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Abstract
Knowledge of the distribution of acid-generating and 

acid-neutralizing mineral assemblages in the Animas River 
watershed is necessary for accurate assessment of premining 
and anthropogenic contributions to stream quality. To achieve 
this objective, the Jet Propulsion Laboratory (JPL) Airborne 
Visible and Infrared Imaging Spectrometer (AVIRIS) was 
used to acquire visible to near-infrared wavelength spectral 
data over the Animas River watershed. These spectral data were 
processed using the U.S. Geological Survey Tetracorder v3.6a2 
expert system to create a set of georeferenced images detailing 
the distributions of major minerals of interest within the water-
shed. Large exposures of unmined, pervasively altered, and 
locally pyritized rocks mapped by this effort are associated with 
significant acidic runoff. Large areas of propylitized rock con-
taining high concentrations of calcite, chlorite, and epidote were 
also mapped and may contribute significant acid-neutralizing 
potential to the watershed. The distribution of mineral assem-
blages in the watershed strongly affects stream geochemistry, 
dissolved metal concentrations, and overall water quality, which 
must be taken into account when remediation and reclamation 
plans are devised for the Animas River watershed.

Introduction
The Animas River watershed is the site of a coordinated 

effort by several Federal and State agencies and local citizens 
to characterize the extent and severity of environmental effects 
from acid drainage. Acidic water originates both from numer-
ous inactive mine sites that date back as much as a century or 
more, and from extensive areas of unmined mineralized and 
hydrothermally altered rocks. The headwaters of the Animas 
River in the study area of this volume are within the Tertiary 
San Juan and Silverton volcanic calderas, which were associ-
ated with large faults and intense fracturing suitable for later 
mineralization (Yager and Bove, this volume, Chapter E1 
and pl. 1).

As part of this study by the U.S. Geological Survey 
(USGS), the Jet Propulsion Laboratory (JPL) was contracted 
to acquire AVIRIS data (Airborne Visible and Infrared Imaging 
Spectrometer) over the San Juan Mountains and Animas River 
watershed. Methods of infrared spectral analysis developed 
at the USGS have been applied to characterize the surface 
distributions of a number of natural and artificial materials. 
These results are being used in conjunction with field geologic 
mapping, geochemistry, and geophysics to determine the rela-
tive extent of natural and anthropogenic sources of acidic and 
metal-bearing surface runoff, and their effect on water quality. 
The results also show the areal distribution of mineral assem-
blages with acid-neutralizing potential that may to some extent 
mitigate the deleterious effects of acid drainage.
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Imaging Spectroscopy Data: 
Background and Reduction

Materials Characterization by Spectroscopy

Spectroscopy is the study of how energy is differentially 
absorbed and transmitted by materials because of contrasting 
physical and chemical characteristics. Many minerals exhibit 
diagnostic spectral absorption features because of vibrational 
overtones, electronic transitions, charge transfer, and conduc-
tion processes. The causes of these absorption features are 
reviewed in Hunt (1977). Briefly, the absorption of photons 
leads the atom or molecule to an excited state. In many atoms, 
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the absorbed energy can be used to move electrons to higher 
orbitals. In molecules, vibrations, rotations, and translations 
of the component atoms may dissipate the excess energy. All 
atoms and molecules have a limited set of possible excited 
states that are defined by quantum physics. The transition 
between energy states must always be accompanied by the 
absorption or emission of energy in the form of photons at 
discrete wavelengths. Only photons having the energy cor-
responding to a permitted transition may be absorbed.

A mineral is an aggregation of atoms into a crystal 
lattice held together by molecular bonds. All minerals are 
capable of absorbing light at the specific frequencies related 
to the energy states of their component atoms, the harmonic 
oscillations of their particular molecular bonds, and character-
istics of the crystal lattice. Solid objects have colors because 
they preferentially absorb light at the frequencies correspond-
ing to their permitted transitions. The human eye receives the 
reflected (non-absorbed) light, and the brain interprets this as 
color. A spectrometer operates according to the same prin-
ciples, except that it may receive and record reflected light at 
frequencies and wavelengths outside the range of the human 
eye.

To detect and classify materials with visible and near-
infrared spectroscopy, one must first understand their char-
acteristic spectral behavior. Most materials can be grouped 
spectrally into classes on the basis of their diagnostic absorp-
tion features. In the 0.35- to 2.50-µm (micrometer) wavelength 

region, materials can be discriminated on the basis of two 
important types of absorption features, electronic and vibra-
tional (Hunt, 1977 and references therein).

Many of the absorptions of polyatomic molecules lie 
in the visible and infrared wavelength ranges (Hunt, 1977; 
Herzberg, 1989, 1991a,b; Burns, 1993; Clark, 1999). Reflec-
tance spectra (figs. 1–3) relate the amount of light reflected 
by a given material to that reflected from an ideal surface. 
The absorption features diagnostic of a given material appear 
as regions of reduced intensity or troughs in the spectrum, 
centered upon the frequencies of permitted transitions. For 
example, in figure 1, the minerals goethite, hematite, and 
jarosite all exhibit such absorption features at approximately 
0.8–1.0 µm; these are caused by electronic transitions in the 
iron (Fe3+) atoms. Jarosite has additional absorption features 
at 2.0–2.4 µm, related to Fe-OH molecular vibrations. These 
absorption features correspond directly to the molecular struc-
ture of the material being measured. The unique character of 
individual reflectance spectra makes them powerful tools for 
mineralogical and compositional analysis.

