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ABSTRACT

This thesis evaluates the use o f imaging spectrometers to map surface materials at
the Bauer Mill tailings site. Results from the AVTRIS, CASI, SFSI, and Hyperion
imaging spectrometers are compared and used to map potential environmental hazards
associated with sulfidic mine and mill wastes. Aerial photograph interpretation, and field
study, together with field portable x-ray fluorescence (FPXRF), XRD, and laboratory
visible and reflected infrared spectroscopy (VRIS) analyses o f ground samples were
carried out in support of, and to confirm the results o f the imaging spectrometer maps.
This investigation was conducted in conjunction with a larger imaging spectrometer
(hyperpsectral imaging) abandoned mine land (AML) study sponsored in part by NASA
through the Earth Observations Commercial Applications Program (EOCAP).
The area is underlain by lacustrine sediments of latest Pleistocene (32 to 13 ka) Lake
Bonneville. The sediments consist o f gravel in beach and bar deposits and a blanket o f
limey sand and silt. The VRI-active minerals calcite, smecite, and illite make up a minor
part of the lacustrine sediments.
Sulfidic, limonitic, and windblown tailings on the site variably consist o f minor
amounts of the VRI-active minerals jarosite, goethite, gypsum, dolomite, and smectite.
Pyrite was found by XRD to be present in most o f the tailings units, even at the extreme
limits o f the windblown plume. FPXRF analysis o f 96 samples from the site reveal that
the tailings contain on average 0.38 percent arsenic, 1.4 percent lead, 0.46 percent zinc,
290 ppm copper, and 75 ppm mercury across a 1.5 by 4 kilometer area. The small
amount o f sulfide observed in most tailings units indicates that the bulk o f the metals are
being carried by the limonite minerals goethite and jarosite.
Jarosite and goethite maps define the majority o f the tailings and indicate that the
windblown tailings plume continues off o f the site to the north, away from encroaching

residential development. Correlation o f the one-micron maps to ground samples is
relatively good except for areas that are even weakly vegetated and for the sulfidic
tailings where the high percent o f sulfides has depressed the VRI response.
AVTRIS two-micron maps o f gypsum and dolomite can be combined to identify the
bulk o f the tailings, but these maps fail to identify the full extent of the windblown
tailings plume and the sulfidic tailings. Gypsum and dolomite are apparently below the
detection limit o f the AVTRIS with the processing path used in this study in the
northernmost end o f the windblown tailings. The sulfidic tailings are a difficult target for
imaging spectroscopy because of the depressed reflectance caused by sulfide.
Calcite is mostly mapped where caliche-cemented gravel has been exposed in the
Bonneville complex and where fines have accumulated in the Provo complex. Illite, not
recognized to be a significant mineral at Bauer with the laboratory VRIS, is mapped in
the limonite anomaly and the gravel pit operating in the Provo shorelines. Smectite is
mapped in nearly all o f the non-vegetated areas o f the site. AVTRIS was therefore
partially successful in differentiating the lacustrine units. Correlation o f the two-micron
maps to the ground samples is poorer than anticipated, likely due to the low abundance o f
the two-micron minerals and the poor atmospheric calibration of the imaging
spectrometer data.
The commercially available one-micron region CASI did nearly as well as the
AVTRIS for mapping jarosite and goethite. Because the CASI was not configured for
continuous sampling and it does not cover the entire one-micron region, a new approach
to identifying jarosite was developed. Based on the laboratory VRIS o f ground samples,
pure jarosite has a local maximum short o f 0.73 pm. Mixtures o f jarosite and goethite
have maximums between 0.73 pm and 0.76 pm and jarosite is absent in samples with
local maximums beyond 0.76 pm. The Hyperion spacebome imager mapped jarosite, but
not goethite. The usefulness o f the Hyperion data was limited by the presence o f a cloud
shadow over the northern half o f the site.

The commercially available two-micron sensor SFSI was able to map illite and a
gypsum/tailings unit. It was not able to map carbonates. A generic 2.2 pm clay
absorption feature is the only recognizable two-micron absorption feature present in the
Hyperion data. The SFSI and Hyperion imagers are therefore inferior to the AVIRIS for
mapping surface materials at Bauer.
The tailings at Bauer have the potential to produce acid drainage and associated
contamination o f ground water by metals. The threat of ground water contamination is
tempered by the presence o f carbonate in some o f the tailings units and the underlying
lacustrine sediments, and the low net annual precipitation for the area o f 38 mm. The
sulfidic and jarosite-dominant limonitic tailings have the greatest potential to produce
acid, while water in the other mine and mill waste units is likely buffered to near neutral
pH by carbonate before reaching the water table. It is likely that the greatest
environmental risk posed by the tailings is the accidental inhalation and/or ingestion of
the metal-laden tailings by recreational and industrial users o f the site.
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CHAPTER 1
INTRODUCTION

1.1 Introduction
Identification and characterization o f potentially environmentally hazardous sulfide
mine and mill wastes have become priorities o f governmental land mangers and the
mining industry in recent years. The rush to develop mineral resources to supply the
emerging U.S. economy and to use at times o f war during the last century resulted in
hundreds o f thousands of unreclaimed waste rock and mill tailings piles across the
American West. However, only a small percentage o f these sites contributes significant
acid rock drainage and hazardous metals to the environment. There is therefore a need
for an efficient means of cataloging and prioritizing remediation o f abandoned mine lands
(AML). Imaging spectroscopy has been shown to be a useful tool for identifying and
characterizing AMLs and is a technology on the threshold of commercialization.
The Bauer Mill tailings site is an example of an AML that has been recognized as
potentially environmentally hazardous. To date, only limited work has been done to
define the distribution of mineral extraction waste products present at the site. The goals
o f this project are to determine what level o f characterization o f the mine and mill wastes
present at the site is possible using imaging spectroscopy, and to compare the results
between the proven technology o f a government-owned research sensor and a
commercially available imaging spectroscopy system.
The Bauer site is located at the south end o f the Tooele Valley in north-central Utah
about 55 kilometers southwest of Salt Lake City (Figure 1.1). The site is bounded on the
north by the Tooele Army Depot, a former nerve gas depository (Figure 1.2). The nearest
settlements are at Tooele, five kilometers to the northeast, and Stockton, two kilometers
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south o f the site. The climate of the area is quite dry. Average annual precipitation for
Tooele is 41.4 cm , but with only 3.8 cm of net annual precipitation (Daniels, 1999).

Lake City (UI)

Bauer tailings
\
site

Tooele

Stockton

Figure 1.1 Location o f the Bauer project area in central Utah, 55 kilometers southwest
of Salt Lake City.
Sulfide ores from the adjacent Stockton mining district and from sites located across
the West were processed at the site between 1904 and the late 1950’s (Miller, 1986). As
of 2002 the unreclaimed tailings ponds (Figure 1.3) cover at least 160 acres and hold
approximately 10 million tons o f tailings (Chavez, 1999). The tailings were emplaced in
natural depressions created by bay head bars o f Lake Bonneville (Burr and Currey,
1988). The tailings are in various states of oxidation and are clearly moving as dunes to
the north. The mill and town site are abandoned, but recreational activity is rampant
(Figure 1.3). Aggregate mining has begun at the north end of the site and residential
development has encroached to within less than a kilometer o f the tailings ponds.
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Figure 1.2 Bauer project area and imaging spectrometer coverage.

iN v n iio o - /.

4

Figure 1.3 Three motorcycle riders crossing the southern tailings pond at Bauer.
The Bauer area was investigated under CERCLA (Superfund) authority by the Utah
Department of Environmental Quality (UDEQ) in agreement with the Environmental
Protection Agency (EPA). In 1999, the EPA determined that the site did not qualify for
further remedial assessment under CERCLA (Chavez, 1999). The primary reason for this
finding was a lack o f documented impact to the local drinking water aquifer. However,
they recognized that the threat posed by windblown tailings was potentially significant
and had not been quantified by their investigations of the site.
In conjunction with a larger AML study, two sets of airborne imaging spectrometer
data were collected over the site in the second half of 1998. The Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS) is a government-owned and operated
imager that is the current state o f the art. A commercially available imaging system, the
combined Compact Spectrographic Imager (CASI) and the Short-Wave InfraRed (SWIR)
Full Spectrum Imager (SFSI), were compared to the AVIRIS results as part of this study.
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The Hyperion imager, the first satellite-based imaging spectrometer brought on line,
collected data over the site in August 2001. These systems collect data in the visible and
reflected infrared (VRI) wavelengths of light, nominally between 0.4 microns (pm) and
2.5pm, and were used to map the distribution of minerals associated with the tailings.
The terminology o f the imaging spectroscopy (or hyperspectral imaging) field is
somewhat convoluted. The 0.4 pm to 2.5pm range is commonly separated into two parts.
The basic division separates the “one-micron” (0.4 pm to 1.0 pm) or Visible and Near
Infrared (VNIR) region from the “two-micron” (1.0 pm to 2.5 pm) or SWIR region. This
division is useful and appropriate as the causes o f absorption features that are used to
identify mineralogy are typically different between the two regions and because the
currently available electronic detectors conform to this division. Some researchers object
to the VNIR and SWIR acronyms because o f the possible confusion with thermal infrared
spectroscopy, thus the one- and two-micron designations. Because no completely
satisfactory name has been given to the entire 0.4 pm to 2.5 pm range. Visible and
Reflected Infrared Spectroscopy (VRIS), a new acronym, is suggested and used in this
thesis. Microns, 1O'6 meters and nanometers (nm), 10‘9 meters, are used interchangeably
throughout the imaging spectroscopy (hyperspectral) literature and I do so here also.
In addition to the imaging spectroscopy techniques used to characterize the materials
at Bauer, samples collected from the site underwent laboratory VRIS, x-ray diffraction
(XRD), field portable x-ray fluorescence (FPXRF) and binocular microscope analyses.
These helped to support and verify the results of the imaging spectroscopy and to identify
non-spectrally active minerals.
1.2 Project Objectives
There are three objectives for this thesis.
1. Evaluate the use o f imaging spectrometers to map surface materials at the Bauer
Mill tailings site.
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2. Compare the results of mapping sulfidic mill wastes with the AVIRIS, CASI,
SFSI, and Hyperion imaging spectrometers.
3. Map potential environmental hazards at the Bauer Mill tailings site.

1.3 Background
The following background information about the use of imaging spectrometers to
map mine and mill wastes and the Bauer site sets the stage for the body of this thesis.
Imaging spectroscopy o f AML sites has evolved since its beginnings in 1995 and is now,
in 2002, approaching the commercial realm. The history o f that evolution sheds light on
why techniques used in this study were deemed most appropriate. The background
information on Bauer was very useful for understanding what materials are present at the
site and what their distribution might be.

1.3.1 Project Origin
This thesis was undertaken as part o f a larger study conducted by the Spectral
International Incorporated —Peters Geosciences - Borstad and Associates Limited lead
consortium under NASA’s Earth Observations Commercial Applications Program
(EOCAP). The EOCAP was designed to promote the commercialization of remote
sensing. The consortium chose to dovetail the NASA-sponsored work with a USEPA
Region 8-sponsored assessment o f the use of hyperspectral imagers to evaluate
abandoned mine lands in Utah. The Bauer site is one of several investigated by the
consortium as part of the USEPA Utah - AML Watershed Hyperspectral Imaging and
Analysis project. Detailed site studies have been undertaken by the consortium at the
International Smelter site east o f Tooele, the Dragon clay mine in the Tintic mining
district, and the Stockton mining district located just east o f the Bauer project area
(Spectral International Inc. and others, 2000) as well as at the Ray open-pit porphyry
copper mine in south-central Arizona (Spectral International Inc. and others, 2001).
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1.3.2 Abandoned Mine Land Problem
Identification and characterization of potentially environmentally hazardous sulfide
mine and mill wastes on public and private land has become a priority o f governmental
land mangers in recent years. As a first step towards quantifying the number o f AML
sites, the U.S. Geological Survey (USGS) explored several databases and identified
106,000 hardrock commodity locations (Ferderer, 1996). This is a lower limit on the
number of potential AML’s in the U.S. 48,000 o f those sites had recorded production
and were therefore assumed to have a higher potential for environmental damage. The
sites were placed within watershed boundaries and watersheds then were ranked based on
the number of sites and population per watershed. Among the recommendations for
additional work made in the report is a call for the incorporation of remote sensing data to
aid in investigating and characterizing sites.
Because of the enormous number of sites, federal land management agencies,
including the BLM (www.blm.gov/ami.html) and the National Forrest Service, have
chosen a watershed-based approach to the AML problem. The watershed approach
involves identifying AML sites that have the greatest detrimental effect on the watershed
and focusing their efforts on those sites rather than taking a site-by-site approach. This
requires that efficient methods exist to identify and prioritize sites for further study. The
USGS is investigating these methods through the Abandonded Mine Land Initiative
(www.rmmcweb.cr.usus.gov/amli.html) (Nimick and von Guerard, 1998), and
commercial enterprises are gearing up to provide the required services. Remote sensing
in general, and especially imaging spectroscopy, not only have shown promise, but have
been demonstrated to be useful for identifying and characterizing AML sites.

