outliers) outhers
WEDDINGTON- 26, 35, 53, 24, 35,14, 5,44, 25, Partially to
SOUTH 28.8291 —98.1157 Karnes Deposit Open Pit 14, 48 (plus 20 (plus other mostly
(CONOCO) other outliers) outliers) reclaimed
WEDDINGTON- . . Fully
SUSQUEHANA 28.8494 —98.1198 Karnes Deposit Open Pit N.A. N.A. reclaimed
26,53,5 14, 35,5
WEDDINGTON- . . I I Mostl
TENNECO 28.837 —98.1226 Karnes Deposit Open Pit (plus -other (plus .other reclaimi d
outliers) outliers)
35,53, 26, 25, 35,25,14, 37, .
58 14 57 1 Unreclaimed
WILLIE GABRISH 28.8667 —98.1681 Atascosa Prospect N.A. / ’ to partially
(plus other (plus other reclaimed
outliers) outliers)
WRIGHT PIT 28.82 —98.1228 Karnes Deposit Open Pit N.A. N.A. Fully
reclaimed

Figure 7b is a reduced-scale subset of the full-scene map, displaying pixels classified
as all 58 reference spectral endmembers (Figure 6b), while the corresponding Figure 7c
shows the reduced 23 mapped classes at full scale in Figure 6¢c. The locations of five
mines, either fully or partially covered, include (bold rows—Table 4 and numbered labels—
Figure 7a): (1) Kellner Pit, (2) Weddington-Tenneco, (3) Weddington-Conoco, (4) Wright
open-pit and (5) the McCrady waste pile. Notably, it is possible that waste rock material
contained within the McCrady waste pile could have been mined from both the adjacent
Wright and the Weddington-Conoco open-pit mines. In fact, Dickinson [66] describes
the Wright, McCrady (misidentified as “McGrady”) and Weddington-Conoco mines as
part of the same large “Pfeil” uranium deposit. Figure 7d provides a partial-color legend
showing the 10 most abundant spectral classes, along with their spatial distributions as
percentages. More complete histogram distribution of the mapped classes for both SAM
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classification runs is provided in Supplementary Materials Table S8a—f for the Wright-
McCrady subset and the other two subset images discussed below. Notably, 3 of the
original 58 endmembers were extracted from well-exposed slopes on the McCrady waste
pile, with noticeable rill and gully erosion features still resolvable at the spatial resolution
of WV3. In fact, Waggoner et al. [52] confirmed “severe erosion” in highwall slopes and
estimated a vegetation cover of 58% on the waste pile, of which 28% they attributed to
invasive species. Endmember classes 5 and 14 matched well with Jackson Group rocks
from the Esse-Spoonamore mine, which exhibited spectral features related to goethite and
Na-montmorillonite, as well as an acid mine drainage mineral and Na-montmorillonite,
respectively (Table 1). Their spatial distributions accounted for 2.3 to 4.6% and 5.1 to 19.1%,
respectively, of the SAM-classified pixels between the first and second classification runs
(Figure 7b). Class 20 was the third spectral endmember extracted from the McCrady pile,
but only mapped between 1.0 to 1.7% of the pixels in this subset image (Supplementary
Materials Table S8a,b) and was not matched to any of the sample spectra listed in Table 1.
However, it did exhibit a strong absorption feature in the WV3 SWIR band 1 at 1210 nm
(Table 2), as discussed in a previous section.

P - V4
(b) 3 "'_’ ¥ /,ﬁ /’(/:’

class 26 (19.6%)
class 35 (13.9% ; 25.0%)
Il class 53 (12.6%)

P g) | T class 13(5:3%; 7.0%)
(c) g 4 / (d) class 14 (5.1% ; 19.1%)
\, [ class 37 (3.9% ; 6.1%)
L DL 134 [
5t 4 \\ B class 57 (3.2% ; 4.6%)
A B class 48 (2.5%)

B class 54 (9.6%

:13.7%)

N\ B class 5 (2.3% ; 4.6%)