The AVIRIS Instrument

The burgeoning field of imaging spectroscopy combines 
aspects of remote sensing and photography with spectroscopy. 
Spectra are typically acquired by a scanning sensor mounted 
on a spacecraft or airborne platform, which passes over the 

Figure 1. Infrared spectra of the iron-bearing minerals jarosite, goethite, and hematite, showing 
the diagnostic absorption features at 0.8–1.0 µm. Sample numbers labeled after mineral names.
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Imaging Spectroscopy  145

study area. Data are recorded on a pixel-by-pixel basis along 
the flightline, creating a single, two-dimensional, gray-scale 
image for each discrete wavelength region, which is repre-
sented by a channel. A typical spectroscopy data set is made 
up of hundreds of such channels, which, when combined into 
a single data set, provide a third, or spectral, dimension to 
the data. Each pixel of the image thus not only represents a 
two-dimensional area on the Earth’s surface, but also contains 
continuous spectral data over a region of the electromagnetic 
spectrum. The spectral data can be viewed in either spectral or 
spatial dimensions.

The Airborne Visible Infrared Imaging Spectrometer 
(AVIRIS) instrument (Porter and Enmark, 1987; Green and 
others, 1988, 1998) operated by the NASA Jet Propulsion 
Laboratory was originally conceived as a test bed sensor for 
development of Earth-orbiting spectrometers. An imaging spec-
trometer usually consists of a telescope and a detector array. 
AVIRIS uses a rotating mirror and a set of four grating spec-
trometers to separate the light into its component wavelengths 
for measurement. The AVIRIS data presented in this chapter 
were acquired from an ER–2 aircraft flying at 65,000 feet above 
sea level. Each pixel of this AVIRIS data nominally represents 
a 17 m by 17 m spatial area on the Earth’s surface. The spectral 
dimension of the data is represented in 224 discrete channels, 

which, when combined, produce a continuous spectrum for 
each pixel over the 0.35- to 2.50-µm wavelength region. The 
signal-to-noise ratios of the data are typically between 800 and 
200, outside of the major atmospheric water vapor absorption 
features at 1.4 and 2.0 µm.

Spectral Analysis

Large spectral data sets, such as those collected by 
AVIRIS, are a challenge to reduce and interpret. Expert sys-
tems and artificial intelligence programs have been developed 
that attempt to classify spectra with a minimum of human 
guidance. Mathematical systems, such as principal com-
ponents and spectral angle mapping (SAM), use statistical 
methods to group similar spectra into classes without any a 
priori information about composition (Sabins, 1987). Neu-
ral network approaches (Haykin, 1999) also classify spectra 
into groups, which are then interpreted by an operator. A 
number of classification methods, including physical models 
such as linear unmixing, Hapke theory (Hapke, 1981, 1993), 
mixture-tuned matched filtering, and others, are reviewed in 
Mustard and Sunshine (1999). Other approaches, such as the 
Tetracorder system developed at the USGS (Clark and others, 
2003), attempt to classify spectra in a scene by applying expert 

Figure 2. Infrared spectra of the minerals kaolinite, muscovite, and halloysite, showing their 
diagnostic 2.2-µm absorption features. The strong absorption feature at 1.4 µm is caused by 
water adsorbed onto the sample and is not useful for remote sensing purposes because of 
atmospheric water vapor. Sample numbers labeled after mineral names. From Clark, Swayze, 
Gallagher, and others, 1993.
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knowledge of diagnostic mineral absorption features in the 
same way a trained spectroscopist would. This physics-based 
approach allows the algorithm to uniquely identify specific 
materials that exist at the surface.

The Tetracorder expert system (Clark and others, 1990, 
1991; Clark, Swayze, and Gallagher, 1993; Clark and Swayze, 
1995; Dalton and others, 1998; Dalton, 2000; Dalton and oth-
ers, 2000; Swayze and others, 2000; Clark and others, 2003 
and references therein) is a rule-based program for classifica-
tion of spectral data on the basis of comparisons to a library 
of reference spectra of minerals, mineral mixtures, vegetation, 
water, and man-made organic materials. The reference library 
is composed of laboratory measurements of the reflectance 
spectra from pure samples of materials of interest.

The results of Tetracorder spectral analysis are grouped 
and displayed on the basis of the types of dominant diagnostic 
absorption features. For presentation purposes, separate maps 

are generated for the iron-bearing minerals (electronic absorp-
tions), and the phyllosilicate/carbonate/sulfate/silica minerals 
(vibrational absorptions).