1.3.3 Imaging Spectroscopy Studies o f Abandoned Mine Lands
The use o f imaging spectrometers to investigate abandoned mine lands for
environmental hazards has gone beyond the experimental stage and has become a viable
and proven technology. Published papers began appearing in 1995 discussing the use of
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AVIRIS data to map mineralogy associated with sulfide mine and mill wastes. Now in
2002, a minimum of fifteen mining districts have been examined, most by several
research groups, commonly with more than one data set.
The first group of papers in 1995 covered three areas: Summitville and the Animas
River watershed (King and others, 1995; Dalton and others, 1998), the Coeur D ’Alene
River valley (Farrand and Harsanyi, 1995, 1997), and the Cripple Creek mining district
(Peters and others, 1995, 1996). Peters and others (1995) stressed the usefulness of
remote sensing data, such as aerial photography and Landsat, in addition to hand-held
spectrometers to identify and characterize mine wastes. This paper also points out that
jarosite can be used as an indicator o f acidic conditions, a common theme in most of the
abandoned mine land studies completed to date. The poor quality of late 1980’s AVIRIS
data hampered their efforts to map detailed mineralogy.
Starting in 1996, results of the USGS’s investigations o f the California Gulch
Superfund site in Leadville, Colorado, began to be published (Swayze and others, 1996;
Swayze and others 1998, Swayze and others, 2000). This pivotal study demonstrated the
usefulness of imaging spectroscopy in abandoned mine land studies and is reported to
have saved over $2 million and 2.5 years in reclamation efforts. As part of the Leadville
study, the Venir pile, a small waste rock pile, was investigated in detail. Ground VRI
spectra were correlated to the AVIRIS imagery and leachate samples were analyzed for
pH and metal mobility. Results showed that lower pH and increased metal mobility is
associated with zones o f jarosite, confirming the concept of limonite mapping as a proxy
for identifying zones of high acid-producing potential (Swayze and others, 2000).
In 1998, results o f investigations into the usefulness of imaging spectroscopy for
monitoring active mining operations at the Ray copper mine were published (Clark and
others, 1998; McCubbin and others, 1998; McCubbin and Lang, 1999). Some mine
operators felt that flights over their operations constituted trespassing and expressed some
hesitance to be involved in the program. Others in the industry realized that this type of
imagery would be used against them in the future and became involved in an effort to
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understand the limits of the technology. It is clear that life-of-mine monitoring (pre
mining through closure) is an application o f imaging spectroscopy whose time has come.
With the success of the USGS’s at Leadville with AVIRIS, it became apparent that
there was potential for commercial applications of this technology. In 1998 the USEPA
organized a forum for potential vendors to demonstrate their abilities on a pro bono basis
against the U.S. Geological Survey’s results o f the same areas with the Utah Abandoned
Mine Lands and Watershed Hyperspectral Imaging and Analysis program. Areas
investigated include the Tintic mining district (Farrand and others, 1999; Hauff and
others, 2000), the Park City region (Rockwell and others, 1999), the International Smelter
site in Tooele, Utah (Peters and others, 2001), and the Bauer Mill tailings site (Dillenbeck
and others, 2001) among others. Further results of these studies continue to be published.
Outside of that program, the CASI and SFSI imaging spectrometers were being used
commercially to evaluate mine wastes in the Coeur D ’Alene River basin (Hauff and
others, 1999) and the usefulness of the CASI system to map mine tailings in the Sudbury
district was demonstrated (Staenz and others, 1999).
Most recently imaging spectrometers are being used to investigate sulfide mine
wastes internationally (Cudahy and others, 2000) and to investigate non-sulfide mine
wastes sites at Mountain Pass, California (rare-earth element mine tailings) and Libby,
Montana (asbestos mine tailings).

1.3.4 Geochemistry o f Limonite in Sulfidic Mine Waste
Adverse effects caused by acidic waters and metal ions are the primary
environmental concerns at sulfidic mine waste sites. Limonite is a direct and/or indirect
indicator o f the oxidation of iron sulfides and, therefore, of interest to these studies. Per
Blanchard (1968), “ ...all the reddish, yellowish, brownish or brownish-black deposits
formed by decomposing iron-yielding minerals or substances o f nature, regardless of
their origin, are commonly grouped under the term ‘limonite.’” Blanchard goes on to
specifically mention goethite [a-FemOOH], hematite [a-Fez^Og], and jarosite
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[KFe3 in(S 0 4 ) 2 (OH)6 ], among others, as limonite minerals. Recently, some researchers
have limited the term limonite to goethite and its poorly crystalline relatives such as
ferrihydrite (nominally [Fe^^HOg H2 O]) and shwertmannite [Feg'"0 g(0 H)6 (S 0 4 ) n H 2 O],
but this limits the usefulness of this widely used field term. Because the formation of
limonite minerals is in part dependent on pH, the presence and zonation o f these minerals
can be used as indicators of water quality and contamination pathways. Additionally,
many limonite species release acid upon dissolution and have the ability to absorb large
amounts of metal ions, making these minerals potentially environmentally hazardous in
their own right.
In the presence o f oxygen and water, pyrite oxidizes to ferrous iron (Fe11), sulfate and
acid - FeS$(s) + 7/202(g> + H20(i) —» FeII(aq) + 2 S 0 42'(aq) + 2H+(aq) (Nordstom and Alpers,
1999, p. 135). The rate o f this grossly oversimplified reaction is considerably faster (two
to three orders o f magnitude), and produces more acid, in the presence o f large amounts
of ferric iron (Fem) - F e S ^ + 14Fe"\aq) + 8 H 2 0 (i) —» 15Fen(aq) + 2 S0 4 2"(aq) + 16H+(aq)
(Nordstom and Alpers, 1999, p. 136). However, ferric iron is only soluble in large
quantities below a pH o f 4, that is, under conditions where the pH o f the system is not
buffered by another phase, such as a carbonate. The rate o f oxidation of ferrous iron
(Fe11) to ferric iron (Fe111) by oxygen then becomes the rate-controlling factor under low
pH conditions. This reaction is relatively slow, except in the presence o f the iron
oxidizing bacteria Thiobacillus ferrooxidans, and other similar bacteria, where the rate
can be increased five fold (Nordstom and Alpers, 1999, p. 136). These bacteria are
ubiquitous in ground and surface waters. Other factors that influence the rate of pyrite
oxidation are temperature. Eh, relative humidity, and especially, surface area of the
pyrite.
Upon oxidation o f pyrite and other sulfides, the components to form limonite
become available; which phases form depends mainly on pH, mineral formation kinetics
and ion concentrations. The hydroxy sulfate shwertmannite is probably the most common
precipitate from iron-rich, acid sulfate waters in the pH range of two to four (Bigham and
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Nordstrom, 2000, p. 362). Ferrihydrite is the common phase at pH’s between five and
eight. Both of these minerals are poorly crystalline and metastable. Shwertmannite
converts with time to jarosite or goethite and ferrihydrite to goethite or hematite. Mineral
formation kinetics are higher for the stable phases so direct precipitation o f jarosite,
goethite and hematite is less likely (Alpers and others, 1994). Ferrihydrite is known to
convert to hematite at pH values greater than five (Nordstrom and Alpers, 1999). Coarse
grained hematite and goethite have very similar stabilities, but because goethite nearly
always forms in microcrystalline grains goethite typically converts to hematite with time.
Below a pH o f two, a string of soluble ferrous, ferric and mixed iron sulfates form,
commonly as a result o f evaporation o f acid sulfate waters or from oxidizing massive
sulfide deposits. These F eS O ^H zO efflorescent salts store significant amounts of acid
that can be released upon wetting. They also change their structure with minor changes
in relative humidity and temperature and are therefore commonly difficult to identify.
Some o f the most common soluble sulfates are melanterite [FenS 0 4 VHiO], copiapite
[FeIIFeIII4 (S 0 4 )6 (OH ) 2 2 OH2 O], coquimbite [FeUI2 (S 0 4 ) 3 9H20 ], and rhomboclase (solid
sulfuric acid) [HFem(S 0 4 ) 2 4H20 ]. Alunogen [A^SCA^s 17H20 ] may occur with the
soluble sulfates in extremely acidic conditions at pH values below zero (Nordstrom and
Alpers, 1999, p. 150.) Alunogen, copiapite (a fine-grained, yellow mineral commonly
mistaken for jarosite), coquimbite, and paracoquimbite were tentatively identified in
small amounts at the Bauer site. With time, most of these minerals transform to jarosite.
Jarosite is stable at pH less than three and quickly decomposes at more neutral pH to
goethite (Dutrizac and Jambor, 2000, p. 412). It is therefore a good indicator o f acidic
conditions. Incorporation of the hydronium ion to form hydronian jarosite
[(K,H3 0)Fe3m(S 0 4 )2 (OH)6 j is common (Nordstrom and Alpers, 1999), especially if the
solution is poor in potassium and sodium ions (Dutrizac and Jambor, 2000).
Trace-metal oxides and sulfates are relatively rare in mine wastes, suggesting that the
trace-metals are being adsorbed or incorporated into the iron bearing limonite minerals.
The large surface area o f fine grained iron oxyhydroxides can contain large amounts of
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sorbed elements (Jambor and others, 2000, p. 320). Goethite rims on arsenopyrite probed
by Alpers and others (1994) contained up to 13 percent arsenic. Trace metals carried in
this way are released to the environment when the limonite is transported or is dissolved.

1.3.5 Bauer History and Site Overview
The town of Bauer came into existence in 1883 when construction o f a narrow-gage
railroad, headed towards the town of Stockton from Salt Lake City, was halted,
presumably by the Stockton Bar. With continuation o f the railroad inevitable, Bauer,
then called simply Terminal, probably would never have developed further if not for the
brilliant idea o f a group of men lead by a Mr. Buhl. The new town o f Buhl was to be the
location of a tunnel that would reach under the Stockton mining district, dewater the
mines, and allow mining to continue. Construction of the tunnel, variously called the
Honorine or Bauer tunnel, began in 1903 and was completed in June 1906 when the
Honorine Mining and Milling Company sold the property to the Bullion Coalition
Company, headed by B.F. Bauer, and the short, but dynamic history of the town of Bauer
began. Except as noted, the following summary of the history o f Bauer is taken from a
book published by the Tooele County Historical Society, Mining. Smelting and
Railroading in Tooele County (Miller, 1986). The history o f Bauer is not only
interesting, but also gives clues to the origin o f materials now found on the site.

1854

Lieutenant Steptoe, U.S. Army, arrives in Stockton to organize Camp Relief
(Garcia, 1994).

1864

General Connor, U.S. Army, located the Honorine mining claim, the first in
what was to become the Stockton or Rush Valley mining district. Over 250,000
tons of ore would be produced before 1900.

1864

The first of many small smelters, in and around Stockton were built. The
Waterman smelter, on the northeast shore of Rush Lake, was one such operation
(Garcia 1994). Small smelters would continue to flourish until 1905; their
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legacy would be a 21 million dollar soil removal and environmental cleanup of
Stockton during the late 1990’s.
1877

G.K. Gilbert makes his first visit to the Stockton area and makes a preliminary
sketch o f the Stockton bar; he would later return and spend more than a week
studying the area (Burr and Currey, 1988).

1883

Utah Nevada Western Railroad, a narrow gage railroad from Salt Lake City,
reaches Terminal, later to be named Bauer, bringing coal to the smelters and
mine power plants and returning to Salt Lake loaded with lead and zinc ores
from the Stockton district. This brings an end to a sizeable charcoal industry in
the canyons of the surrounding Oquirrh range.

1900

Mining of known ore shoots stops at the water table, nominally the 660 level.

1903

The Honorine Mining and Milling Company starts construction o f the Bauer, or
Honorine, tunnel, which will drain the Stockton district to the 1200 level.

1904

The Honorine Mining and Milling Company builds a large gravity mill at Bauer
(Figure 1.4) (Brinsmade, 1908).

1905

The Salt Lake San Pedro Railroad was completed to Stockton.

Figure 1.4 Gravity mill concentrator at Bauer, circa 1910. The mill was rebuilt as a
selective flotation mill in 1927 (Miller, 1986).
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1906

The Honorine tunnel intersects the Honorine shaft four kilometers from the
portal at Bauer, draining a large part o f the district. The Bullion Coalition
Company is formed and purchases the assets of The Honorine Mining and
Milling Company and continues to consolidate the district.

1910

19,000 trees, 95 percent apples, were planted on 175 acres at Bauer. The
Honorine tunnel was making enough water for use in the mill and to irrigate the
orchard and farm; perhaps as much as 10,000 gallons per minute at its peak. It
is reported that the minerals in the mine water promoted good growth but that it
contained arsenic and was not used for human consumption. The orchard died
in 1938 when water pumping ceased in the Bluestone mine.

1922

Combined Metals Reduction Company (CMR) takes over the Honorine mine
and the Bauer mill with the intentions o f refitting it as a fine-grind flotation and
leach plant.

1924

The Bauer mill is rebuilt as a fine-grind, selective flotation mill, one of the first
of its kind. The leach plant wasn’t as successful as the selective flotation and
was abandoned. The flotation process would not become the industry standard
until the 1950’s. The improved recovery of the flotation mill, and the adjacent
railroad, allow CMR to outbid other mills for custom tolling of lead - zinc ores
from across the western U.S., including Colorado, Idaho, and Utah and ores
from CMR’s mines in Pioche, Nevada. The mill eventually grew to a 1,000 ton
per day operation.

1947

Blackhawk resin/adhesives plant built. The adhesives were used in the
manufacturing of paints, printing inks, and waterproofing. The naturally
occurring resin is separated from coal by washing and removed from the sludge
by pulping in hexane. 10,000 pounds daily are being produced in 1953.

1947

Panacalite popping plant built at Bauer. Panacalite is expanded perlite, a glassy
rhyolitic volcanic tuff that expands up to 20 times its original volume upon
heating, and is used as a lightweight aggregate product. Production in 1953 was
245,000 cubic feet.

1949

100,000 tons o f tailings were reprocessed to produce 29,000 tons of pyrite
concentrate assaying 0.08 ounce per ton Au, 2.4 ounce per ton Ag, 1.75 percent
Pb, and 37 percent Fe.

Figure 1.5 Bauer circa 1954, note pond at portal to Honorine tunnel and black coal fines
of the adhesives plant (Miller, 1986).
1953

Operating at 16,000 tons per month, with 180 employees, CMR shows a loss of
$42,000 for 1952. Only 20 percent o f the ore processed at Bauer comes from
the Stockton district (Figure 1.5).

1957

After operating at small losses for the most of the 1950’s and needing over
$400,000 in development work, mining is stopped and the mill shuts down.
CMR goes into receivership.

1968

Mining giant Anaconda purchases the Bauer CMR holdings from the receiver
for $400,000.

1975

Mill dismantled and burned.

1978

Blackhawk resin plant burned.

1979

EPA’s first Preliminary Assessment (PA) of materials at Bauer was conducted
on the Blackhawk Resin (adhesives plant) site (Daniels, 1999).

1982

I.C. Droubay, last staff member and resident of Bauer leaves, and Bauer is
abandoned.

1984

The EPA and the Utah Department of Environmental Quality (UDEQ) conduct
the first PA and site visits to the Bauer tailings (Daniels, 1999).
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1987

After igniting spontaneously each summer from 1982 to 1987, the remaining
coal fines residue from the adhesives plant was buried on site.

1999

EPA decides that Bauer does not qualify for CERCLA (Superfund) remediation
because no surface or groundwater impacts have been documented (Chavez,
1999.

The Bauer site today is a wasteland of foul smelling, oxidizing tailings and
dangerous abandoned buildings. Access is virtually unrestricted and recreational use of
the site is rampant. On one Saturday in March o f 2002, the author observed three
motorcyclers riding through the tailings, hangliders used the site for a landing area, two
joggers, and about 20 people playing paint pellet games in the abandoned town.
Industrial and agricultural activities in and around the site include cattle grazing, largescale gravel mining, and the Tooele County recycling and landfill operations. Recent
residential development has reached the southern side o f the Stockton Bar. Figure 1.6, a
CASI color-infrared image of Bauer collected in October 1998, is annotated with the
relevant site features.
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Figure 1.6 Relevant features o f the Bauer site annotated on a Compact Airborne
Spectrographic Imager (CASI) color-infrared image collected in October 1998.
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The tailings themselves are in various states o f oxidation; typically gray and sulfldic
within the first 250 meters of the mill foundation (Figure 1.7); orange or yellow and
limonitic farther out into the tailings ponds. Windblown tailings have clearly moved to
the north and continue to do so during summer wind events (Figure 1.8). In addition to
the tailings and the abandoned town site, an area o f waste rock is found near the portal to
the Honorine Tunnel.