Figure 7. (a) Subset “2” of the WV3 color composite shown in Figure 6, with labeled mine features ((1)
Kellner Pit, (2) Weddington-Tenneco, (3) Weddington-Conoco, (4) Wright open-pit and (5) the McCrady
waste pile) listed as bold rows in Table 4. (b) Most detailed SAM initial classification results, centered
around the Wright-McCrady and surrounding mine features using all 58 endmembers; (c) a second set of
revised classification results using a reduced 23-endmember dataset, (d) color legend for the most spatially
extensive and coherent classes at this scale. Also shown in (d) are the spatial distribution statistics for each
class mapped within the boundaries shown for this subset, and a black rectangular outline labeled “2”, in
Figure 6. Percentages shown on the left are based on the initial mapping using all 58 endmembers (b),
while percentages on the right are based on the second mapping using only 23 endmembers (c). Classes
with only one percentage value are shown for the initial 58-endmember mapping results (b), meaning they
were excluded during the second restricted 23-endmember classification (c). A more complete summary
of these spatial statistics for classes within this subset image which are too small to be discernible at this
scale is provided in Supplementary Materials Table S8a,b.
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Il class 53 (38.8%)
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Figure 8. (a) Subset “3” of the WV3 color composite shown in Figure 6, centered around the Spoon-
amore mine listed in Table 4. (b) Most detailed SAM initial classification results near and around the
main open-pit mine crater feature, using all 58 endmembers; (c) a second set of revised classification
results using a reduced 23-endmember dataset, (d) color legend for the most spatially extensive and
coherent classes at this scale. Also shown in (d) are the spatial distribution statistics for each class
mapped within the boundaries shown for this subset, and a black rectangular outline labeled “3”, in
Figure 6. Percentages shown on the left are based on the initial mapping using all 58 endmembers
(b), while percentages on the right are based on the second mapping using only 23 endmembers (c).
Classes with only one percentage value are shown for the initial 58-endmember mapping results (b),
meaning they were excluded during the second restricted 23-endmember classification (c). A more
complete summary of these spatial statistics for classes within this subset image which are too small
to be discernible at this scale is provided in Supplementary Materials Table S8c,d.

During the first classification run using all 58 endmembers, class 26 mapped the
highest percentage of pixels at nearly 20% (Figure 7b,d). However, after class 26 and
class 53 were eliminated during the second classification run, class 35 mapped the highest
percentage of pixels at around 25% (Figure 7c,d). Both endmembers 26 and 53 displayed
residual vegetation spectral features (Supplementary Materials Table S4). They mostly
mapped pixels covering a contour-plowed field to the southeast of the Kellner pit (pit lake
1—Figure 7a) and partially exposed areas around the northeastern rim of the Weddington-
Conoco pit crater lake (labeled 3—Figure 7a). During the second classification run, most,
but not all, pixels were replaced by class 14, which was dominated by the acid mine
drainage and Na-montmorillonite features, as discussed above. Spatially scattered and
incoherent pixels initially mapped as classes 26 and 53 were noticeably reduced in the
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process (compare Figure 7b,c). However, the field to the southeast of the Kellner pit is much
more vegetated than the compositionally similar areas around the Weddington-Conoco
crater. This illustrates the advantages and disadvantages of using spectral endmembers
exhibiting residual vegetation features. On the one hand, they are useful for mapping out
the full extent of areas containing target minerals, such as those exhibited by endmember
class 14, despite mixtures with partial vegetation cover. However, on the other hand, they
also map more scattered pixels that may or may not exhibit such target mineral features,
either due to the input of noise or because the pixel matches the vegetation features more
than it does the target mineral features.