Spatial Corrections and Orthorectification

Data acquired by the AVIRIS sensor are provided to the 
user in radiance format. After the radiance spectral data have 
been converted to reflectance values using a path-radiance 
and ground calibration correction scheme (Clark, Swayze, 
Heidebrecht, and others, 1993; Clark and others, 2002), the 
Tetracorder processing is applied. Once the resultant imagery 
has been engineering-corrected for platform motion, the images 
are much closer to a flat x-y plane. Some residual spatial distor-
tions still remain, and the effects of topography must be taken 
into account. Traditional orthorectification processes cannot 
be used for AVIRIS airborne scanner data because the image 
is not acquired instantaneously as in aerial photography. Each 
pixel of each scan line has a unique geometric model. Radial 
basis functions, such as multiquadric (Ehlers and Fogel, 1994) 
and thin plate spline (Bookstein, 1989), were used for this 
study because they have produced the best results for ortho-
rectification of airborne scanner data (Wiemker and others., 
1996; Ehlers, 1994; Ehlers and Fogel, 1994). Root mean square 
(RMS) errors were nominally kept in the 3- to 4-m range, with 
no RMS errors over 10 m. The registration was checked by 
selection of points throughout the AVIRIS image and com-
parison to the same points in the USGS 1-m digital orthophoto 
quadrangle (DOQ) images. Comparisons of the AVIRIS image 
were also checked against revised hydrography and transporta-
tion vectors. The distances between the revised vector features 
and DOQs, and the rectified imagery were generally within one 
to two pixels. Further details of the correction procedures are 
given in Dalton and others (2005).

Discussion

Animas River Watershed AVIRIS Coverage

The flight acquisition program was designed to cover 
the Animas River and its drainage basin. In this report, we 
have focused on a portion of the headwaters, mostly within 
the boundaries of the Silverton and San Juan calderas, a highly 
mineralized area that is the source of acidic runoff into the 
Animas River. The Silverton caldera is roughly circumscribed 
by Mineral Creek and the Animas River upstream of Silverton 
(Yager and Bove, this volume). Data were acquired during 
two overpasses of the ER–2 aircraft carrying the AVIRIS 
instrument. The outline of the merged AVIRIS data set is 
overlaid upon a Landsat Thematic Mapper image (fig. 4). The 
Animas River watershed in Colorado covers a region bounded 
approximately by lat 37°15' and 38° N. and long 107° and 
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Figure 3. Infrared spectra of the minerals calcite, chlorite, and 
epidote, showing the 2.3-µm absorption feature, which differs 
slightly for each mineral. The lower spectrum is of sample 
SJ98–74D, a rock which contains all three minerals in a fine-
grained mixture.
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Figure 4. Landsat image of Animas River watershed, showing area covered by AVIRIS data. Flightlines 
outlined in red. The two smaller rectangles are the area of the Red Mountain scene (fig. 5, outline a) and 
Silverton scene (fig. 5, outline b) discussed in this report.



108° W. and is between the towns of Durango and Ouray, Colo. 
(fig. 4) in the San Juan Mountains. The flightlines extend from 
a headwater region at Animas Forks, Colo., to agricultural areas 
near Hermosa, Colo. (figs. 4, 5). The AVIRIS data coverage 
includes most of the watershed in Colorado, including the 
heavily mineralized areas of Red Mountain, Ohio Peak, Anvil 
Mountain, and peak 3,792 m (between Middle Fork and South 
Fork Mineral Creek) (Yager and Bove, this volume, fig. 4); and 
it thus reaches into territory outside the specific study area of 
this volume. Much of the region is covered by dense vegetation, 
preventing remote assessment of the geology in large areas. 
Within the mountains, however, heavily mineralized zones and 
other locations contain scant if any vegetation, permitting direct 
insight into geologic trends and mineral distributions.

Spectral Mapping Results

Tetracorder compositional maps for the Red Mountain 
scene (area a, fig. 5) are shown in figures 6 and 7, and 
cover an area bounded by lat 37°50'40" to 37°57'40" N. and 
long 107°37'0" to 107°43'50"W. Figures 8 and 9 are com-
positional maps for the Silverton scene (area b), which is 
bounded by lat 37°42'40" to 37°49'40" N. and long 107°37'55" 
to 107°44'05" W.

Iron-Bearing and Associated Minerals
The Fe3+ and Fe2+ crystal field transitions in the 1 µm 

spectral region provide a convenient tool to discriminate 
iron-bearing minerals through visible and near-infrared 
spectroscopy. Of greatest importance to this study was the 
identification of the pyrite (FeS

2
) oxidation assemblage 

products. Although difficult to detect spectrally, pyrite is 
the predominant source of acidic drainage in the study area 
(Bove and others, this volume; Mast and others, this volume, 
Chapter E7). Pyrite is extremely dark in the infrared, and its 
only absorption features in the visible to near-infrared (VNIR) 
region are very weak compared to those of other iron-bearing 
minerals. However, weathering of pyrite produces the miner-
als jarosite (K

2
Fe3+

6
(SO

4
)

4
(OH)

12
), goethite (Fe3+O(OH)), and 

hematite (α-Fe
2
O

3
), which are readily distinguished on the 

basis of strong VNIR absorption features (fig. 1) (Swayze and 
others, 2000). The pyrite weathering sequence (Swayze and 
others, 2000) is closely linked to production of acidic runoff, 
and these minerals, particularly jarosite, serve as indicators 
of the presence of pyrite (Swayze and others, 2000). As an 
end product, hematite is not responsible for acid production, 
but these three minerals tend to occur in roughly concentric 
zones, with the highest jarosite and pyrite concentrations at 
the center, goethite in the intermediate zones, and hematite at 
the outer edges (Rose and Burt, 1979; Sabins, 1987; Swayze 
and others, 2000). These minerals, as well as maghemite 
(γ–Fe