Figure 1.7 Sulfldic tailings near the mill foundation. Note cow remains at bottom left.
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Figure 1.8 1985 EPA photograph of windblown tailings moving to the north of the site.
The author observed similar conditions in August 2000. View to northwest, abandoned
town of Bauer in middle ground.
1.3.6 Environmental Studies at Bauer
Records o f several cycles o f environmental assessments of Bauer are stored at the
EPA Region VIII offices in Denver. Initial concerns at the site were focused on the
Blackhawk Resin and Chemical Company starting in 1979 and again in 1982. In 1984,
the Utah Department o f Health (UDOH) conducted a Preliminary Assessments (PA) and
a Site Investigation (SI) of the Bauer tailings and Bauer dump. The dump was identified
separately from the tailings in the early reports and was thought to contain residential and
industrial waste, potentially including assay laboratory waste and other chemicals.
Heavy metals were detected in soil, tailings and surface water and windblown tailings
were observed moving off o f the site. In 1985, an EPA contractor investigating the
tailings found elevated arsenic (9 ppb) and sulfate in groundwater at depths o f 60 and 25
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meters but could not determine the direction of groundwater flow. Tailings were again
observed blowing to the northwest. A second contractor, working for Hercules
Incorporated, a Salt Lake City rocket engine manufacturer that may have dumped organic
and chemical wastes at the Blackhawk resin site, installed six monitoring wells prior to
remediation of the resin site. Low levels o f metals found in groundwater during this
study were attributed to the mill tailings and the complexity of the hydrogeology was
noted.
Throughout the 1980s and 1990s, site evaluation continued, culminating in the Utah
Department of Environmental Quality’s (UDEQ) expanded SI completed in 1999.
Significant conclusions o f that study are:
• A release to ground water is likely, but flow direction is unclear. The nearest
drinking water well is approximately two miles to the north of the site on the
Tooele Army Depot. The well services 1,800 people.
•

It is unlikely that surface waters from the site could reach a perennial stream or
surface drinking water intake. Surface water at the portal of the Honorine tunnel
poses a moderate health threat due to contamination found in sediment in the
bottom o f the pond and in the water. Water that apparently flows to the livestock
pond to the north of the site may pose a risk. Water that accumulates on the
tailings poses a definite threat to livestock or humans that might drink it.

• Tailings and soils found at Bauer contain elevated levels o f heavy metals.
Although no one lives within a kilometer of the site, inhalation and accidental
ingestion o f tailings and soils from the site is the most likely pathway of concern
due to recreational use o f the area. Soil samples taken from off-site and outside of
the eolian plume did not contain contaminant concentrations significantly above
background concentrations (Figure 1.9).
• The threat posed to human health downwind o f the site could be significant
(especially at the active gravel pit north o f the site).
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Figure 1.9 Arsenic values (in ppm) from 1999 UDEQ soil and tailings samples on 1999
aerial photograph.
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Based on these results the EPA determined that the site did not qualify for additional
CERCLA (Superfund) assessment and placed the site into the No Further Remedial
Action Planned (NFRAP) category.

1.3.7 Geology o f the Bauer Project Area
Bauer sits within a north-trending valley o f the eastern Basin and Range geologic
province. Bounded on the east by the Oquirrh Mountains and on the west by the
transverse South Mountain, the project area is located at a narrow gap between the
Oquirrh and Stansbury ranges and is underlain by sediments of Lake Bonneville.
The site, and the adjacent Stockton mining district, lies along the Uinta Trend, an
inferred structural flaw zone in the Precambrian basement (Tooker and Roberts, 1992).
No bedrock crops out within the project area, but folded and faulted, upper Paleozoic,
carbonate and siliceous sedimentary rocks make up the Oquirrh Range and South
Mountain (Tooker and Roberts, 1992). Intermediate composition Eocene to Oligocene
igneous rocks intruded the sediments and formed base- and precious-metal vein and
replacement deposits in favorable limestone units (Krahulec, 1999).
Gilluly (1932) mapped and described the mines o f the Stockton district. The largest
mine in the district, the Honorine, is connected to Bauer through a four-kilometer long
tunnel, and was a source for much of the ore processed at Bauer. Production at Honorine
was out of the Pennsylvanian Oquirrh Formation, which consists of interbedded quartzite
and lesser limestone. Guilluly reports that the hypogene ore o f the mine consisted of
arsenopyrite, pyrite, galena, sphalerite, and minor chalcopyrite. Gangue mineralogy was
dominated by quartz, but also included wollastonite, diopside, epidote, fluorite, dolomite,
and chlorite. Oxidation of hypogene ore resulted in the formation of cerussite,
plumbojarosite, jarosite, malachite, smithsonite, aurichalcite, pyromorphite, and small
amounts o f anglesite, mimetite, beudantite, and wad. Both direct-ship and milling ore
(sent to Bauer) were mined. 765,00 tons o f ore produced from the district between 1925
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and 1952 averaged 11 percent Pb, 6.6 ounce per ton Ag, 6.2 percent zinc, and 0.06 ounce
per ton Au (Miller, 1986).
Lacustrine deposits o f latest Pleistocene (32 to 13 ka) Lake Bonneville (Figure 1.10)
underlie the project area (Burr and Curry, 1988). Tooker (1980) and Tooker and Roberts
(1992) did not differentiate units within the Bonneville sediments on their geologic maps
of the Tooele and Stockton 7.5 minute quadrangles. Black and others (1999) mapped two
Bonneville units, lacustrine gravel and undifferentiated lacustrine and eolian deposits,
within the project boundaries on their geologic map of Tooele Valley.
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Figure 1.10 Map o f Lake Bonneville showing the extent o f the lake at the time of the
Provo shoreline in blue and the extent of the lake at its maximum (Bonneville shoreline)
in gray (Gilbert, 1890, Plate XIII).
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The valley profile at Bauer is dominated by the Stockton Bar and spit complex.
Rising some 60 meters in a steep slope at its tallest point, the bar has been a source of
geologic interest for the last 135 years or more. G.K. Gilbert included a sketch of “The
Great Bar at Stockton” in U.S.G.S. Monograph 1 (Figure 1.11).

BsrssaitBm m

Figure 1.11 Sketch o f the Stockton bar and spit complex looking to the east from South
Mountain (Gilbert, 1890). Provo beach ridges are at center extreme left; the town of
Stockton is visible at the center extreme right. The Stockton mining district is located in
the hills of the Oquirrh Range at center.
Burr and Curry (1988) present a nearly complete discussion of the Bonneville
sediments found in the Bauer area, putting the various beach ridges and bars into an
overall trangressive —highstand - regressive sequence. The regressive phase of Lake
Bonneville began with the catastrophic failure o f the Zenda Threshold more than 200
kilometers to the north, about 15 ka (Jarrett and Malde, 1987.) At Bauer, the rapid
discharge is evidenced by the lack o f beach ridges between the northern edge o f the bar at
5160 feet and the first ridge o f the Provo complex at 4840 feet. Gilbert’s, and Burr and
Curry’s, conclusions were confirmed by a ground penetrating radar stratigraphie study by
Smith and others (1997). The areas o f relatively fiat topography, not mentioned by Burr
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and Curry (1988), and mapped as undifferentiated lacustrine and eolian deposits by Black
and others (1999), were determined to be quartz dominated, limey fine sand and silt, as
suggested by Gilluly (1932, p. 40). Additional discussion o f the landforms and a surface
materials map o f the site (Plate I) are found in Section 3.3.
The total thickness o f Bonneville sediments in the project area is unknown, but at
least 60 meters o f gravel is present at the Stockton Bar. Paleozoic bedrock crops out
three miles to the north o f the site on the Tooele Army Depot.
Anthropogenic materials at Bauer include mine and mill wastes, adhesives
manufacturing residue, residential waste, and the remains of the Bauer town site.
According to the EPA, the 10 million tons of tailings are contained in two ponds covering
160 acres. The published maps of the area show the tailings ponds, but not the eolian
extensions associated with them. The maps do, however, show a ten square kilometer
area o f silica dunes north o f the project area on the Tooele Army Depot. The distribution
and character of surface materials at Bauer are the focus o f this thesis and are dealt with
in detail in later sections.
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CHAPTER 2
INVESTIGATIVE METHODS

2.1 Aerial Photograph Interpretation
Four sets o f aerial photographs (Table 2.1) were interpreted to aid in preparing a site
history and to map geologic units and anthropogenic materials at Bauer. Stereograph
photo-pairs were interpreted using a Wild ST4 Mirror Stereoscope with three times
magnification oculars. The 1959, 1:20,000, black and white set was most useful for
mapping geologic units and for understanding the layout o f the site as it was during the
main phase o f activity at Bauer. The 1977, 1:40,000, color-infrared set was the least
useful but did show a number o f vegetation anomalies. The 1993, 1:24,000, color, set
was useful for understanding the complexities o f the tailings units and the expansion of
aggregate mining in the area. The fourth set, 1999, black and white, digital
orthoquadrangles (DOQ), was a critical part of this study. The 1999 photographs were
taken within a year o f the hyperspectral imagery, around the time many o f the surface
samples were collected. The one-meter pixels allow for identification o f features not
resolvable on the imagery. They also served as a base for georectification o f the other
aerial photographs. Spatial accuracy o f the DOQs is reported as 90 percent o f the points
better than 10 meters. The U.S. Archives in Washington D C. was contacted in hopes of
finding older photos, but they apparently do not exist. G.K. Gilbert’s sketch o f the area
in 1880 (Figure 1.11, p. 25) stands as the pre-Bauer reference.
Table
Date
1959
1977
1993
1999

2.1 Aerial photographs interpreted for this thesis.
Agency
Type
Scale
Black & white
USD A
1:20,000
B.L.M.
1:40,000
Color-infrared
Intrasearch
Color
1:24,000
U.S.G.S.
Digital orthoquad Black & white
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The interpreted photographs were scanned and imported into ENVI software.
Ground control points were selected from the DOQ’s and mapped back to the
photographs. After 20 or so points were collected the photos were warped using a
Delaunay triangulation and bilinear resampling, both pushbutton operations in ENVI.
After georectification, differences between the DOQ’s and the other photographs were on
the order o f ten meters (Figure 2 .1), acceptable for comparing large features such as the
tailings plume.

Figure 2.1 Example o f typical differences between USGS DOQ (black and white) and
the georectified aerial photographs, in this case, the 1993 color photographs.
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2.2 Surface Samples
A suite o f 140 surface samples was collected from the Bauer site (Plate I) for
characterization o f the surface materials and to ground truth the hyperspectral imagery.
The entire sample set underwent visible and reflected infrared (VRI) spectroscopy and a
subset underwent XRD, microscope, and FPXRD. The following sections describe how
the analyses were carried out.

2.2.1 Collection and Location o f Samples
Beginning at the time of the hyperpsectral data collection in 1998 several trips were
made to the site over a four-year period. Samples were collected from relatively
homogeneous materials over an area of less than a two square meters. Materials from the
immediate surface were scooped into plastic bags, sealed, labeled, and notes were made
as to the location, character, and reason for taking the sample. Most o f the samples were
dry at the time of collection; those that were damp were air dried upon leaving the field.
Seven hand-drilled shallow cores were collected from the tailings. The cores revealed a
complex vertical zoning , but were not analyzed further.
Nearly all o f the samples were located with a Trimble, Geo-Explorer II handheld
GPS unit. This unit allows for post-processing of the GPS data, essentially removing the
wander that is intentionally added to the GPS, by downloading correction information
from a website. The downloaded data are spatial corrections recorded from a nearby
fixed station, in this case. Salt Lake City. The software needed to do the post-processing
is called Pathfinder Office 2.8. The software reported error of the system is less than
three meters. By plotting a number o f locatable samples on the DOQ an estimate o f the
difference between the DOQ and the GPS locations can be made. Figure 2.2 shows the
difference between the post-processed GPS location and the location plotted on the DOQ
for a few points. The difference is less than eight meters for most points examined.