(b)

class 35 (19.4% ; 25.6%)
Il class 53 (10.0%)
B class 57 (9.4% ; 11.7%)
B class 54 (8.7% ; 11.9%)
class 26 (8.6%)

(d)

(c) . // B class 13 (6.5% ; 7.3%)
e/ ; Bl class 56 (5.3% ; 6.5%)

. i‘ ' ; ’ class 14 (5.0% ; 15.0%)
4 class 25 (2.8% ; 4.3%)

£ Il class 11 (2.3%)

Figure 9. (a) Subset “1” of the WV3 color composite shown in Figure 6, centered around the Garbysch-
Thane mine, with labeled mine features shown as ((1) main Garbysch-Thane mine and (2) a prospect
designated as “USGS GP-252_29"), both of which are listed as bold rows in Table 4. (b) Most detailed
SAM initial classification results near and around the mine and prospect features (including later
and unrelated excavations), using all 58 endmembers; (c) a second set of revised classification results
using a reduced 23-endmember dataset, (d) color legend for the most spatially extensive and coherent
classes at this scale. Also shown in (d) are the spatial distribution statistics for each class mapped
within the boundaries shown for this subset, and a black rectangular outline labeled “1”, in Figure 6.
Percentages shown on the left are based on the initial mapping using all 58 endmembers (b), while
percentages on the right are based on the second mapping using only 23 endmembers (c). Classes
with only one percentage value are shown for the initial 58-endmember mapping results (b), meaning
they were excluded during the second restricted 23-endmember classification (c). A more complete
summary of these spatial statistics for classes within this subset image which are too small to be
discernible at this scale is provided in Supplementary Materials Table S8ef.

Class 35 was the second-most-mapped class, and became the highest during the
second classification run (Figure 7d). It matched the spectral shape of a Spoonamore
sample exhibiting lignite and Na-montmorillonite features (Table 1). Both it and class 37
(also lignite-bearing—Table 1) dominated a contour-plowed field on the middle western
edge of the Wright-McCrady subset (Figure 7), which could be another partially reclaimed
waste pile based on the topography inferred by the contour plow patterns. This feature, as
well as the three oil and gas drill pad features and several of the roads, displayed few or
no spatial changes in classes between the classification runs. It is likely that the roads and
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some of the exposed surfaces of the oil and gas drill pad features were paved over using
aggregate materials derived from the same source rocks as the mine waste pile materials.
Alternatively, some of the oil and gas drill pad surfaces may have exposed underlying
Jackson Group rocks and related regolith materials, as discussed previously.

The Esse-Spoonamore mine (Figure 8a) is one of only three from which Jackson Group
rock spectra were matched to various endmembers listed in Table 1. It is dominated by a
large pit crater lake and can be considered partially reclaimed (Table 4 and Supplementary
Materials Table S7) based on the distribution of vegetation and classified pixels (Figure 8b,c).
In fact, Waggoner et al. [52] also noted that the site was “partially reclaimed”, with an
average of 50% vegetation cover and “severe erosion” along the crater walls, as shown
in their published ground photos, which they attribute to overgrazing. However, the
vegetation cover could have increased between the time of their ground inventory in 1994
and the autumn of 2017 when this WV3 scene was acquired, especially if grazing activities
had been reduced during that time. Despite decent but partial exposures with minimal
vegetation, only 1 of the 58 endmembers (class 38—Supplementary Materials Table S4)
was extracted from the Spoonamore mine area (Figure 2c). However, this same image
endmember was corrupted by spatially coherent noise near the eastern edge of the WV3
scene, and was not used during the second SAM classification run. Notably, it mapped only
4 pixels with similar spectral shapes during the initial classification run (Supplementary
Materials Table S8¢).

Similar to the Wright-McCrady subset image, the top three classes initially mapped
by SAM were 53, 26 and 35 (Figure 8d), the first 2 of which were excluded in the second
classification run due to residual vegetation features in the reference endmember spectra, as
discussed above. Class 26 initially mapped an area within a partially vegetated field in the
western part of the image, just north and east of the right-angle bend within the main road
visible in the classification results of the first run (Figure 8b). However, this feature mostly
disappeared during the second classification run using fewer endmembers, leaving only a
few scattered pixels mapped as class 35 (Figure 8c). Initially, class 53 dominated much of the
Spoonamore crater due to partial mixing between waste rock and vegetation, as described
above. However, during the second classification run, these pixels were re-mapped as
class 14, which became the most spatially abundant class (>37% class—Figure 8d) and
was again dominated by an acid mine drainage-related ferric iron mineral with abundant
Na-montmorillonite (Table 1). Other features that stand out in this image subset are pixels
mapped as class 44 (Figure 8d), most of which remained unchanged between the two
classification runs. Two prominent clusters of such pixels mapped features to the east and
north of another right-angle bend in the main road, just to the north of the Spoonamore
crater itself (orange-colored class—Figure 8b,c). Notably, class 44 was dominated by Na-
montmorillonite, but with no resolvable ferric iron minerals in the 1-micron region (Table 1).
Also, this same class dominated portions of the road itself, suggesting that the road may be
paved using aggregate materials from the same source.