2
O

3
), and schwertmannite (Fe

8
O

8
(OH)

6
SO

4
), are read-

ily discriminated by their diagnostic crystal field absorptions 
arising from ferric iron in the 0.8- to 1.0-µm spectral region 

(fig. 1). Very little maghemite and schwertmannite were identi-
fied spectrally in the Animas River watershed. Because the 
hematite spectrum is strongly affected by grain size, it was 
possible to separate fine-grained nanocrystalline hematite from 
the coarser grained variety. These grain size differences may 
reflect the process of formation.

An additional suite of Fe2+-bearing minerals is widely 
distributed in the region. The Fe2+-bearing minerals are 
important in that they tend to differentiate weakly altered 
rock from intensely altered and pyritized rock. Field mapping 
within the study area demonstrates that propylitic to weak 
sericitic altered rocks (characterized by an illite-dominated 
spectral signature) typically map as Fe2+-bearing minerals in 
the 1-µm region. These occurrences of Fe2+-bearing minerals 
generally reflect oxidation of primary Fe-Ti oxide and other 
iron-bearing minerals. In contrast, more intensely altered rock 
of the quartz-sericite-pyrite assemblage (Bove and others, this 
volume), which may also map as illite-dominant in the 2.0- to 
2.5-µm spectral region, was found to also contain Fe3+-bearing 
minerals such as goethite and jarosite. What is also of inter-
est is that these materials, along with amorphous iron oxides, 
ferrihydrites (5Fe

2
O

3
•9H

2
O), and amorphous iron hydroxides, 

have been identified along stream reaches of the Animas River 
watershed and are believed to have precipitated from metal-
rich acidic stream waters (Dalton and others, 2000; Church and 
others, 2000). However, because the precipitated mineral zones 
along streams tend to be small fractions of the AVIRIS pixel 
area, spectral identification of these precipitates is limited by 
their low relative contribution to the collected radiation field.

Plagioclase is a primary rock-forming mineral common in 
volcanic rocks, but it is difficult to detect spectrally because of 
its weak VNIR absorption features. Where identified spectrally, 
plagioclase has been mapped in the AVIRIS images; however, 
this identification should be considered tentative because of 
the weak absorption features and other uncertainties regarding 
spectral identification of this mineral. Plagioclase is much 
more prevalent than the images indicate, so its absence in the 
images should not be interpreted to mean that it is not pres-
ent in the rocks. Rather, the spectral signature of plagioclase 
is easily overshadowed by that of other minerals. The images 
mapping the distribution of iron minerals also include epidote 
and some chlorite identified on the basis of 1-µm spectral com-
parisons. These mineral identifications should be considered 
supplemental to the more complete mineral maps of the iron 
minerals derived from 2-µm spectra.

The Red Mountain area between Ouray and Silverton 
exhibits most of the salient features characteristic of the iron 
oxide minerals (fig. 6). The processed AVIRIS data in this 
image correspond to a portion of the 1:24,000-scale Ironton 
quadrangle (U.S. Geological Survey, 1955a). The northwest 
boundary of the Silverton caldera can be generally discerned 
from the concentration of mineralized zones about the primary 
hydrothermal alteration zones. Hematite is widely distributed 
along the ridges of Telluride Peak and Hayden Mountain 
(reds and oranges in fig. 6). These ridges are separated from 
Red Mountain by Ironton Park and Red Mountain Creek. 
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Red Mountain Creek flows northward into the Uncompahgre 
River; it does not flow into the Animas River. Red Mountain 
is dominated by goethite (green), as well as some jarosite 
(dark blue) and hematite (center, fig. 6). These minerals 
are the products of pyrite weathering that generally defines 
the large zone of acid-sulfate alteration centered in the Red 
Mountains area (Bove and others, this volume). The facing 

peaks of Telluride and Hayden Mountains are outside this 
zone of alteration and hence display different mineralogy 
arising from inherent changes in alteration intensity and pyrite 
concentration. Red Mountain and Cement Creeks are high-
lighted by the presence of precipitated secondary iron oxide 
minerals along their banks (mainly goethite with some ferrihy-
drite and amorphous iron hydroxides). This is the result of the 

Figure 5. Map of Animas River watershed study area and vicinity, showing geographic features referenced in text. 
Rectangular outlines delineate borders of the AVIRIS data acquisition and specific regions discussed herein and covered 
in figures 6–9. The Silverton caldera is roughly outlined by Mineral Creek and the upper Animas River.
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low pH and high dissolved metal concentrations in the streams 
draining the heavily mineralized Red Mountain area (Wright 
and others, this volume, Chapter E10). The location of the 
American tunnel (mine # 96, Church, Mast, and others, this 
volume, Chapter E5) along Cement Creek is also recogniz-
able by its high concentration of iron-bearing minerals (lower 
right, fig. 6). The scattered workings of the Idarado mine are 
also apparent on the west side of Red Mountain. The primary 

tailings sites of the Idarado mill complex along Red Mountain 
Creek (center near top of fig. 6), however, are not obvious 
because they have been buried and the surface planted with 
grass. Only a rim, spectrally dominated by goethite, surround-
ing a noticeably homogeneous surface, hints at the presence 
of a covered mill tailings pile. Smaller prospects and tailings 
piles, in contrast, are revealed as exposures of jarosite and 
goethite dotting the surrounding mountains.