30

0

500

1000 M eters

'W

f

Figure 2.2 Typical differences in post-processed GPS (pink dots) and DOQ locations
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2.2.2 Visible and Reflected Infrared Spectroscopy (VRIS)
All samples collected at Bauer underwent visible and reflected infrared (VRI)
spectroscopy. VRI spectroscopy involves recording the intensity and wavelength o f light
reflected from a sample. Some atoms and molecules reflect and absorb light at different
wavelengths as a function o f their structure and can be identified based on these
absorption features. A discussion o f VRI spectroscopy can be found in Clark (1999).
An Analytical Spectral Devices, Incorporated (ASD) model FieldSpec Pro 350 2500 (0.35 to 2.50 micron) spectrometer was used to analyze the 140 samples collected
from the site. The ASD full-range instrument can operate with either an internal or
external light source. The Bauer samples were run with an internal light source gun that
allows for rapid sampling and minimizes noise in the spectra. Instrument settings varied
somewhat, but typically 25 readings were averaged per recorded spectrum. A white
reference, used to remove spectral features created by the light source and by the
instrument itself, was taken after every or every other sample. The instrument probe was
placed directly into the sample bags when possible. The samples were analyzed one or
more years after collection but were thoroughly dried at the time o f collection, and no
post-collection mineral growth was observed on the samples.
Several spectra were taken o f many samples. Homogeneous sands, such as soil and
tailings, require only one measurement to characterize with VRI spectroscopy, but
materials such as rocks or crusts may require several readings o f top, bottom and
fractured faces to get the most information out o f each sample. For example, if more of
the pebbles found throughout the site were broken and then analyzed, illite and kaolinite
would probably be significant minerals at Bauer. Because the sand fraction dominates
most materials at Bauer, smectite found in the sand fraction is the dominant clay mineral
recorded. An exception to this was discovered with the AVTRIS imagery. Illite
dominates over smectite in clean exposures o f the gravel in the Provo shorelines.
Because the focus o f this study is determining how well the imaging spectrometers map
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materials at Bauer, the upper surfaces of most samples were given priority during
interpretation.
Depending on the minerals present and the desired level o f detail, interpretation of
VRI spectra can be as much an art as a science. The physical causes o f VRI absorption
features are complex; many o f the features are multiples and combinations o f features
that are best developed in the mid-infrared (3.0 to 30 pm). Because o f these
complications, and other considerations such as grain size, scattering, and mixtures at all
scales, the strength o f an absorption feature is not necessarily proportional to the
abundance o f a mineral in a sample (i.e. weak reflectors can be drowned out by small
amounts of strong reflectors). A discussion o f the factors that influence VRI
spectroscopy can be found in Clark (1999). Recommendations o f how to interpret
complex VRI spectra are rare in the published sources, although a few can be found in
the mineral deposit literature. "The U.S. Geological Survey Digital Spectral Library:
Version 1: 0.2 to 3.0 pm” (Clark and others, 1993) gives examples o f spectra o f hundreds
o f minerals and other materials but no suggestions on how to interpret real spectra. Many
o f the samples used in the USGS Digital Spectral Library were characterized by
microscope and x-ray diffraction analyses and are used as reference spectra for most of
the minerals identified in this study. A great body o f knowledge for interpreting VRI
spectra reportedly lies within the U.S. Geologic Survey’s Tetracorder (Clark and others,
1990) command file, but as o f 2002, this long-promised publication is not available. The
only publicly available copy known to the author is within a doctoral dissertation
(Swayze, 1997). The only manual for identification of minerals using VRI spectroscopy
known to the author is, “Applied Reflectance Spectroscopy” (Hauff, 1996), and that
volume deals only with the short-wave infrared (1.3 to 2.5 pm).
The VRI spectrum is commonly split into the “one-micron” (0.4 to 1 pm) and the
“two-micron” regions (1 to 3 pm). This is due to a difference in the cause o f dominant
absorption features found in each region, charge transfer versus vibrational, respectively,
and a change in detector type. The ASD frill-range instrument uses three detectors with
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breaks at 0.976 pm and 1.776 pm. The ASD software automatically scales the results
from each detector to make a continuous spectrum, but the fit is not perfect (Figure 2.3),
software exists to make a better join. Several choices of software for viewing and
manipulating spectra are available. SpecWin by Spectral International Incorporated
works well for interpreting complex spectra and can handle different file formats. A
copy o f SpecWin is included along with the raw data files on a CD-ROM that
accompanies this thesis.
The principal minerals identifiable by VRI spectroscopy at Bauer are goethite and
jarosite in the one-micron region; gypsum, smectite, dolomite, and calcite in the twomicron region (Figure 2.3). Because o f the dearth of published examples o f mineral
identification using complex VRI spectra, I have included detailed descriptions o f how
these minerals were identified using VRI spectra of the Bauer samples.

1 0 -1

8

i
i

8

-

6

—

4

-

>
'3

2-

—I—
500

TOOO

I

1500

I
2000

I

2500

W a velen gth ( nm )
Figure 2.3 Some typical spectra o f samples from Bauer. B-005 (jarosite and gypsum) B051 (goethite, gypsum and dolomite) B -l 11 (smectite and calcite). Note vertical jump in
spectra at 1.78 pm at join between detectors.
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The ability to identify and discriminate various limonite minerals is critical to
abandoned mine land studies. Ideally, it would be possible to distinguish all o f the iron
oxides, iron hydroxides, iron sulfates, and amorphous iron oxides from one another and
to identify the effects o f trace element substitution with VRI spectroscopy.
Unfortunately, there has been little detailed work published on this subject. Limonite
minerals are usually intimately mixed with each other and can be transitional between
endmembers. They commonly make up only a small amount o f a sample and transform
through time and with changes in temperature and humidity. These factors make
identification o f individual limonite minerals difficult. Although much more can be done
with laboratory spectrometers, for the purpose o f imaging spectroscopy, limonite is
usually split into three common mineral classes, jarosite, goethite, and hematite, that can
be distinguished based on their gross spectral character. Other iron sulfates and iron
hydroxides such as copiapite and ferrihydrite, respectively, can be differentiated with
current imaging spectrometers, but no detailed accounts o f how to identify these minerals
have been published.
There are three features in the one-micron region that are generally used to
distinguish limonite minerals (Figure. 2.4). The 900 nm absorption indicates the
presence o f limonite minerals. The position o f the minimum is also used to distinguish
hematite from goethite and jarosite. The minimum falls close to 880 nm for hematite and
closer to 925 nm for goethite and jarosite in continuum-removed spectra (Swayze, 1997,
p. 21). The position o f this absorption feature however, can shift significantly depending
on the grain size o f the mineral (Clark, 1999). The U.S.G.S. makes extensive use o f the
shape and position o f this absorption feature in conjunction with other absorption features
to differentiate dozens o f limonite minerals and grain sizes, but has nowhere published
details o f how this is accomplished.
The second absorption feature, referred to here as the 500 nm absorption feature,
occurs near 480 nm for goethite, closer to 600 nm for hematite, and is absent from the
jarosite spectrum. The position o f the 500 nm absorption feature is much easier to see in
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the continuum-removed spectra (Figure 2.5). Broad spectral absorption features are
difficult to interpret in normal spectra because o f the apparent shift in the position o f the
minimum caused by the slope o f the continuum (Clark, 1999). The 500 nm feature
cannot be used independent o f the 900 nm feature because some other iron-bearing
minerals such as nontronite, a smectite, also have a feature near 500 nm.
The third absorption feature is diagnostic o f iron sulfates, such as jarosite and
copiapite, and occurs at 430 nm. This sharp feature shows up even when jarosite is
present in minor amounts. For imaging spectroscopy, the narrowness o f the absorption
feature means that it can be confused with sensor noise or artifacts of the atmospheric
calibration.
Based on observations made by the EOCAP team, a fourth criterion for
distinguishing limonite minerals is here presented. The position o f the 700 nm local
maximum can be used to separate Bauer samples with jarosite and other iron sulfates
from goethite. Samples that contain jarosite have local maxima short of 730 nm. Jarosite
and goethite are both present in samples with local maxima between 730 nm and 760 nm,
and goethite-only samples have local maxima long of 760 nm. Hematite was not
identified in the Bauer samples so the position o f the local maximum for hematite is
unknown, but in U.S.G.S. library references it occurs beyond 740 nm. The use o f the 700
nm feature is further developed in section 3.2.1. Figure 2.6 shows a progression from
pure jarosite, to jarosite plus goethite to pure goethite in some typical Bauer tailings
spectra.
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Figure 2.4. Jarosite, goethite, and hematite references from U.S.G.S. spectral library.

Figure 2.5. Continuum-removed jarosite, goethite, and hematite reference spectra.

37

10-i

a-

o.o-1
500

750

1000

1500

2000

2500

Wa ve le ng th ( nm )

Figure 2.6 Progression from jarosite only (B-005) through jarosite plus goethite (B-022)
to goethite only (B-051) and jarosite and goethite reference spectra. Note the shift o f the
700 nm local maximum from 702 nm through 746 to 793 nm. Reference lines at 700 nm,
750 nm, and 800 nm.
Other limonite minerals present in the Bauer sample suite include a number of iron
sulfates (Figure. 2.7) and perhaps ferrihydrite. The identification o f limonite minerals
becomes difficult when only a weak limonite signature is present in the spectrum. This
was the case with a number of Bauer samples that had weak deflections, or shoulders, in
the 900 nm region, but no actual minimum. Some of these samples may contain
ferrihydrite, amorphous iron oxide, or hematite, but they also may be very thin coatings
o f goethite. For the purpose o f mineral identification in this thesis, if a spectrum had only
a shoulder then no one-micron mineralogy was noted.
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Figure 2.7 Iron sulfates, other than jarosite, tentatively identified at Bauer including
coquimbite (B-007), copiapite (B-044), and an unknown (B-l 15), all showing well
developed 430 nm absorption features and local maxima short o f 700 nm. The aluminum
sulfate alunogen may also be present in some o f these samples. The absence o f a well
developed 2270 nm feature confirms that jarosite is not present except in perhaps B-l 15.
All o f these samples are gray sulfidic tailings.
Gypsum, smectite, dolomite, and calcite were the main minerals identified based on
their two-micron absorption features. The absorption features caused by these minerals
are generally shallow and poorly developed in the Bauer samples. This is principally the
result o f their low abundance, the presence o f organic material in many of the samples
outside o f the tailings ponds, and the decrease in reflectance caused by sulfide in the
sulfidic tailings. The depth and strength of absorption features is related to the
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abundance o f a mineral, but the relationship is usually not linear. Gypsum, for example,
is a strong reflector and can be identified when present in small amounts; accordingly, it
also tends to drown out features o f other minerals.
Gypsum has absorption features at 1443 nm, 1758 nm, 1944 nm, 2215 nm, and 2265
nm. If all o f these features were identified in a spectrum then the sample was placed in
the “strong” category. If only some were present then it was classified as “weak”.
Anhydrite may be present in some o f the weak gypsum samples. The water features at
1450 nm and 1940 nm are very sensitive to the presence o f gypsum (Figure 2.8). The
slopes o f the water features are also distinctive. Unfortunately, those features are not
available for use with imaging spectrometers due to the presence o f atmospheric water.
Like most sulfates, gypsum has a feature near 1750 nm, but this feature is relatively weak
and coincides with the change in detectors. The two small features at 2215 nm and 2265
nm, are useful for identifying gypsum, although they are commonly drowned out,
especially in samples with a lot o f clay. The 2265 nm gypsum feature is also shared with
jarosite.
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Figure 2.8 Spectra o f gypsum and jarosite (B-005) and gypsum and dolomite (B-051)
and reference spectra o f gypsum and dolomite.
Dolomite has a strong, diagnostic absorption feature near 2320 nm. Dolomite is
present in many o f the Bauer samples, but usually only in small amounts. If a very
shallow minimum or just a shoulder was present near 2320 nm the sample was placed in
the “weak” dolomite category. If a deeper minimum was present the sample was
classified as “moderate”. The B-051 spectrum in Figure 2.8 is typical o f the “weak”
dolomite feature present in many Bauer VRI samples.
Similar to dolomite, calcite has a strong, diagnostic absorption feature near 2340 nm
(Figure 2.9), but a well developed calcite absorption feature is rare in the Bauer samples.
If a very shallow minimum or just a shoulder was present near 2340 nm the sample was
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placed in the “weak” calcite category. If a deeper minimum was present the sample was
classified as “moderate”. The B -l 11 sand spectrum in Figure 2.9 is one o f the rare
“moderate” calcite spectra present in the Bauer VRI samples.
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Figure 2.9 A mixed smectite and calcite spectrum (B11 Isand) and reference spectra of
calcite and smectite. The poorly defined absorption feature near 2245 nm suggests that
Fe-smectite also may be present.
Many clay minerals have strong, diagnostic features near 2200 nm. Smectite is the
dominant clay at Bauer. Illite and kaolinite were identified by the laboratory VRIS in the
quartzite pebbles, but usually only on broken faces. Illite is more widespread than
originally thought based on the hyperspectral imagery. The smectite absorption feature
in the Bauer samples seldom dominates the 2200 nm region, suggesting that smectite is
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only a small percentage o f the sample (Figure 2.9). When gypsum is present the smectite
absorption feature shifts from 2207 nm to longer than 2210 nm masking the presence of
smectite in these samples. If a very shallow minimum or just a shoulder was present near
2210 nm the sample was placed in the “weak” smectite category. If a deeper minimum
was present the sample was classified as “moderate”. The B -l 11 sand spectrum in Figure
2 .9 is typical o f the “weak” smectite spectra present in the Bauer VRI samples.
Two small, weak features were noted near 2250 nm and 2290 nm during
interpretation o f the spectra. While the nature o f features makes positive identification
difficult, the 2250 nm feature is attributed to a Fe-OH bond, probably in a weathered
mafic mineral, perhaps chlorite. The 2290 nm is attributed to iron smectite. There is
some correlation between the two phases, and they are only present in samples from
outside o f the main area affected by the tailings.
2.2.3 X-rav Diffraction (XRD)
A subset o f the surface samples collected from the Bauer site underwent X-ray
diffraction (XRD) analysis to support the VRI spectroscopy and to aid in the
identification o f non-spectrally active minerals, such as sulfides. The locations o f the 34
samples that were analyzed are plotted on Plate I. Most o f the Bauer samples are
unconsolidated sand or silt so crushing was not necessary, except for one waste rock
sample. Sample preparation was limited to sieving some samples. The samples were run
in a Scintag X-ray diffractometer with a copper X-ray tube at the Colorado School o f
Mines. XRD patterns were collected from 10 to 65 degrees for 2.5 minutes per degree.
Interpretation o f the X-ray patterns was carried out using the Scintag software. The
most successful approach involved making an educated guess as to what minerals might
be present in a sample and overlaying those patterns on the unknown. The Scintag
search-match feature was o f little use. It is not possible to search by mineral name in the
Scintag software so a hard copy lookup table must be consulted. Unfortunately, the two
copies o f the lookup tables that CSM has are out of date so the mineral code in the book
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is different from the software for some minerals. Even so, nearly all o f the major peaks
were identified in every sample; however, unidentified minerals in low abundance may
be present in some samples.

2.2.4 Hand Sample Microscopy
All o f the samples that underwent XRD analysis, and some others, were examined
under a Nikon SMZ-10 binocular microscope with variable magnification from 6.6 to 40
times. The microscope examination was helpful for classifying the grain size and shape
o f the materials at Bauer, and to a lesser degree, for mineral identification.