Of the three subset areas highlighted in this section, the Garbysch-Thane mine site dis-
played the greatest contrast between densely vegetated surroundings and three prominent
landscape features exhibiting spectral signatures devoid of any green or dry vegetation-
related absorption features (Figure 9a). As a result, we interpret the main Garbysch-Thane
mine feature (labeled 1—Figure 9a) to be mostly un-reclaimed (Table 4 and Supplementary
Materials Table S7), perhaps the result of active mining and/or quarry land-use activity
at the time of image acquisition. The USGS GP-252_29 prospect to the south (labeled
2—Figure 9a) is within a densely vegetated area that has, perhaps, been reclaimed (Table 4)
since any historic prospecting activity occurred. Two other well-exposed features are to the
southwest of the main Garbysch-Thane mine or quarry, and display several of the same
mapped endmember classes (Figure 9b—d). However, the actual relationship between these
two features and the main Garbysch-Thane feature is unknown at the time of this writing.
The southwesternmost feature is clearly a crater lake related to an open-pit mine, with
exposed bedrock stratification surrounding it on the west and southeast sides.
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Unlike the Wright-McCrady and Esse-Spoonamore sites, the Garbysch-Thane mine
was not included in the 1994 ground-based field sampling, survey and inventory of the Rail-
road Commission of Texas [52]. However, Eargle and Snider [67] noted that two pits were
excavated at the Thane prospect property at the time of their study, including one which
was “0.4 miles to the southwest” of the other. This is the approximate distance between
the two largest well-exposed features shown in Figure 9a, which are connected by a visible
road. Notably, 2 of the 58 original endmembers were extracted from well-exposed portions
of the Garbysch-Thane mine (Figure 2c). However, these two endmember classes—22 and
24—were found to be spectrally similar to classes 57 and 5 (Table 1), respectively, and
were, therefore, excluded from the second SAM classification. Endmember 57 was retained
because it yielded the best match to the Spoonamore rock sample dominated by the hy-
drous silica mineral chalcedony, while endmember 5 was retained because it was extracted
from the a priori known McCrady waste pile discussed earlier. Both endmembers 5 and
24 matched to a Spoonamore rock sample dominated by goethite and Na-montmorillonite
(Table 1), while endmember 5 resolved a spectral absorption feature at the wavelength
of WV3 SWIR band 1 (1210 nm—Table 2), which could have multiple mineral origins, as
discussed earlier. Despite being extracted from the Garbysch-Thane area, endmembers
22 and 24 only mapped 0.1 and 0.3% of pixels within this subset area during the initial
classification (Supplementary Materials Table S8e).

As was the case with the Wright-McCrady and Esse-Spoonamore image subsets,
endmember classes 53 and 26 mapped among the highest percentages of pixels of all the
original 58 input classes (i.e., 10% and nearly 9%, respectively—Figure 9d) during the first
SAM classification run (Figure 9b). They were also excluded from the second SAM run
(Figure 9c) for the same reasons as discussed earlier. However, in the Garbysh-Thane area,
these two classes mapped many more spatially incoherent pixels within low-canopy native
shrubs, contour-plowed fields and along the walls of the southwesternmost pit crater lake.
Within the darker-shaded native shrub vegetation areas, these spatially incoherent pixels
mostly disappeared during the second classification run. On the other hand, they were
replaced by other classes (most notably class 35—Figure 9¢,d) within the contour-plowed
fields mapped as cropland in our vegetation datasets, which were described earlier in
Section 2 (Figure 2b). Along the walls of the southwesternmost pit crater lake, they were
mostly replaced by class 14, which jumped from 5% to 15% classified pixels between the
two SAM classification runs (Figure 9d). Class 14 was dominated by the same acid mine
drainage-related ferric iron mineral and Na-montmorillonite (Table 1) mapped in the other
two subset areas highlighted above.