Figure 6. Red Mountain scene showing distributions of minerals having absorption features in the 1-µm spectral 
range in an acid-sulfate hydrothermal alteration zone within the Silverton caldera. Image coordinates are lat 37°50'40" 
to 37°57'40" N. and long 107°37'0" to 107°43'50" W. (box a, fig. 5).
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Clay, Mica, Carbonate, and Sulfate Minerals

Many of the minerals associated with hydrothermal 
alteration exhibit diagnostic vibrational absorption features in 
the 2-µm spectral range of the infrared spectrum. The altera-
tion products and other minerals identified from this spectral 
range include the clay, mica, carbonate, and sulfate miner-
als. As with the iron oxides, these minerals tend to occur in 
discrete assemblages that have characteristic zonation patterns 

related to changes in temperature and chemistry of the associ-
ated hydrothermal fluids (Rose and Burt, 1979; Sabins, 1987; 
Bove and others, this volume; Yager and others, 2000).

The clay minerals typically exhibit strong absorption fea-
tures near 2.2 µm arising from vibrational absorptions related 
to the Al-OH structural bond (fig. 2). The fine structure within 
these absorption features arises from the specific structure and 
orientation of the molecules within the crystal lattice. As a 
result, minerals such as kaolinite (Al

2
Si

2
O

5
(OH)

4
), muscovite 

Figure 7. Red Mountain scene (box a, fig. 5) showing distribution of minerals having absorption features in the 2-µm 
spectral range.
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can be separated from each other solely on the basis of their 
2.2-µm absorption features. The wavelength center of the 
2.2-µm absorption feature is slightly different for each min-
eral; furthermore the shape and relative depth of the absorp-
tion feature also vary. In kaolinite, for example, the absorption 

feature separates into a doublet (two closely spaced reflectance 
minima, fig. 2) because of variations of composition and 
structure. A finer discrimination for muscovite is achieved by 
utilizing its weak 2.35-µm absorption as well. These differ-
ences are exploited by the Tetracorder system to discriminate 
and map specific minerals.

Figure 8. Silverton scene showing distribution of minerals having absorption features in the 1-µm spectral range, along 
Mineral and Cement Creeks, and the Animas River. Image coordinates are lat 37°42'40" to 37°49'40" N. and long 107°37'55" 
to 107°44'05" W. (box b, fig. 5). Note that oval-shaped area near northeast corner of area in scene is large tailings pond 
composed mostly of material from the Sunnyside mine.
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Figure 7 shows the distribution of minerals identified 
in the 2.0- to 2.5-µm spectral region in the Red Mountain 
area. Sulfide minerals in acid-sulfate systems are usually 
deposited in a breccia-hosted silicic zone dominated by sub-
stantial quartz and smaller amounts of alunite and kaolinite 
(Luedke and Burbank, 1966; Fisher and Leedy, 1973; Bove 
and others, this volume). Sodium and potassium alunite may 

be discriminated spectrally, and are given separate colors in 
figure 7. Beyond the silicic zone is usually a zone of argillic 
alteration, which hosts many clay minerals, including kaolin-
ite, halloysite, dickite, and pyrophyllite along with minor alu-
nite (Meyer and Hemley, 1967; Bove and others, this volume). 
Smectitic clays are commonly mapped on the periphery of 
these zones and grade outward into propylitic-altered zones, 

Figure 9. Silverton scene (box b, fig. 5) showing distribution of minerals having absorption features in the 2-µm spectral 
range, including calcite, in the region surrounding the town of Silverton.
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in which chlorite, epidote, and calcite are abundant. Micas 
such as illite (Eberl and others, 1987; Bove and others, 2000) 
or fine-grained muscovite are found in argillic, quartz-sericite-
pyrite (QSP), and propylitic zones.

The term sericite is a general name used to describe 
highly birefringent, fine-grained mica in the vicinity of hydro-
thermal mineral deposits (Eberl and others, 1987; Srodon 
and Eberl, 1984; Meyer and Hemley, 1967). This term has 
been loosely applied over time and can include muscovite 
(KAl

2
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Al)O

10
(OH,F)
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), paragonite (NaAl
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(Fleischer and Mandarino, 1995). These minerals are all 
compositionally and structurally quite similar (Klein and 
Hurlbut, 1993), particularly with regard to the position of the 
hydroxyl components. As a result, their spectra are also very 
similar, especially in the 2-µm spectral range, which is most 
sensitive to hydroxyl vibrational transitions (Hunt and others, 
1973; Hunt and Ashley, 1979). For example, muscovite (fig. 2) 
exhibits spectral behavior arising from hydroxyl at 2.20, 2.35, 
and 2.45 µm. The positions and relative strengths of these 
absorption features are very close to those in paragonite and 
illite (Hunt and Ashley, 1979; Clark, Swayze, Gallagher, and 
others, 1993). Virtually all of the mica encountered in the field 
during this study was determined by X-ray diffraction and 
geochemical analysis to be illite (Bove and others, 2000; Eberl 
and others, 1987). Hence, in this report the term sericite will 
be used in its general sense, with the understanding that illite 
is the most abundant form of mica in the region (Eberl and 
others, 1987).