2.2.5 Geochemistry bv Field Portable X-rav Fluorescence (XRF)
A representative suite o f surface samples was analyzed with a NITON XL-702S field
portable X-ray fluorescence (FPXRF) high-resolution environmental analyzer. The
instrument utilizes a silica PIN diode detector, and a cadmium 10 milli-curie source that
was approximately 13 months old. The instrument was calibrated using Compton
normalization, optimal for measuring values o f less than 10,000 ppm. The elements
measured were Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Pb, Hg, Rb, Sr, Zr, and Mo.
USEPA Method 6200 covers the use o f FPXRF instruments for the determination o f
elemental concentration in soil and sediment. Procedures for this study generally
followed Method 6200 but were somewhat less rigorous. Samples were collected as
described in Section 2.2.1 and analyzed directly through the plastic sample bags for
nominally 60 seconds. Method 6200 calls for a number of check samples, typically well
characterized site or commercially available standard samples, to be run at intervals when
using a FPXRF. Well-characterized standards were not available, but several duplicate
samples were analyzed. Many factors influence the total error o f a FPXRF analysis.
When using the FPXRF on in situ samples several factors, including heterogeneity,
particle size, and surface irregularities are magnified. Method 6200 states that generally
instrument precision is the least significant source of error in FPXRF analysis. The
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instrument calculates an error estimate for every analysis. 120 analyses were made from
96 sample sites. Table 2.2 summarizes error statistics for the elements o f interest.
Table 2.2 Summary o f error statistics for Bauer FPXRF analyses in ppm.
Element Max value Min value Min error Max error Average % error
26
16
700
10%
As
23,693
41
230
1490
72
45%
Cu
17
9
120
53%
299
Hg
2000
26
14
6%
56,576
Pb
16,896
47
20
490
9%
Zn
As with most geochemical techniques, the percent error increases with decreasing
abundance o f an element. If the error calculated for an analysis is greater than the
measured abundance the NITON XL-702S reports less than limit o f detection (<LOD).
Defining detection limits for FPXRF instruments is not simple, as the detection limit
varies on an analysis-by-analysis and a method-by-method basis. Method 6200 reports
limits o f detection for some FPXRF s, but not the NITON XL-702S, under optimal
conditions in the 20 to 50 ppm range for the elements o f interest for this study. Based on
the minimum values measured in this survey, this range seems appropriate. Splits o f 12
samples were run to determine the reproducibility o f results using this method. The
greatest difference between results for the elements o f interest for this study was +/- 35
percent, but averaged +/- ten percent for the entire suite; quite remarkable considering the
natural variation within any sample and the complete lack o f sample preparation. One
sample was run four times, throughout the sampling period. Results for that sample
varied, on average, less than +/- five percent. Only data for the elements of interest for
this study. As, Cu, Hg, Pb, and Zn, were comprehensively reviewed, but it was noticed in
passing that nickel results were skewed significantly when the shutter was not completely
opened. This does not appear to have affected the results for other elements. Analysis o f
the cores taken from the site was attempted but the thick plastic wall o f the sample tube
interfered with the FPXRF results.
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2.3 Hyperspectral Imaging
Beginning in 1987, the Airborne Visible/Infrared Imaging Spectrometer (AYIRIS)
was the first instrument to measure the VRI spectrum between 400 nm and 2500 nm at 10
nm spectral resolution. The hyperspectral imaging field grew considerably during the
1990s as new instruments and processing techniques developed. Imaging spectrometers
have been used in minerals exploration, geology, ecology and vegetation, atmospheric,
and environmental hazard studies, among others. The currently available atmospheric
calibration and image processing techniques are reviewed below, as are the processing
techniques used in this thesis. AVIRIS, the government-owned and operated research
instrument, is the current state o f the art in imaging spectrometers, but with advances in
instrument technology, a number o f commercial sensors have become available. In
addition to AVIRIS data, data from two commercially available sensors, the Compact
Airborne Spectrographic Imager (CASI) and the SWIR Full Spectrum Imager (SFSI)
were used in this thesis and are here described. Data from Hyperion, the first spacebome
imaging spectrometer, were also acquired. Making useful mineral maps from imaging
spectrometer data involves three critical steps: collection o f good data, a quality
atmospheric calibration, and the correct use o f spectral mapping methods. In many ways,
the last step is the least difficult, as several robust mapping methods have been
developed. However, if weak, noisy data have been collected or the atmospheric
correction is poor, even the most robust mapping method in the hands o f the most
qualified and diligent image processor will result in mineral maps o f low confidence.

2.3.1 The AVIRIS. CASI. SFSL and Hyperion Imaging Spectrometers
AVIRIS was built by the Jet Propulsion Laboratory (JPL) and began collecting data
in 1987. The instrument has undergone continued improvement and a major upgrade in
1994. Since that upgrade, AVIRIS has delivered high signal-to-noise data, better than
600:1 in the VNIR and 400.1 in the SWIR (Green and others, 1998, p. 235). AVIRIS
mission priorities are determined by JPL; applications for data acquisition and quicklooks
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o f existing data can be found at www. makalu. ipl.nasa.gov/avi ri s. A detailed discussion
o f the AVIRIS sensor is given in Green and others (1998). The instrument is a
whiskbroom scanner with a single oscillating mirror The advantages o f whiskbroom
sensors are that light from each pixel passes through the same path o f the optical system
and only 224 detectors are needed to cover the VRI spectrum (400 nm to 2500nm) at 10
nm resolution. Goetz and others (1985, p. 1148) review the advantages and drawbacks o f
whiskbroom and push broom sensors. AVIRIS is usually flown on an ER-2 airplane at
an altitude o f 20,000 meters. The instantaneous field o f view (IFOV) o f 1.0 milliradian
across a 30 degree scan width results in a 20 meter pixel for areas close to sea level and
an 11 km swath width. At the 1500 meter elevation o f the Bauer site, AVIRIS pixels are
about 18.3 meters. Recently, AVIRIS has been flown at lower altitudes in a twin otter
aircraft for a portion o f the flight season. Whereas the decreased atmospheric path
radiance is a significant advantage, the decreased pixel size results in incomplete spatial
sampling. AVIRIS undergoes lengthy spectral, radiometric, and spatial calibrations
before and after each eight-month flight season. Measurements are also made by the
onboard calibrator before and after each flight line. AVIRIS data were collected over
Bauer on August 5, 1998.
Since 1989 over 20 CASFs have been built by ITRES Research Limited. The CASI
used in this thesis was operated by Borstad Associates Limited, a remote sensing service
company, but is not the CASI described on their web page (www,borstad.com/casi). The
ITRES web page (www dires.com/docs/casi2) states a peak signal-to-noise for the CASI
o f 420:1. The CASI, like the SFSI and Hyperion, is a two-dimensional array, or push
broom sensor, with no moving parts. The absence of moving parts allows for rapid
cycling o f the detectors (decreased integration time) and therefore smaller pixels. The
disadvantages of push broom sensors are the complications that arise from calibrating a
large number o f detectors. The CASI consists o f an array of 512 across-track detectors
by 288 spectral channels. The array is variably organized depending on the application,
but typically operates in either a spectrally continuous mode, with a minimum spectral
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resolution of 1.8 nm, or a spatial mode with up to 20 selectable bands. The number of
bands, and the desired spectral resolution determines the required integration time and
thereby aircraft speed. Spectral range is limited to 545 nm between 400 nm and 1000
nm. Spectral, spatial, and radiometric calibration of any hyperspectral imager is key to
acquiring high quality data and is a laborious process. Jacobsen and others (2000)
evaluated a CASI with a suspect calibration history and found significant discrepancies.
Spectral calibration is not only important for mineral mapping, but is also critical if an
atmospheric model, such as ATREM, is used to reduce radiance to reflectance because
the models are based on the position and shape o f well characterized water vapor
absorption features. CASI can be flown in small single-engine planes, but when imagery
is acquired simultaneously with the SFSI, a twin-engine plane is used. CASI data were
collected over Bauer in October 1998 from an altitude o f 4000 meters resulting in an
approximately four meter by four meter pixel. The CASI was operated in spatial mode
with 20 bands collected between 407nm and 940 nm (Table 2.3). Changes to the band
positions were made at the last moment so the configuration reported by Borstad
Associates Limited (Borstad Associates and Spectral International, 1999) does not
correspond to the actual band positions.
The SFSI was built by the Candian Centre for Remote Sensing (CCRS) in 1990. It
was rebuilt and upgraded by Borstad Associates Limited in 1998 and calibrated at York
University in 1998 (www.borstad.com/sfsi). This calibration is used to convert raw
radiance to upwelling radiance. If errors are present in the conversion, or, more likely,
the responsivity o f the detectors change with time, raw radiance measured at the sensor
will not be accurately converted to upwelling radiance. Neville and others (1997) give a
complete discussion o f the spectral, radiometric and geometric calibrations that are
needed to convert sensor signal to radiance for the SFSI. Gao and Davis (1997) discuss
some complications o f the two-dimensional array design. No estimates o f signal-to-noise
for the SFSI have been published. The SFSI is a two-dimensional array with 480 rows by
496 columns o f detector elements. In normal operation, two adjacent rows are summed

48

for an effective array o f 240 spectral channels by 496 pixels covering the spectral range
1230 nm to 2380 nm across a field o f view o f 34 degrees (www.borstad.com/sfsi). This
configuration results in a spectral resolution of 10 nm. It was decided to record each five
nm band for this project. The SFSI was flown in tandem with the CASI in October 1998.
SFSI pixels at Bauer are approximately four meters by four meters.
Table 2.3 Reported and actual CASI band widths and center positions in nanometers.
Actual band centers are from the CASI data files distributed by Borstad Associates Ltd.
Band
1
2
3
4
5
6

Reported band positions
4 0 6 .6 -4 1 6 .1
437.8 - 447.4
4 8 4 .1 -4 9 3 .7
5 0 4 .6 -5 1 4 .3
5 2 5 .1 -5 3 4 .8
5 5 5 .1 -5 6 4 .9

Reported band widths
9.5
9.6
9.6
9.7
9.7
9.8

7
8
9
10

6 1 5 .5 -6 2 5 .3
659.1 - 6 6 8 .9
6 7 8 .1 -6 8 6 .0
7 0 0 .9 -7 1 0 .7

9.8
9.8
7.9
9.8

11
12
13
14

750.5 - 758.4
757.6 - 760.6
7 6 1 .6 -7 6 6 .3
7 6 9 .2 -7 8 1 .7

7.9
3.0
4.7
12.5

15

830.7 - 840.5

9.8

16
17

8 8 3 .3 -8 9 4 .3
8 9 3 .2 -9 0 3 .8

11
10.6

Actual band centers
411.3
442.6
488.9
509.4
530.0
560.0
591.0
620.4
664.0
682.0
705.8
729.6
754.4

Band
1
2
3
4
5
6
7
8
9
10
11
12
13

775.4
809.8
835.6
864.2
889.0
898.6
935.7

14
15
16
17
18
19
20

The SFSI data over Bauer are striped in both along- and cross-track directions
(Figure 2.10) indicating that a significant component o f the spectra is due to sensor noise.
Additionally, some detectors between 1500 nm and 1800 nm in the center o f the array
were not functioning properly (Figure 2.10) resulting in a data drop. Because o f the data
drop only bands between 1968 nm and 2409 nm were deemed useful. There is a marked
drop off in signal recorded by the SFSI beyond 2350 nm resulting the striping o f the data
and indicating that little useful signal was recorded beyond about 2350 nm.
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Figure 2.10 Across- and along-track striping in band 225 at 2350 nm (left) and
the data drop between 1500 nm and 1800 nm, band 108 at 1750 nm shown.
Because o f these problems only the spectral range between 1970 nm and 2350 nm
was deemed usefiil.

50

Hyperion, the first successful spacebome imaging spectrometer system, was
launched in November 2000. Hyperion is a push broom, two-dimensional array imager
with 200 spectral bands covering the 400 nm to 2500 nm range at approximately 10 nm
resolution. Signal-to-noise is estimated at 100:1 in the VNIR and 50:1 in the SWIR
(Kruse and others, 2001). Hyperion collects an image 7.5 km by 180 km with 30 meter
pixels during a 24 second period from an altitude of 705 km. While calibration
adjustments are not possible, calibration is monitored by both onboard and terrestrial
targets. Hyperion data were collected over Bauer in August 2001. Minor data drops
were present in a few bands, especially near the beginning o f the scene. These were
replaced with an average o f the two adjacent pixels. Table 2.4 presents a summary o f the
characteristics o f the AVIRIS, CASI, SFSI, and Hyperion sensors.