Classes 35, 57, 54 and 13 were among the four most abundant classes retained during
both SAM classification runs (Figure 9b—d). Notably, the main Garbysch mine or quarry
feature and the feature directly to the southwest of it display spatial patterns of these
four classes that change very little between each of the two classification runs (compare
Figure 9b,c). In summary, class 35 was matched to a Spoonamore sample dominated by
lignite and Na-montmorillonite spectral features, while class 57 was matched to a Spoon-
amore sample dominated by chalcedony with no resolvable 1-micron spectral features.
Class 54 was matched to a Spoonamore sample dominated by lignite with no resolvable
2-micron features, and class 13 was matched to a Spoonamore sample dominated by
goethite and Ca-montmorillonite (Table 1). Eargle and Snider [67] provided lithologic and
stratigraphic descriptions of the bedrock and overburn rocks associated with uranium
mineralization at the two excavation sites at what was then known as the “Thane prospect”,
which agrees with our spectral analysis interpretations. For example, they described tuffa-
ceous sandstones with interbedded claystone and ferruginous staining, as well as tuff
and lignite-bearing members with yellow uranium minerals, which they suggest may be
carnotite. They also noted that there were “friable sandstones beneath the silicified cap”,
which suggests hydrous silica minerals such as opal or chalcedony, both of which are
spectrally similar. Additionally, they noted that “soft white ‘veins’ crossing the bedding of
the sandstone are calcite”.
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In addition to the three mine and/or quarry features described above, the Garbysch-
Thane subset also displayed mapped endmember classes covering at least two large oil
and gas drill pad features, which were not readily distinct in the visible color composite
(Figure 9a) from the surrounding background shrub vegetation and agricultural fields. The
larger oil and gas drill pad feature near the easternmost extent of the subset image was
dominated by classes 56, 54 and 11, with the latter mostly re-classified as class 54 during the
second SAM classification run (Figure 9b—d). Notably, classes 11 and 54 both matched to the
same Spoonamore sample dominated by lignite, but with no resolvable 2-micron spectral
features (Table 1). Also, their spectral angle of similarity was 0.063 radians (Supplemen-
tary Materials Table S3), less than values computed between each individual endmember
spectrum and the reference Spoonamore 10-rock spectrum (Table 1). Notably, class 56
did not match to any of the Jackson Group rock spectra used in this study (Supplemen-
tary Materials Table S4), but did match well to the reference lignite spectrum shown in
Figure 4b. Notably, charcoal has a similar spectral shape to lignite (e.g., see descriptions for
endmembers 10 and 56—Supplementary Materials Table S4), and it is possible that both oil
and gas drill pad features could be covered by charred vegetation created during the initial
land-clearing operations needed to start drilling. Additional supporting evidence for this is
small smoke plumes in other parts of the image (not shown), indicative of small, controlled,
yet active brush fires. The smaller oil and gas drill pad feature along the southern edge of
the subset image was dominated by classes 37 and 54, the former of which mapped 2.2%
of the pixels during the first SAM classification run, which increased to 3.6% of the pixels
during the second SAM classification run (Supplementary Materials Table S8e,f). Given the
distribution of spectral classes between the two oil and gas drill pad features, it is possible
that they were still in their initial construction phases during the time of acquisition of
this image, given that many of the same spectral classes are also mapped in the contoured
plowed agricultural fields, albeit in less spatially coherent patterns. The major intersecting
roads at the northwest corner of the subset image are mostly dominated by class 57, which
was mapped extensively in the two large mine- or quarry-related features. It is possible
that these roads were constructed from aggregate materials of the same source rocks.