As stated previously, the iron sulfate mineral jarosite 
is characterized by absorption features arising from both 
electronic (crystal field, ≈0.9 µm) and vibrational (Fe-OH, 
2.27 µm) processes. As the Tetracorder system queries image 
spectra for these features independently, these minerals can be 
present on both types of materials maps. Discrepancies in the 
distributions of jarosite between the two maps exist because 
the 2.27-µm absorption of jarosite is often masked by Al-OH 
absorption features related to the phyllosilicates. In areas 
where few phyllosilicates are present, jarosite can be reliably 
mapped using the 2.27-µm absorption feature. Chlorite and 
epidote also are characterized by both types of absorption 
features, and can thus be on both mineral maps. Like jarosite, 
chlorite is most reliably identified using electronic absorp-
tion features (0.6–1.0 µm), whereas epidote is more reliably 
mapped using the 2.25- and 2.33-µm vibrational features.

Whereas the Tetracorder method does not provide 
quantitative abundance estimates for mixtures of minerals, it 
can determine when one material is spectrally dominant. In 
figure 7, for example, “Kaolinite and alunite” is denoted by 
a light orange, whereas a darker orange is used for “Alunite 
with pyrophyllite.” In the former case, the kaolinite and 
alunite occur in roughly equivalent proportions, so the color 
is assigned to kaolinite and alunite, more or less equally. The 
term “Alunite with pyrophyllite” on the other hand implies 
that the dark-orange pixels are dominated by alunite, with 
lesser amounts of pyrophyllite. It is a subtle distinction, but 
one that requires a minimum of space on the figure and depicts 

the subtle mineralogical changes in the hydrothermal altera-
tion mineral assemblage. Similar logic applies to mixtures 
of three or more minerals. “Alunite with muscovite and (or) 
pyrophyllite” means that alunite is dominant, but either sericite 
or pyrophyllite, or both, may be present. Sorting out the rela-
tive abundances of the minor components by remote sensing 
alone may prove intractable for some of these cases.

Calcite, Epidote, Chlorite, and Sericite
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similarly shaped absorption features in the 2.2- to 2.4-µm 
spectral region arising from metal-OH vibrations. Because of 
calcite’s ability to neutralize acidic water resulting from the 
weathering of pyrite, distribution of calcite in the watershed 
is very important. Chlorite also has a slight to perhaps moder-
ate acid-neutralizing potential (Desborough and others, 1998; 
Jambor and others, 2000), though it is an order of magnitude 
less effective than calcite. Limestone occurs throughout the 
sedimentary rocks outside the Silverton caldera. Some of this 
limestone was identified using AVIRIS data (Dalton and others, 
1998). Calcite-bearing propylitic alteration zones containing 
abundant epidote and chlorite also occur within the caldera 
region and may be responsible for significant neutralization of 
acidic water (Bove and others, 2000; Dalton and others, 2000).

Progress in mapping the extent and composition of the 
propylitic zones was hampered by the spectral similarity of the 
diagnostic absorption features of calcite, epidote, and chlorite 
(Dalton and others, 1998, 2000, 2001; fig. 3). Although the 
pure end members may be readily distinguished using labora-
tory spectra, the identical center positions of these absorption 
features make it difficult to correctly identify mixtures of 
these three minerals using AVIRIS data. The lower spectrum 
in figure 3 is from a rock, sample SJ98–74D. This sample is 
a fine-grained, propylitically altered igneous rock containing 
abundant epidote (approximately 45 percent) intimately mixed 
with about 7 percent calcite and 11 percent chlorite.

Where calcite, epidote, and chlorite occur together with 
sericite (illite), the 2.35-µm hydroxyl absorption feature in 
the sericite spectra (muscovite in fig. 2) interferes with the 
comparisons of the 2.34-µm absorption features of the calcite, 
chlorite, and epidote (fig. 3). However, the 2.20-µm absorp-
tion feature in sericite is readily distinguished, and so pixels 
containing sericite in combination with calcite, epidote, or 
chlorite have been identified as such. Further interpretation of 
these spectra was not possible, but it might be accomplished 
by a detailed laboratory investigation of the type reported in 
Dalton and others (2001), focusing on the six minerals (cal-
cite, epidote, chlorite, muscovite, paragonite, and illite) and 
combinations thereof, rather than just the first three minerals. 
Such a study would be valuable in extending the capabilities of 
remote sensing for characterization of hydrothermally altered 
rocks. Still, useful results have been obtained by classifying 
mixtures of these materials into categories, establishing a 
primary phase where possible.
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Acid-Generating and Acid-Neutralizing Mineral 
Assemblages

Whereas AVIRIS spectroscopy cannot directly mea-
sure acidity of surface waters, it can reveal much about the 
surrounding minerals that affect and are affected by stream 
pH. Several minerals associated with acid-generating poten-
tial are readily identified in the 1-µm spectral range. These 
include goethite, hematite, and jarosite, which are products of 
pyrite weathering and therefore indicative of acid-generating 
potential (Desborough and others, 2000; Williams and others, 
2002). Other ferric iron-bearing minerals include schwertman-
nite and ferrihydrite, which are deposited in waters having 
acidic to nearly neutral pH (Desborough and others, 2000). 
Minerals with acid-neutralizing potential are essentially 
limited to calcite and chlorite (Desborough and others, 1998; 
Bove and others, this volume) and are most easily detected 
by looking in the 2.0- to 2.5-µm spectral range. Such infor-
mation contained in the preceding maps can be combined to 
determine the distributions of the acid-generating and acid-
neutralizing mineral assemblages.