2.3.2 Sensor Signal-to-noise- and Data Dimensionality
An imaging spectrometer must have sufficient signal-to-noise (S/N) to allow the
image processing algorithms to successfully identify the materials o f interest for a
specific application, but deciding how much S/N is needed is not simple. Higher S/N is
traded for poorer spectral and/or spatial resolution and so determining the spatial and
spectral characteristics o f the target materials is important prior to data collection.
Swayze (1997) evaluated the ability o f the USGS’s Tetracorder program, a feature fitting
based spectral mapping algorithm, to identify successively noisier laboratory spectra.
Goetz and Kindel (1999) compared imagery from high- and low-altitude AVIRIS, versus
HYDICE (a high spatial resolution government-owned push broom sensor). Kruse
(2000) investigated the effects o f decreased spectral resolution using AVIRIS and
HyMap (a commercial hyperspectral sensor). He found that a number o f sericites could
be differentiated and that dolomite could be separated from calcite with both the 10 nm
AVIRIS and the 17 nm HyMap data. He concluded that, “S/N is the key to overall
quality o f the spectral mapping process. If the S/N level is inadequate, neither spatial or
spectral resolution matters.”
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Green and Boardman (2000) evaluated the effect of increasing S/N at the cost of
spatial resolution on the data dimensionality o f low-altitude AVIRIS radiance data. The
dimensionality was assumed to be equal to the number o f minimum noise fraction (MNF)
images (essentially principal component transformation images) that contained spatially
coherent data. They then averaged four, 16, and 64 low-altitude AVIRIS pixels together
and found that the dimensionality increased as the spatial resolution decreased. That is,
as S/N increased, the number o f spectrally distinct components o f the image increased.
This suggests that if disappointing results are returned from initial mineral mapping by
reducing the spatial, or spectral resolution, and thereby boosting the S/N, it may be
possible to map additional minerals. In doing so, however, some information may be
lost. Small occurrences may be missed or some subtle spectral features that are
indicators o f mineralogical variations may not be resolvable. This approach, however,
may be the only way to produce useful results from low S/N data.
Preliminary image processing o f 5 nm SFSI data yielded poor results. In an attempt
to increase the utility o f the data the 5 nm data were averaged to 10 nm by summing the
output o f two adjacent detectors and dividing by two. To evaluate the changes in the
SFSI data after averaging to 10 nm, I ran an MNF transform on a spectral and spatial
subset o f the SFSI data. The dimensionality o f the 5 nm MNF data is shown in Figure
2.11. Only 10 MNF transform images contain spatially coherent elements and sensor
artifacts make up much o f the data content in five o f the MNF images. Disappointingly,
averaging the five nm data to 10 nm did not result in any increase in the number of
spatially coherent MNF bands. Further boosting the S/N by averaging to 15 nm spectral
resolution or averaging the 4 meter pixels to make 16 meter pixels might improve the
usefulness o f the data. However, because o f the limited number o f SWIR-active minerals
and their low abundance Bauer is not an ideal site to evaluate the two-micron data
content o f hyperpsectral imagery. Exploring the changes brought about by increasing the
S/N o f the imagery can only be done with high spectral and spatial resolution data
because once the data are collected, spatial and spectral resolution only can be decreased.
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Figure 2.11 MNF-transformed 5 nm SFSI radiance data, images 1 to 10. Note that
sensor artifacts make up much o f the information content in several o f the images.
Averaging the data to 10 nm had little to no effect on the number of spatially coherent
MNF images.
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2.3.3 Georectification
Imagery collected at low altitudes is strongly spatially distorted due to aircraft
motion. The spatial distortion must be decreased if surface features are to be recognized.
To make this possible, a mechanical gyro bolted to the imager and a GPS unit record the
aircraft motion and location during flight. The GPS and gyro data are used to remove a
significant component o f the spatial distortion and to geolocate the imagery. Boardman
(1999) describes how this process was undertaken with low-altitude AVIRIS data
collected in 1998. Spatial distortion is minimal in AVIRIS imagery collected from the
ER-2 plane at 20,000 meters and is not an issue for the spacebome Hyperion sensor. No
spectral distortion is introduced into the data during georectification if the nearest
neighbor resampling method is used, but some spectra may be lost or duplicated in
various portions o f the imagery (Green and Boardman, 2000).
The first-pass georectification for the CASI and SFSI are reported to be accurate to
within 20 to 45 pixels (Borstad Associates and Spectral International, 1999). Final
georectification to USGS 7.5 minute digital raster graphics (DRG) maps was done by
Borstad Associates Limited prior to distributing the CASI and SFSI data. This time
consuming process involves assigning coordinates for many points from the reference
map, in this case the DRG’s, to the same point on the target images, and warping the
target image to those coordinates. The warping algorithm used by Borstad was the thin
plate spline, reported to be especially good for warping data from push broom type
sensors (Borstad Associates and Spectral International, 1999). Borstad reports an
accuracy o f two to three pixels relative to the DRG’s. That is, any errors in the DRG’s
will also appear in the imagery. The CASI and SFSI imagery were warped into the UTM
zone 12, NAD 83 projection, coincidently the same projection as the digital
orthoquadrangles (DOQ’s) used as the base for the surface mapping and sampling. If the
imagery is georectified prior to mineral mapping the results can be directly imported into
a GIS database.
No georectification o f the AVIRIS or Hyperion data was undertaken.
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2.3.4 Atmospheric Calibration
Radiance is dominated by atmospheric effects that must be removed from image
spectra before surface materials can be mapped (Figure 2.12). Atmospheric effects are
caused by the absorption and scattering o f light by atmospheric gases, especially water
vapor. Assuming good quality data have been collected, the most critical step in
producing useful mineral maps is the atmospheric calibration. “We believe that high
quality imaging spectrometers will for ever more have precision that exceeds the
accuracy o f the atmospheric models needed to reduce them to reflectance.” (Boardman,
1998a). The USGS Spectroscopy Laboratory, a leading authority in imaging
spectroscopy, budgets one to two person-months per AVIRIS flight line for atmospheric
calibration (Clark and others, 1999).
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Figure 2.12 AVIRIS spectrum o f radiance at the sensor and the reflectance spectrum of
the same pixel. Radiance and reflectance units are scaled to overlap. Solar irradiance
and atmospheric effects control the shape o f the radiance spectrum. Reflectance is a
small part o f radiance and is controlled by the reflective properties o f materials on the
surface. Note the 2.2 pm clay feature in the both spectra. Path radiance in the SWIR is
minimal, so strong reflectance features can affect radiance. Pixel is from the large gravel
pit in the northwest comer o f the project area. Gaps in the reflectance spectrum
correspond to the atmospheric absorption regions.
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Atmospheric calibration methods fall into four groups: image-based, empirical,
modeled, and combination calibrations (Goetz and others, 1997). Image-based
calibrations include the internal average relative reflectance (IARR) and the flat field
calibrations. IARR ratios the mean spectrum of the entire image to each image spectrum,
theoretically canceling out the atmospheric effects that are common to the entire image.
This assumes that the mean spectrum will not contain any spectral features o f interest and
that the atmospheric effects are the same throughout the image. Similarly, the flat field
calibration involves the removal o f the mean spectrum o f a spectrally flat target from
each image spectrum. Image-based methods have been used since the beginning of
hyperspecrtral imaging and are useful, especially in the SWIR where atmospheric
scattering (path radiance) is relatively minor. Peppin (2001) gives a number o f detailed
examples o f the successful use o f IARR corrected SFSI and AVIRIS data, and a
discussion o f current atmospheric calibrations. An IARR calibration of the SFSI data
resulted in spectra similar to spectra derived with the empirical line method (Figure 2.13).

Figure 2.13 SFSI reflectance spectra o f a pixel derived with the IARR and the empirical
line atmospheric calibrations. Pixel is from gravel pit northwest comer o f project area.
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The empirical line method of atmospheric calibration is in theory simple.
Reflectance spectra o f a homogeneous area covering a number o f pixels are measured
with a field spectrometer during, or close to, the time of the hyperspectral flyover. In
practice, locating spectrally uniform and bland areas is usually difficult and requires
significant planning. Clark and others (1999) give a detailed discussion of their
recommended procedure for collecting calibration spectra. High-quality field portable
spectrometers, like ASD’s FieldSpec Pro 350 —2500 have made the collection o f field
spectra much easier than 10 years ago, but no less expensive. A new ASD spectrometer
costs around $60,000. After collection, averaging, and editing o f the field spectra, the
image spectra of the same location are forced by multiplication to match the field spectra.
The correction factor is then applied to the entire image. One caveat to this method is
that atmospheric effects are not uniform across an image, especially in areas with
significant relief and at the edge of image swaths. An empirical line calibration was used
on the CASI, SFSI, and Hyperion data sets as described below. Zamudio and Atkinson
(1991) evaluated the success o f the IARR and empirical line calibrations with early
AVIRIS data. An intriguing approach to atmospheric calibration analogous to an
inverted empirical line calibration is discussed in Kindel and others (2000). Their
approach involves directly measuring atmospheric effects with a portable radiometer and
subtracting that from radiance at the sensor.
Numerical models that describe the light scattering and absorbing properties o f the
atmosphere are commonly used to correct radiance to reflectance. The ATmospheric
REMoval program (ATREM) is widely used on AVIRIS and other imaging spectrometer
data sets (Gao and others, 1993). ATREM calculates water vapor on a pixel-by-pixel
basis based on the depth and shape o f the 0.94 pin and 1.14 pm water vapor features.
Estimates o f other atmospheric effects also are made. If both the 0.94 pm and 1.14 pm
features are not available, as is the case with the CASI and SFSI, ATREM can be
modified to use one feature independently, but this can only be done by expert
programmers. The biggest advantage o f ATREM is the pixel-by-pixel correction because
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water vapor, the most variable atmospheric constituent, can vary by a factor o f two across
a 10 km wide AVIRIS scene (Goetz, and others, 1997). Unfortunately, ATREM,
originally distributed freely through the University o f Colorado - Center for the Study of
Earth from Space web page, is no longer available. ATREM does not predict path
radiance below 0. 55 pm very well, so an additive correction is commonly made in the
shortest wavelengths. ATREM does not produce smooth spectra and some type of
smoothing or polishing is usually done to ATREM-processed data, as described below.
A more sophisticated and complete calibration is possible using the Air Force Research
Laboratory (AFRL) developed MODTRAN4 algorithm (Matthew and others, 2000).
Until recently MODTRAN4 was only available to expert users associated with AFRL. A
MODTRAN4 based correction is now available through the Atmospheric CORrection
Now (ACORN) software sold by Analytical Imaging and Geophysics for about $1,000
(www.rsinc.com). ACORN can reportedly calibrate data from CASI and Hyperion in
addition to AVIRIS and other hyperspectral imagers. With the model-based methods
there is no need for personnel to visit the site, a significant advantage when you are doing
mineral exploration in some distant place. However, in many environmental studies the
target area is usually somewhat defined and accessible. In cases where access to a site
cannot be arraigned then a model-based calibration would be necessary.
ATREM, followed by a smoothing procedure, either an image-derived process like
EFFORT (Goetz and others, 1997) or the application o f an empirical line calibration
(Clark and others, 1999) is the most commonly used atmospheric calibration for AVIRIS
data. EFFORT is available through ENVI (www.rsinc.com), but it’s correct use is not
immediately obvious. The ATREM-empirical line combination method was used to
calibrate the Bauer AVIRIS data.
As part of the USEPA Utah AML Watershed Hyperspectral Imaging and Analysis
project, the USGS published the ATREM parameters and calibration spectrum that they
used to correct the west Oquirrh 1998 AVIRIS flight line to reflectance (Rockwell and
others, 2002). Fortunately, this occurred after I had calibrated the Bauer AVIRIS scene
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because the USGS subsequently discovered significant problems with the Saltair
calibration site on the shores o f Great Salt Lake.
ATREM was run on the Bauer AVIRIS data using parameters similar, but not
identical to, those recommended by the USGS for the Oquirrh flight. A vegetated northfacing slope was examined to determine the amount o f negative reflectance in the blue
wavelengths caused by ATREM and a minor offset was added.
The empirical line calibration site is a small gravel pit in the center of the project
area (Figure 2.14) completely covering 21 AVIRIS pixels. Clark and others (1999)
recommend at least 25 AVTRIS pixels be used to determine the calibration factor.
Identification o f atmospheric calibration sites prior to the hyperspectral data collection is
important; spectrally bright, uniform areas are surprisingly rare. In the case of
environmental studies o f sites that are being considered for multi-million dollar clean
ups, it is not unreasonable that a high-quality calibration site could be made with a
bulldozer, especially if the data will be collected at high spatial resolution. A clearing of
50 meters by 50 meters would cover more than 150 four-meter pixels and a 100 meter by
100 meter clearing would cover 34 17-meter pixels.
VNIR spectra o f the gravel pit were collected in August 2000, two years after the
AVIRIS flight. The spectra were averaged and applied to the ATREM-corrected data.
Preliminary one-micron maps were successfully made with this calibration.
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Figure 2.14 The empirical line atmospheric calibration site, a small gravel pit in the
center o f the project area. AVIRIS pixels used to determine the calibration factor are red.
In March 2002, full-range spectra were collected from the gravel pit so that a SWIR
calibration also could be made (Figure 2.15). Upon examination o f the March 2002
spectra, and the calibrated imagery, it was decided that the August 2000 VNIR spectrum
produced better results. The VNIR portion o f the August 2000 spectrum was spliced into
the March 2002 full range spectrum.