5. Discussion and Conclusions

Using 16-band multispectral WV3 data, up to 58 unique spectral shapes (i.e., endmem-
bers) were used to classify various exposures of rock, sediment and regolith materials, many
of which were clearly evident of mines and/or quarries. As a result, over 100 mine- and
mine waste-related features were identified on the landscape based on their spatial patterns
and the distribution of mapped spectral classes. In particular, detailed mapping of several
of these features associated with the Spoonamore, Wright-McCrady and Garbysch-Thane
mine sites shows spatial patterns consistent with former or current mining activities, such
as tight stratigraphic layering along some of the craters excavated by open-pit mining and
nearby waste piles with chaotic distribution of the mapped classes at lower scales. Using
limited ground truth information from past published sources (e.g., [24,26-28,52,53,67]), we
found that the compositional information derived from our spectral analysis was consistent
with the ground cover and lithologic information described in those works. Despite this
success, it is also clear that most of these multispectral data-derived endmembers varied
only subtly, if at all. For example, many of them matched each other in spectral shape as
well as corresponding reference rock spectra, which suggests that some of them can be
combined into single classes or substituted for one another.

Hyperspectral datasets, on the other hand, can better resolve spectral absorption features
with often dozens, if not hundreds, of spectral bands, such that the number of spectral bands
almost always exceeds the number of variable spectral classes of materials. Hence, hyper-
spectral datasets are often referred to as “overdetermined” with respect to their “information
dimensionality”. Information dimensionality is defined as the number of linearly independent
spectral components present in a particular scene (e.g., [39] and references therein). Unlike
hyperspectral data, the “information dimensionality” of multispectral data is typically limited
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by having fewer spectral bands (i.e., <25), as well as other spatial and radiometric resolution
considerations. Therefore, multispectral data are often referred to as “underdetermined”
because the number of variable spectral classes of materials often exceeds the number of
available spectral bands (e.g., [39]). In the case of this study, a reduced set of 23 endmember
classes was still able to map the same features as the larger set of 58 endmembers, despite
exceeding the number of spectral bands (i.e., 16) available in WV3 imagery. This is, of course,
not including additional spectral classes such as vegetation and artificial materials, which
were removed prior to our analysis. Representative endmembers for the latter materials could
still be useful for spectral unmixing purposes. For example, spectral unmixing methods have
the advantage of allowing for enhanced mapping of the spatial extent of mine waste features
in areas of partial vegetation cover (e.g., [68]), where spectral shape fitting methods such as
SAM often become less effective. However, the application of such methods is beyond the
scope of this work (see, e.g., [39] and references therein).

Another challenge in using either multispectral or hyperspectral imagery for the
targeted mapping of sandstone-hosted uranium mine waste is the identification of minerals
diagnostic of either the original ore-grade minerals (e.g., coffinite, uraninite, etc., specific
to uranium deposits—|[2]) or alteration minerals unique to the supergene weathering
environment of acid mine drainage (e.g., jarosite and other Fe-sulfate minerals—[15,61,68]).
Otherwise, the differences in spectral shapes exhibited by the pixels in our data are mainly
due to differences in the abundances of ferric iron, clay, sulfate and carbonate minerals in
the host sandstone rocks, as well as lignite-bearing mudstone members. Most importantly,
the coverage of our WV3 scene was limited mainly to areas of the Texas Coastal Plain
underlain by Jackson Group rocks with limited exposure of other geologic units, such
as the Catahoula Formation. Laboratory-measured hyperspectral data [8] have shown
that the spectral variability of Jackson Group rocks is minimal from mine site to mine
site. However, Jackson Group rocks can still be distinguished from other overlying and
surrounding sedimentary rock units based on subtle differences in the abundances of the
detectable minerals listed above. Remarkably, more than half of our endmembers spectrally
matched well with actual samples of Jackson Group sedimentary rock units measured
from sections of cores. This confirms that the data have been sufficiently well calibrated to
reflectance in order to apply spectral shape-matching methods such as SAM for spectral
classification. Notably, these endmembers (Supplementary Materials Table S2) could be
useful for extended mapping of other areas outside of our initial image coverage, provided
that additional WV3 images covering other areas of exposed Jackson Group mine waste
material are also well calibrated. In the future, we hope to begin analyzing images covering
other geologic units, such as the Oakville, Catahoula and Goliad formations.