Figure 8 is a map of minerals identified in the 1-µm spec-
tral region in the area around the town of Silverton, Colo. The 
image corresponds to a portion of the 1:24,000-scale Silverton 
quadrangle (U.S. Geological Survey, 1955b). The streets of 
Silverton can be seen outlined by different minerals identified 
from the AVIRIS data (upper right, fig. 8). The Animas River 
enters the scene from the upper right and flows south past 
the town, where it is joined first by Cement Creek, and then 
by Mineral Creek. Both creeks drain the Red Mountain area, 
and they consequently have low pH (≈3–3.7) and high dis-
solved metal concentrations (Wright and others, this volume; 
Kimball and others, this volume, Chapter E9). Mineral Creek 
is indicated by the presence of goethite (green, fig. 8). The 
yellow pixels downstream from the confluence of Cement 
Creek in the Animas River indicate the presence of iron col-
loids precipitated out of the stream following mixing with the 
more neutral water in the Animas River (Schemel and others, 
2000; Church, Fey, and Unruh, this volume, Chapter E12). 
Note the dominance of jarosite and goethite in pixels mapped 
along the slopes of Anvil Mountain north of Mineral Creek at 
the top of the image (fig. 8, 1-µm scene). The slopes of Anvil 
Mountain along the north side of Mineral Creek also contain 
significant alunite, kaolinite, and pyrophyllite, which reflect 
the acid-sulfate alteration suite (fig. 9, 2-µm scene; Bove and 
others, this volume).

The corresponding map of minerals identified in the 2-µm 
spectral region (fig. 9) illustrates the relative abundance of cal-
cite and chlorite, the two major minerals with significant acid-
neutralizing potential in the Animas River basin. Rocks of the 
slopes of Kendall Mountain, directly southeast of the town of 
Silverton (upper right edge, fig. 9) are altered to the propylitic 
assemblage dominated by chlorite, epidote, and calcite, and 
were not influenced by the hydrothermal fluids that formed the 
acid-sulfate minerals on Anvil Mountain. The headwaters of 
the Animas River in our study region are also surrounded by 

significant exposures of propylitically altered rock containing 
abundant calcite and chlorite, which together have a high acid-
neutralizing potential (Desborough and Yager, 2000; Bove and 
others, this volume). The streambeds of Mineral and Cement 
Creeks are dominated by goethite and iron-bearing minerals, 
including amorphous iron oxides and hydroxides precipitated 
from the streams. As these two relatively acidic and metal-
laden streams mix with the higher pH water of the Animas 
River, aluminum oxy-sulfates and Fe-oxy-hydroxides pre-
cipitate, coating the rocks on the banks and in the streambed 
(Church, Fey, and Unruh, this volume). Another exposure of 
calcite-epidote-chlorite-altered rock is visible just downstream 
of Silverton (fig. 9). Farther downstream, the Animas River 
flows out of the Silverton and San Juan calderas through a 
sequence of sedimentary rocks in the Pennsylvanian Hermosa 
Formation that contain limestone. This sequence of bed-
ded, carbonate-rich rocks, which spectrally map as calcite, 
manifests as parallel bands (colored yellow, lower left corner, 
fig. 9). The streams that pass through the Lime Creek subbasin 
contribute significant acid-neutralizing potential to the water-
shed and reduce metal toxicity of dissolved metals (Besser and 
Brumbaugh, this volume, Chapter E18; Besser and others, this 
volume, Chapter D).

Sources of Acidic Drainage

Because vegetation obscures much of the mineralogy of 
the San Juan Mountains, the detailed hydrothermal alteration 
mineral assemblage map must be developed using field map-
ping and geologic interpretation (Bove and others, 2000; Bove 
and others, this volume). Within the Animas River watershed 
study area, the most heavily mineralized zones are associated 
with the greatest production of acidic runoff (Mast and others, 
this volume; Bove and others, this volume) and are delineated 
by the presence of ferricrete deposits (Verplanck and oth-
ers, this volume, Chapter E15; Wirt and others, this volume, 
Chapter E17; Yager and Bove, this volume, pl. 2). This applies 
equally to mined and unmined regions. Such localities are 
typically marked by an abundance of jarosite in the mapped 
pixels, and are so acidic that very little vegetation is present in 
these areas, simplifying the task of determining their distribu-
tion. Tailings piles associated with mines, mills, and prospects 
(Church, Mast, and others, this volume) and pervasively 
altered areas such as those at Red Mountain, peak 3,792 m 
(Yager and others, 2000), Ohio Peak and Anvil Mountain, 
and elsewhere (Bove and others, this volume) are readily 
identified and mapped using the AVIRIS imagery (Dalton and 
others, 2001) on the basis of the 1-µm spectral characteris-
tics described herein. Percolation of rainwater and snowmelt 
through finely divided metal-rich mill tailings or mountains 
perforated with mine workings produces acidic drainage. 
Naturally mineralized areas with zones of pervasive pyrite 
also create significant acidic runoff (Fey and others, 2000; 
Nash and Fey, this volume, Chapter E6; Mast and others, this 
volume; Bove and others, this volume).