Figure 2.15 Collecting calibration spectra from the gravel pit, March 2002.
Also in March 2002, spectra from a relatively homogeneous area of bright yellow
tailings were collected (Figure 3.21, p. 109). The purpose was to check the accuracy of
the atmospheric calibration. Figure 2.16 shows spectra o f ATREM-corrected, and
ATREM-empirical-line-corrected spectra from the south end of the southern tailings
pond and the average ground spectrum collected from the same area. Significant
differences exist between the spectra, most notably the decrease in overall reflectance.
The tailings were apparently lighter when the imagery was collected three and a half
years earlier. It was noted that the tails were damp just under the surface during the
March 2002 visit.
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Figure 2.16 ATREM calibrated, and ATREM-empirical-line-calibrated spectra from the
south end of the southern tailings pond and the average ground spectrum collected from
the same area three and a half years later. Gaps in the spectra correspond to the
atmospheric absorption regions.
ATREM is not readily useable on the CASI data so an empirical line calibration
from the small gravel pit was applied directly to the CASI radiance data. This is
appropriate because the calibration site is located within the relatively small Bauer
project area, so only minor variation in the atmosphere is likely. The Hyperion data were
also converted to reflectance using the small gravel pit empirical line calibration. This is
a less robust calibration because only four 30-meter Hyperion pixels fall completely
within the pit. The ENVI empirical line calibration process calls for both a light and a
dark calibration site. Only a bright target was used. The SE SI data were converted to
reflectance using an IARR calibration. Figures 2.17, 2.18 and 2.19 show CASI, SFSI,
and Hyperion spectra from the south end of the southern tailings pond and the average
ground spectra collected from that area.
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Figure 2.17 CASI spectrum from the south end o f the southern tailings pond and an
average ground spectrum o f the same area.
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Figure 2.18 SFSI spectrum from the south end o f the southern tailings pond and an
average ground spectrum o f the same area.
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Figure 2.19 Hyperion reflectance spectrum from the south end of the southern tailings
pond and an average ground spectrum from the same area. Note the noise present in the
Hyperion spectrum. Gaps in the reflectance spectrum correspond to the atmospheric
absorption regions.
In summary, the Bauer calibrations were less than ideal, and likely resulted in
decreased utility of the hyperspectral data.
2.3.5 Imaging Spectroscopy Mapping Techniques
Image processing was done using ENVI 3.6 software, the current state of the art in
hyperspectral image processing. ENVI is available from Research Systems Inc. for about
$4,000. Four basic approaches are available through ENVI: spectral angle mapper
(SAM), spectral feature fitting (SFF), mixture tuned matched filtering (MTMF), and
linear spectral unmixing. An outline of each method is here presented followed by a
discussion of the processing path used in this thesis.
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Two terms need to be defined before discussing mapping techniques. Image “end
members” are the purest spectra found within an image and they correspond to the basic
components that make up all other spectra within an image. Those components include
materials of interest like vegetation and minerals with strong absorption features, and
other image components like shadow, water, noise, and residual atmospheric effects. End
members can be identified with ENVTs pure pixel index (PPI). The PPI processor
projects spectra into a multi-dimensional space where variation within the data forms a
shape defined by the extreme members o f the data set. The extreme points are the end
members of the image. While the PPI is very useful for suggesting a set o f possible end
members, and can identify materials that were not previously known to exist within a
scene, the process o f selecting which end members are the most extreme is laborious. An
improvement to the PPI would be a way to look directly at the proposed end member
spectra. End members are required by some mapping methods as “reference” spectra.
Adi imaging spectroscopy mapping algorithms use reference spectra to determine the
degree of match between the spectrum o f a material o f interest and image spectrum.
Reference spectra can be laboratory-measured from materials o f known composition or
can be taken from the imagery. Except for the USGS’s imaging spectroscopy team,
image-derived reference spectra generally are considered to be superior (Kruse, 1998).
Image-derived references account for local variations within the materials o f interest, and
any residual atmospheric or sensor effects that are common to the entire scene. During
the course o f the NASA project Bill Peppin and I arrived at a bootstrap method for
quickly identifying potential end members. Our method is to identify the few pixels that
are the closest match to a laboratory spectrum. The best match pixels then are averaged
and used as a reference spectrum. Selecting references from areas o f known mineralogy
is another approach to defining reference spectra. This is useful as a last resort if
meaningful images can’t be made with other references or if the target is a complex
mixture o f minerals rather than an individual mineral. This technique requires substantial
knowledge o f the study area.
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Linear spectral unmixing (Research Systems, 1999, p. 688) can be used to estimate
the relative abundances o f materials found within an image. It is assumed that the
reflectance o f each pixel is the linear sum o f a limited number o f end member spectra and
that at least a few o f those end member spectra are recognizable and correspond to
materials o f interest. The method has been used successfully many data sets (Neville and
others, 1997). Drawbacks the need to identify all image end members, a lengthy process
as best, and the mapping o f spectra that correspond to materials not o f interest. No linear
spectral unmixing was attempted as part o f this thesis.
Mixture tuned match filtering (MTMF) is used to map abundances o f target materials
without knowing all image end members (Research Systems, 1999, p. 693). This is
accomplished by suppressing the background signal and maximizing the response o f the
known end members. MTMF has its roots in signal processing (Boardman, 1998b).
MTMF outputs a degree-of-match and an infeasibility image for each end member. Then
a scatter plot is used to identify pixels that are a good match to the end member and that
have low infeasibility. Creating a class image from the scatter plot window is not
immediately straightforward. MTMF operates in minimum noise fraction (MNF) space.
The MNF rotation is essentially two sequential principal component transformations and,
“is used to determine the inherent dimensionality o f the image data, to segregate noise
from the data and to reduce the computational requirements for subsequent processing.”
(Research Systems, 1999). ENVI estimates the noise fraction o f the data from a user
specified homogeneous area on the image. One difficulty encountered while attempting
to use MTMF on the AVTRIS data from Bauer was the absence o f a homogeneous area
large enough; a 20 pixel by 20 pixel box is about the smallest box that can be
manipulated to select such an area. No successful MTMF images were made for this
thesis. However, MTMF has been successfully used by many researchers (Verdel, 2002)
and is claimed to routinely identify five percent, sub-pixel abundances (Boardman,
1998a).
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SFF, or the generic equivalent, feature fitting, involves the removal o f the continuum
and two measurements o f the degree-of-match between the reference and image spectra.
The first is a depth o f feature, or scale measurement, followed by a least-squares fit. The
two measurements are combined to form a fit image. One advantage o f the feature fitting
technique is that the reported values are measurements of the image spectra that can be
easily visualized and therefore can be interpreted more directly, whereas the other
mapping methods report numbers that are relatively abstract. The USGS spectroscopy
team is the leading proponent o f the feature fitting method and has, through their
Tetracorder program, attempted to make the feature fitting method similar to the process
used by spectroscopists to interpret laboratory spectra (Clark and Swayze, 1995).
Tetracorder has the ability to examine multiple, precisely defined absorption features and
weigh the results to make a determination. It also can map hundreds of materials in a
single pass. Tetracorder has several drawbacks, the greatest o f which is that it is not
publicly available. SFF is able to do the same feature fitting on individual absorption
features (Farrand, 2001), but the real value o f the Tetracorder program is the decades of
accumulated VRI spectroscopy knowledge that resides within the Tetracorder command
file. The command file contains the position o f the endpoints for the continuum removal
used to identify specific minerals and the weighting values assigned to the principal and
subordinate absorption features for each mineral, and other information useful for
mapping surface materials with imaging spectroscopy. One disadvantage o f the
Tetracorder approach is that reference spectra are selected from a laboratory-generated
library, and therefore, it has trouble mapping mixtures and local variations in mineralogy.
Crosta and others (1996) compared the ability of the Tetracorder and spectral angle
mapper (SAM) mapping methods and found that whereas both mapped similar
distributions of minerals, Tetracorder was able to map a wider range of minerals.
Spectral Angle Mapper (SAM) compares the “spectral” angle between the image
spectra and a reference spectrum in «-dimensional space, where n is the number o f bands
selected by the user (Research Systems, 1999, p. 685). The bands are selected on a trial
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and error basis, but normally conform to the spectral region where diagnostic spectral
features occur for a given target. SAM was developed in the early 1990s and is
considered to be somewhat outdated, but I found that it is very quick, easy to use, handles
noisy data relatively well, and is a useful technique, especially for mapping broad
absorption features. I found that SAM does not work as well on small absorption
features. It is therefore more suited for use in the one-micron region. Peppin (2001) also
used SAM and found it to be useful, especially when used in conjunction with feature
fitting. SAM outputs a degree-of-match (rule) image with values between zero and one
where low numbers indicate the best matches. SAM was used to make the hyperpectral
images for this thesis.
2.3 .6 Mapping Technique Used in this Study
My general mapping procedure is here described; mineral specific details are noted
in the results section along with the mineral maps. I first ran SAM over a relatively wide
band pass using a reference spectrum for the mineral o f interest from the USGS Spectral
Library (Clark and others, 1993). From the resulting rule image, I exported a region of
interest (ROI) that included only the very best matches, typically a few tens o f spectra
(ROIs identify groups o f pixels). The ROIs can be created and moved between both the
imagery and the SAM rule images because both images are the same size. I then
averaged the spectra from the ROI to create an image-derived reference spectrum and
reran SAM I applied a density slice to the resulting SAM rule image and adjusted the
cutoffs o f the density slices until only geologically plausible pixels were mapped. The
density sliced bins were then exported as a series o f ROIs to the imagery and spectra
from each ROI were averaged. The average spectrum from each ROI was examined to
determine if it was sufficiently similar to the reference spectrum to be mapped as the
mineral o f interest. If the ROI containing the poorest matches still had the signature of
the mineral o f interest more liberal ROI s were exported and examined until the average
spectra o f the last ROI no longer matched the reference spectrum. Typically the last ROI
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contained relatively few pixels, some o f which did, and some of which did not match the
reference spectrum. I then examined the spectra o f enough pixels to convince myself that
there was some truth to the map. This “virtual ground truthing” is an important step and
can result in the discovery o f surprising results. The overall process was the same for
data from each o f the sensors and for each surface material mapped. The actual numbers
output by SAM only indicate the degree o f relative match. Numbers from one image
cannot be used to define cutoffs for any other image.
The speed and ease o f the SAM processor allowed me to run multiple analyses with
different endpoints for each mineral. This leads to the question o f exactly what spectral
feature(s) is being mapped by SAM. If a narrow band pass is used to focus on a specific
feature, then information gained from the overall shape o f the spectrum is lost and noise
or atmospheric artifacts can result in false positives. If, however, a wide band pass is
used, then subtle changes to individual features are missed. This is where Tetracorder
has an advantage because it can weigh the importance o f both narrow features and the
overall “holistic” shape o f the spectrum. Peppin (2001) developed an approach similar to
Tetracorder using a combination o f SAM, which is good for looking at holistic features,
and feature fitting, for individual absorption features, in a fuzzy-logic format.
Mineral mapping was done on the entire AVTRIS scene and on subsets o f the other
imager data sets that covered areas substantially larger than the project area. This was a
disadvantage when interpreting the mean spectra of the mapped classes because they
include spectra from within and outside o f the project area.
A recommended processing path for commercial investigations o f sulfide mine and
mill waste sites using imaging spectroscopy is presented in Section 4.2 (p. 167).
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CHAPTER 3
RESULTS

3.1 Aerial Photograph Interpretation
By combining the interpretation o f the 1959 aerial photographs with Burr and
Curry’s (1998) discussion of the Stockton Bar, and field study of the Bauer area, a
geologic map and an anthropogenic materials map o f the Bauer project area were made
(Plate I). The large scale, 1:20,000, of the 1959 photos made them the most useful for
mapping landforms indicative o f the geology. A discussion o f the geologic units is
presented in Section 3.3.1 and the anthropogenic units are discussed in Section 3.3.2.
The 1959 aerial photographs reveal the distribution of the surface materials at the
end o f milling operations at Bauer (Figure 3.1). Because the photos are black and white,
it is not possible to say how much of the tailings were oxidized at that time. Limited
activity was ongoing at the time of the photo as there are vehicles parked at the mill, and
the small dark spot in the south tailings pond may be an area o f active tailings deposition.
This contradicts the reported close of the mill in 1957. Tailings were excavated and re
milled during the late 1940s creating the depression in front of the mill. The windblown
tailings were moving out o f the impoundments prior to 1959, but cover a smaller area
than in later photos (Figure 3.2). North of the project area, on the Tooele Army Depot,
dune like landforms are present. It is unclear if the material in these dunes is derived
from the tailings. The limonite-stained gravel anomaly is developed and extends as far as
in the 1999 photos. Large areas o f the site were used for agriculture, mostly apple
orchards, prior to 1938, and the remnants o f that activity are visible in the 1959 photos.
Only limited gravel mining had occurred in the area as o f 1959.

Figure 3.1 1959 aerial photograph of Bauer showing surface materials and geology.
Arrow points to an area o f possible active tailings deposition. Units are: Bit - Beaches
late transgessive, Bbc - Bars Bonneville complex, Lbc - Lacustrine Bonneville complex,
Bpc - Beaches Provo complex. Tu - Tailings undifferentiated, Tw - Tailings windblown.
See Section 3.3 for unit descriptions.
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Relatively little changed at Bauer between 1959 and 1977. The mill was removed
and the windblown tailings continued to move to the north. Snow fences were placed
along the north edge o f the south pond and vegetation planted in an attempt to slow the
progress of the dunes. Well-developed parabolic dunes developed downwind of the
fence. Areas o f limonitic and sulfidic tailings are recognizable in the 1977 color-infrared
photos. Sometime between 1959 and 1977 a significant spill occurred at the adhesives
plant leading to an area o f the valley being covered with coal fines. Sagebrush was
removed from the area adjacent to the tailings plume, presumably to promote the growth
o f grass for cattle ranching.
By 1993 the site looked pretty much as it does today (Figure 3.2). Orange and
yellow tailings covered the bulk o f the southern and northern impoundments except for
an area in front of the mill foundation. Significant gravel mining was taking place in
both the Bonneville and Provo shorelines. The adhesives plant was reclaimed, except for
the spill area, and the windblown tailings plume has reached the limonite-stained gravels.
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Figure 3.2 1993 aerial photograph of the Bauer site showing 1959 and 1993 surface
materials. Units are: T1 —Tailings limonitic, Ts - Tailings sulfidic, Tw - Tailings
windblown. See Section 3.3 for unit descriptions.
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3.2 Surface Materials
Results of the surface materials investigations are summarized below. Sections are
dedicated to VRI spectroscopy. X-ray diffraction, and XRF geochemistry. Results of the
microscope examination are included with the pertinent information from the other
studies in the geologic and surface materials unit descriptions in Section 3.3.

3.2.1 Visible and Reflected Infrared Spectroscopy (VRISI
All 140 samples underwent visible and reflected infrared (VRI) spectroscopy.
Results of the VRI spectroscopy are summarized in Table 3.2. The principal minerals
identified were jarosite and goethite in the one-micron region, and gypsum, smectite,
dolomite, and calcite in the two-micron region.
A significant result of the VRI spectroscopy involves the identification of jarosite
based on the position of the 0.7 pm local maximum. As the position of the 0.7 pm
maximum reaches about 0.73 pm, pure jarosite gives way to a mixture of jarosite plus
goethite. Jarosite is absent from samples with 0.7 pm local maximums beyond 0.76 pm.
It also appears that more soluble iron sulfates have local maximums short of 0.7 pm.
This shift is important for identifying jarosite and goethite with the CASI data as the
sensor was not set up to resolve the 0.43 pm feature of jarosite and the full 0.9 pm
absorption feature extends beyond the range of the CASI.
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Table 3.1. Results of VRI spectroscopy of Bauer samples sorted by unit. The categories of “w eak” , “m oderate”, and
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The distribution of the main minerals identified by VRI spectroscopy is shown in
Figures 3.3 through 3.7. Jarosite is restricted to the sulfidic and limonitic tailings, the
waste rock pile and the mill area (Figure 3.3). An area o f intense jarosite is present at the
southern end of the south tailings pond. Nearly all of the sulfidic tailings samples have a
well-developed 0.43 pm iron sulfate feature indicating active oxidation. Some of these
samples contain jarosite, others possibly copiaptie or coquimbite.
Goethite is present in the areas mapped as sulfidic, limonitic, and windblown
tailings, and in the waste rock pile (Figure 3.4). Goethite is not mapped north into the
limonite anomaly because the silt between the pebbles was analyzed. The few pebbles
that were run gave a weak goethite signature or perhaps that of another similar limonite
mineral. The imaging spectrometers showed that goethite is the dominant limonite
mineral present in the limonite anomaly.
Because samples were collected from homogeneous materials relatively few hand
samples contained both jarosite and goethite. This is not the case in the imaging
spectrometer data where the larger sampling area makes intimate mixtures the rule.
Based on the XFR results (Figures 3.10, 3.11, and 3.12), the distribution of jarosite and
goethite, as defined by VRIS, somewhat underestimates the extent of the contamination
plume, but does a good job of defining the source materials.
Gypsum is found in all o f the in situ mine and mill wastes at Bauer (Figure 3.5) and
in some of the windblown tailings. Except for what is found in the windblown tailings,
gypsum at Bauer is mostly authigenic, likely the product o f sulfate released during the
oxidation of pyrite and calcium released during the consumption of calcium carbonate by
acidic solutions. A small amount o f gypsum could have entered the tailings as gangue.
No gypsum was found in any o f the uncontaminated background samples. The
distribution of gypsum mimics the geochemical signature of the tailings, but is not quite
as widespread. Gypsum is a good indicator of in-place tailings and somewhat defines the
windblown plume. The absence o f gypsum in the coal fines unit indicates that the coal
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fines are diluting the windblown tailings, and/or perhaps, that the bulk of the windblown
tailings moved before the coal fines were deposited, sometime between 1959 and 1977.
Dolomite is a common, but minor, constituent of the sulfidic, goethitic, and
windblown tailings and the waste rock (Figure 3.6). Not surprisingly, dolomite is absent
from all o f the jarosite-dominant limonitic tailings, where the lowest pH is expected to
exist. Dolomite is present in some of the sulfidic tailings, where it is assumed to have
entered as part o f the original tailings, along with other gangue minerals. Dolomite is not
completely restricted to the tailings-affected areas. A minor amount is present in one of
the background samples, B-l 19, suggesting that a minimal amount was present in the
sediments prior to emplacement of the tailings. However, there is a strong correlation
between the tailings plume and dolomite. Dolomite was not identified in the area
mapped as coal fines probably because o f an absorption feature attributed to the coal at
2.306 pm that masks the dolomite absorption feature at 2.315 pm.
Calcite in altered and unaltered limestone makes up most of the waste rock, but is
absent from the sulfidic and limonitic tailings units. Calcite possibly is present in a
couple o f windblown tailings samples, B-078 and B-097, but this is uncertain. Calcite is
present within the background sediments (Figure 3.7), but in low abundance.
Smectite is a significant component of the background sediments and is present in
small amounts in the windblown tailings and waste rock (Figure 3.8). No significant clay
was found in the limonitic and sulfidic tailings. Kaolinite is present in a few pebbles that
were fractured and analyzed, as was illite. However, illite was revealed to be spectrally
dominant in Provo complex gravel by the two-micron imagery.