Both the sets of mapping results (i.e., full versus reduced endmember sets) and the
discussion above demonstrate how difficult it is to map source bedrock and mine waste into
separate and unique classes from weathered regolith materials exposed during the course
of agricultural or oil and gas production. In interpreting mine and/or quarry features from
these other landscape features, we relied heavily on topographic information resolved in
the imagery, such as contour plow patterns and rectangular (i.e., topographically level)
patterns typical of oil and gas drill pad features. However, such interpretations cannot
be automated without the use of digital elevation models (DEMs) of sufficient vertical
accuracy and spatial resolution, such as those generated by light detection and ranging
(lidar) instruments (e.g., [69]). Although beyond the scope of this work, Park and Choi [70]
review several studies demonstrating how multispectral (or hyperspectral) mapping results
can be combined with other datasets to help facilitate more automated inventorying of
mine-related landscape features.

Unfortunately, hyperspectral data (i.e., mostly airborne acquired) are not yet widely
available enough for regional- or national-scale mapping of mineral and energy resource-
related waste. However, spaceborne imagery such as ASTER and WV3 (this study), is
currently acquiring an archive of imagery that can help further the goal of regional- to
national-scale inventories of uranium and other mine waste features using the methods out-
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lined in this study. Additionally, planned satellite instruments such as the next-generation
Landsat will have advanced multispectral capabilities with additional band satellites
(e.g., [71]), and will provide imagery for national-scale mapping efforts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/min13070839/s1, Figure S1: Distribution of green and dry vegetation
indices values derived from WV-3 image bands (see caption within figure for details); Table Sla: Raster
histogram of National Landcover Database (NLCD) classes within the study area; Table S1b: Raster
histogram of crop, fallow and native vegetation classes from the 2017 Texas cropland dataset; Table Slc:
Polygon area distribution of shrubland and other vegetation types derived from “Vegetation Types of
Texas” map and updated GIS data described in references [35,36]; Table S1d: Detailed descriptions of
vegetation communities listed in Table S1c from reference [36]; Table S2: Representative WV3 endmember
spectra (x = wavelength, y = reflectance) of all 58 classes described in text and stacked spectral plots; Table
S3: Matrix of spectral similarity between each of the 58 classes and their standard deviation values; Table
S4: Descriptions of spectral endmembers not matched to any Jackson Group rock or core sample shown
in Table 1; Table S5a: Full and more detailed class histogram distribution (than shown in Table 3) for all
58 classes mapped across the entire WV3 scene; Table S5b: 58 class histogram distribution across areas
identified as bare fields; Table S5c: 58 class histogram distribution across areas identified as oil and gas
drill pads; Table S5d: 58 class histogram distribution across areas identified as legitimate bedrock, open-
pit mines and mine waste rock and tailings materials; Table S5e: Full and more detailed class histogram
distribution (than shown in Table 3) for the reduced 23 classes mapped across the entire WV3 scene;
Table S6: Confusion matrix comparison and statistics of the distribution of 23 spectral classes before
and after classification by the exclusion of the other 35 classes described in the text; Table S7: Expanded
detailed comments and other information not shown in the main Table 4 of the article; Table S8a: Full
and complete histogram of all 58 endmember classes not shown on the legend of Figure 7d subset
covering mine features that include the McCrady waste pile and Wright open-pit mine; Table S8b: Full
and complete histogram of the reduced 23 endmember classes not shown on the legend of Figure 7d
subset covering mine features that include the McCrady waste pile and Wright open-pit mine; Table S8c:
Full and complete histogram of all 58 endmember classes not shown on the legend of Figure 8d subset
covering the Spoonamore mine and surrounding features; Table S8d: Full and complete histogram of the
reduced 23 endmember classes not shown on the legend of Figure 8d subset covering the Spoonamore
mine and surrounding features; Table S8e: Full and complete histogram of all 58 endmember classes not
shown on the legend of Figure 9d subset covering the Garbysch-Thane mine and surrounding features;
Table S8f: Full and complete histogram of the reduced 23 endmember classes not shown on the legend
of Figure 9d subset covering the Garbysch-Thane mine and surrounding features.
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