Summary and Conclusions
The mineral maps shown in figures 6 through 9 cor-

respond to only a small portion of the complete AVIRIS 
coverage (fig. 4). Comprehensive treatment of the full study 
area and scope is presented in Dalton and others (2005). 
The AVIRIS data set covers all portions of the Animas River 
watershed that lie within the Silverton caldera (fig. 2), and 
most of the significant sources of acidic and metal-bearing 
waters. The primary assemblages of minerals associated with 
acid-generating potential have been mapped and field-checked 
in the watershed. Because the soil is highly acidified in the 
presence of these minerals, interference from encroaching 
vegetation is minimized. The distributions of the primary acid-
neutralizing minerals calcite and chlorite have also been deter-
mined, including calcite in limestone south of the Silverton 
caldera. These results will be useful for approximating the 
levels of acid-generating and acid-neutralizing potential within 
the watershed.

Primary areas of acid-generating potential within the 
watershed are concentrated within the Silverton caldera. The 
full AVIRIS image mosaics (Dalton and others, 2005) show 
these in detail and were used in the compilation of the hydro-
thermal alteration maps (Bove and others, this volume). Pro-
pylitic alteration dominates much of the exposed rock on the 
east side of the Silverton caldera, as indicated by the calcite-
epidote-chlorite assemblage, and provides acid-neutralizing 
potential. In the Red Mountain and Ohio Peak-Anvil Mountain 
areas, acid-sulfate alteration assemblages maintain the pH 
of Mineral and Cement Creeks at values < 4.5; likewise, the 
quartz-sericite-pyrite alteration assemblage at peak 3,792 m 
also contributes water having a low pH and high dissolved 
metal loads (Mast and others, this volume; Kimball and others, 
this volume; Wright and others, this volume). Similar results 
hold for smaller deposits elsewhere. The upper Animas River, 
upstream from Silverton to Eureka Gulch, drains a basin con-
taining far more propylitically altered rocks with substantial 
acid-neutralizing potential (Dalton and others, 2000, 2005), 
which is one of the major reasons that the upper Animas River 
has a near-neutral pH (>6.5). Small tailings piles, adits, and 
prospects dot these slopes (Church, Mast, and others, this 
volume); in addition, barren scarps of pervasively altered and 
pyritized rock are present. However, the presence of areas of 
propylitically altered rock in this basin helps to mitigate the 
effects of the acid-generating minerals. South of Silverton, 
outside the caldera margins, areas containing acid-generating 
minerals are nearly absent, whereas sedimentary limestone is 
abundant. As a result, these tributaries of the Animas River 
have near-neutral pH and contain low concentrations of dis-
solved metals. In contrast, pH of the Animas River is also near 
neutral, yet it still carries substantial metal loads (Kimball and 
others, this volume) from drainages upstream.

The field of imaging spectroscopy is now established as a 
practical and comprehensive approach (King and others, 2000; 
Swayze and others, 2000) to the study of acidic mine drainage. 

New digital remote sensing methods enable the characteriza-
tion and mapping of mineral suites over a large study area at 
relatively low cost, which is critical to the watershed approach 
needed to deal in a cost-effective manner with the environmen-
tal effects of historical mining.

The interplay of acid-generating and acid-neutralizing 
mineral assemblages affects the geochemistry of surface and 
ground water throughout the Animas River watershed. Using 
imaging spectroscopy, scientists can map the distributions 
of mineral suites and use them to make informed decisions 
regarding acid rock drainage and associated remediation 
efforts. As expected, the most significant production of acidic 
surface waters originates within the most pervasively altered 
and pyritized portions of the watershed. These are the regions 
approximately bounded by the Animas River, Mineral Creek, 
and Red Mountain Creek, and containing Animas Forks, the 
Red Mountains, Anvil Mountain, and peak 3,792 m. Com-
panion studies by the USGS, some of which are presented in 
this volume, suggest that acidity within reaches downstream 
of these areas may be more influenced by weathering of these 
hydrothermally altered rocks than by discharge from mining 
and exploration activity (Wirt and others, 2001; Mast and oth-
ers, this volume; Kimball and others, this volume; Walton-Day 
and others, this volume, Chapter E24). Areas dominated by 
propylitic alteration and containing only small percentages of 
pyritized rock are important in neutralizing acidic rock drain-
age in surrounding streams (Bove and others, this volume; 
Mast and others, this volume). The AVIRIS results provide an 
important component useful in mapping the distributions of 
hydrothermal alteration mineral assemblages, and the deter-
mination of their relative contributions to the chemistry of the 
Animas River watershed.
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