Figure 3.3 Jarosite in Bauer samples by VRI spectroscopy. Abbreviated units are: T1 Tailings limonitic, Ts - Tailings sulfidic, Tw - Tailings windblown, Bit - Beach late
transgressive, Bbc - Bar Bonneville complex, Lbc - Lacustrine Bonneville complex, Bpc
- Beach Provo complex. See Section 3.3 for unit descriptions.
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Figure 3.4 Goethite in Bauer samples by VRI spectroscopy. Abbreviated units are: T1 —
Tailings limonitic, Ts - Tailings sulfidic, Tw —Tailings windblown. Bit - Beach late
transgressive, Bbc - Bar Bonneville complex, Lbc - Lacustrine Bonneville complex, Bpc
- Beach Provo complex. See Section 3.3 for unit descriptions.

Figure 3. 5 Gypsum in Bauer samples by VRI spectroscopy. Abbrevaited units are: T1 Tailings limonitic, Ts —Tailings sulfidic, Tw —Tailings windblown. Bit —Beach late
transgressive, Bbc - Bar Bonneville complex, Lbc - Lacustrine Bonneville complex, Bpc
—Beach Provo complex. See Section 3.3 for unit descriptions.

Figure 3.6 Dolomite in Bauer samples by VRI spectroscopy. Abbreviated units are: T1 Tailings limonitic, Ts - Tailings sulfidic, Tw —Tailings windblown, Bit - Beach late
transgressive, Bbc —Bar Bonneville complex, Lbc —Lacustrine Bonneville complex, Bpc
—Beach Provo complex. See Section 3.3 for unit descriptions.
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Figure 3.7 Calcite in Bauer samples by VRI spectroscopy. Abbreviated units are: T1 —
Tailings limonitic, Ts - Tailings sulfidic, Tw —Tailings windblown. Bit - Beach late
transgressive, Bbc - Bar Bonneville complex, Lbc - Lacustrine Bonneville complex, Bpc
- Beach Provo complex. See Section 3.3 for unit descriptions.

Figure 3.8 Smectite in Bauer samples by VRI spectroscopy. Abbreviated units are: T1 Tailings limonitic, Ts —Tailings sulfidic, Tw - Tailings windblown, Bit - Beach late
transgressive, Bbc —Bar Bonneville complex, Lbc —Lacustrine Bonneville complex, Bpc
- Beach Provo complex. See Section 3.3 for unit descriptions.
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3.2.2 X-ray Diffraction fXRD)
A subset o f the surface samples collected from the Bauer site was analyzed by X-ray
diffraction (XRD) to support the VRI spectroscopy and to aid in the identification of
spectrally inactive minerals. Locations of the 34 samples that were analyzed are plotted
on Plate I. Results o f the XRD analyses and the VRI spectroscopy for the same samples
are shown in Table 3.2. Several grain sizes o f some samples were run with only minor
variations in the results. Most o f the XRD samples were analyzed with the VRI
spectrometer immediately following XRD analysis so that the same sample split and
surface was measured by both methods. Several of the differences between the XRD and
VRIS results are found in samples that were not subject to this sample procedure.
Correlation between the XRD and VRI spectroscopy is quite good overall, although
there are significant differences with some minerals in some units. Jarosite is easily
identifiable with both XRD and VRI spectroscopy. Much o f the jarosite at Bauer is
hydronian [(ICHgO) Fe 3 (S 0 4 )2 (0 H)6], consistent with the absence of a significant source
of potassium in the tailings. It is unknown if hydronian jarosite has spectral features that
can be used to distinguish it from potassic jarosite. An attempt to confirm the presence of
copiaptie and coquimbite in some o f the sulfidic tailings samples by XRD was
inconclusive. A comprehensive study o f the VRI spectroscopy o f iron sulfates would be
useful for future AML investigations. Minor jarosite is identified in the goethitedominant limonitic tailings by XRD, but not by VRI spectroscopy. The ability of XRD
to identify jarosite is independent of the presence of goethite, but with VRI spectroscopy
when goethite is very abundant the presence of small amounts o f jarosite can be masked.
The position o f the 0.7 pm local maximum could be a sensitive indicator o f the presence
of small amounts o f jarosite. Confirmation of this would require detailed laboratory
studies with well characterized or laboratory-grown mineral samples.
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Table 3.2 Results of XRD analyses and comparison to VRI spectroscopy with differences highlighted in yellow.
Abbreviations; 0 - absent, X - present, nid - not identifiable with analysis method. See Plate I for sample locations
and Section 3.3 for unit descriptions.__________________________
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No iron oxides or hydroxides were identified with XRD with the relatively simple
sample preparation used in this study. Two reasons for this are likely: first, goethite is
actually a very minor component o f a sample, being mostly thin coatings on quartz
grains. Secondly, and probably more importantly, goethite at Bauer may be poorly
crystalline and, therefore, transparent to XRD.
Gypsum is identified in the same samples by both methods except for a couple of
windblown tailings samples. VRI spectroscopy appears to be slightly more sensitive to
gypsum than XRD. The strength and position o f the XRD gypsum features are quite
variable making identification more difficult.
The correlation for dolomite is good except for the sulfidic tailings and the coal
fines. None o f the sulfidic tailings showed dolomite in the XRD analysis, but weak
dolomite was recognized by VRI spectroscopy. The reason for this is unknown. XRD
patterns of samples dominated by coal fines have a broad undefined hump, indicative of
organic material. However, the dolomite peak was still recognizable above the noise of
the broad organic feature. No dolomite absorption features were present in the VRIS
spectra of the samples with significant coal fines. The position of the most intense
dolomite peak can be used to determine the stoichiometry o f dolomite. The
stoichiometry of one goethite-dominant limonitic tailings sample and two windblown
tailings samples is about 50 mole percent MgCog, nearly perfect stoichiometric dolomite,
and therefore likely not formed within the tailings.
Calcite is a minor component of the uncontaminated background sediment samples
per XRD, whereas VRIS identified calcite in only a few o f the same samples. XRD is
apparently more sensitive to the presence o f calcite in the Bauer samples. No suggestion
o f siderite or ankerite was found in the XRD patterns.
There is considerable variability in the composition o f the sulfidic tailings, with
anhydrite and possibly paracoquimbite present in some samples. The samples with
paracoquimbite have the VRI spectral signature o f an unidentified iron sulfate, but the
spectrum is not similar to the USGS coquimbite reference spectrum.
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Beyond confirmation of the VRIS results, useful information about spectrally
inactive minerals was gained through the XRD analyses. All of the samples analyzed by
XRD, except for the one limestone waste rock sample, are dominantly quartz. The most
significant result o f the XRD analyses was the identification of pyrite, especially in some
samples outside of the mapped tailings plume. The distribution o f pyrite in the XRD
samples is shown in Figure 3.9. The diagnostic XRD peaks for pyrite and sphalerite
overlap so spahlerite may be present. Pyrite is found in all of the tailings units except the
j arosite-dominated limonitic tailings. The absence of pyrite, and dolomite, in these
samples indicate that the lowest pH was reached resulting in complete oxidation of pyrite
and consumption o f dolomite. XRD was critical in confirming the presence of pyrite in
the most distal samples, as the grain size o f the pyrite decreases with distance from the
tailings ponds, making it difficult to identify under the microscope. The distribution of
pyrite very closely follows the limit o f the geochemical signature of the tailings plume
defined by XRF.

Figure 3.9 Pyrite in Bauer samples by x-ray diffraction. Abbreviated units are: T1 —
Tailings limonitic, Ts —Tailings sulfidic, Tw - Tailings windblown, Bit - Beach late
transgressive, Bbc —Bar Bonneville complex, Lbc - Lacustrine Bonneville complex, Bpc
- Beach Provo complex. See Section 3.3 for unit descriptions.
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3.3.3 Geochemistry by X-ray Fluorescence (XRF)
Field portable x-ray fluorescence (FPXRF) analysis of 96 samples show that the
tailings contain on average 0.38 percent arsenic, 1.4 percent lead, and 0.46 percent zinc,
and elevated levels of copper and mercury (Table 3.3). Samples collected from post1977 excavations, that showed no evidence o f wind-blown tailings, were selected to
represent the uncontaminated geologic units. Levels of As, Cu, and Hg in these samples
are less than the limit of detection (<LOD) and Pb and Zn within expected background
levels or very weakly elevated. Some samples collected outside of the mapped tailings
were revealed to contain sulfide during microscope and XRD analyses. These samples
also have significantly elevated metals. These samples are designated by their geologic
unit name followed by a slash and Tw- Tailings windblown.
Most of the samples analyzed were unsieved, but the silt-sized fraction o f a number
o f samples also was measured. The fine fraction of the contaminated samples always
contains more metals than the coarse fraction. Measurements o f the silt fraction and the
orange, brown, and black coatings on pebbles in the limonite anomaly samples were
averaged for the results shown in Table 3.3. The silt fraction from the limonite anomaly
has an order o f magnitude higher metal concentration than the coatings (2240 ppm As
versus 442 ppm for sample B-112). A sample of pebble-sized coal returned relatively
low metal values (142 ppm As, <LOD Cu, <LOD Hg, 367 ppm Pb, and 794 ppm Zn)
suggesting that this material is not contributing significant amounts of these metals.
Within the tailings units, a few trends are recognizable. Although the highest arsenic
values are found in the sulfidic tailings, arsenic is relatively evenly distributed among the
in situ tailings, and somewhat lower in the windblown tailings. Zinc is concentrated in
the units that contain goethite (the windblown and goethite-dominant tailings). Lead is
more abundant in the jarosite-dominant limonitic tailings. Without knowing a detailed
history of the mill, including what ores were processed when and where the tailings from
those ores were deposited, it is difficult to say whether this is due to the original
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distribution of the tailings or if it represents a metal mobility zoning, but Zn is generally
considered to be easily mobilized in the weathering environment.

Table 3.3. Average metal concentrations in ppm for geologic and anthropogenic
materials mapped at Bauer. See Section 3.3 for unit descriptions. (<LOD - less than limit
____ ____ _____ _____ __
of detection, n- number o f samples measured in unit)
Unit

As

Pb

Zn

n

Eolian sand & silt post-Bonneville

<LOD

<LOD cLOD

47

73

2

Bpc- Beach Provo Complex

<LOD

<LOD cLOD

80

112

3

Cu

Hg

Bbc- Beach/Bar Bonneville Complex

<LOD

<LOD cLOD

280

136

3

Lbc- Lacustrine Bonneville Complex

<LOD

<LOD cLOD

80

110

5
9

Bpc/Tw- Beach Provo Complex/Tailings windblown

867

2128

2754

Bbc/Tw- Beach/Bar Bonneville Complex/Tailings windblown

315

<LOD cLOD

768

731

1

Lbc/Tw- Lacustrine Bonneville Complex/Tailings windblown

717

<LOD cLOD

1994

2445

4

coal fines

992

205

25

2115

3394

5

m ean pebble coatings and silt from limonite anomaly

1435

213

cLOD

3724

4279

3

Tw- Tailings windblown

1686

268

33

5154

7948

15

Tig- Tailings limonitic (goethite dominant)

4353

419

68

10986

7102

14

Tlj- Tailings limonitic (jarosite dominant)

3460

337

115

24369

1370

11

Ts- Tailings sulfidic

5903

155

82

16042

1916

14

Mineral concentrate

235

34586 48896

40

1570

415949 171930

1

Distribution of the metals is shown in Figures 3.10, 3.11, and 3.12. It is clear that the
western and southern extents o f the tailings plume are well constrained. As, Pb, and Zn
have similar distributions: Cu and Hg are lower in concentration and less widespread, but
show a similar pattern. Significantly, two samples of eolian silt B-120 and B-149, south
of the known tailings, do not contain highly elevated metals. It appears that the housing
development south of the Bar (Figure 1.6, p. 17) has not received significant qualities of
windblown tailings. Pb and Zn, but not As, are weakly elevated in sample B-147 south
o f the bar; this may be from contamination associated with the smelters that were located
in and around Stockton before 1900. No sulfide was found in these samples. Sample B148, south of the bar, is from an area of limonite stained pebbles with black organic
smelling soil. Arsenic is below the detection level of the XRF and no sulfide was found
in this sample, so it does not appear to be related to the Bauer tailings.
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Figure 3.10 Bauer XRF arsenic values. Abbreviate units are: T1 —Tailings limonitic, Ts
- Tailings sulfidic, Tw —Tailings windblown, Bit - Beach late transgressive, Bbc —Bar
Bonneville complex, Lbc —Lacustrine Bonneville complex, Bpc - Beach Provo complex.
See Section 3.3 for unit descriptions.
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Figure 3.11 Bauer XRF lead and zinc values. Abbreviated units are: T1 —Tailings
limonitic, Ts - Tailings sulfidic, Tw —Tailings windblown. Bit - Beach late
transgressive, Bbc —Bar Bonneville complex, Lbc - Lacustrine Bonneville complex, Bpc
- Beach Provo complex. See Section 3.3 for unit descriptions.
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Figure 3.12 Bauer XRF copper and mercury values. Abbreviated units are: T1 —
Tailings limonitic, Ts —Tailings sulfidic, Tw —Tailings windblown. Bit - Beach late
transgressive, Bbc - Bar Bonneville complex, Lbc - Lacustrine Bonneville complex, Bpc
—Beach Provo complex. See Section 3.3 for unit descriptions.

98

3.3 Geologic and Anthropogenic Materials Unit Descriptions
Results of the aerial photograph interpretation, surface sample investigations, field
study, previous geologic mapping, and historical research of the site were combined to
produce a geologic and anthropogenic materials map (Plate I). The mapped units are
described below. Geologic unit names were chosen in accordance with Burr and Curry
(1998) and start with a B, for beaches, bars, and spits or an L, for fine-grained lacustrine
sediments. The lowercase letters refer to the paleolake stages as defined by Burr and
Curry (1988, p. 68, Figure 3).

3.3.1 Geologic Units
The unnamed beach complex (Bu) represents the first advance of Lake Bonneville
into the Stockton area. A site of significant gravel mining, the ridge appears as a line of
pits on the Tooele Army Depot, in the northwest comer of the project area.
The beaches ridges o f the late transgressive stage (Bit) are exposed along the western
and northeastern edges o f the project area. Elsewhere they are mostly covered by fine
grained sediment deposited as the lake deepened. Three low hills in the center o f the
project area were formed during the late transgressive stage prior to development of the
main Stockton Bar (Burr and Curry 1988). They are now covered by fine-grained
lacustrine sediment and windblown tailings. Two of these hills bound the natural
depression basin into which the tailings were deposited. The late transgressive stage
beaches consist o f rounded pebbles and cobbles.
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Fine grained lacustrine sediment of the Bonneville complex (Lbc), nominally a
calcareous sandy silt, is present throughout the central part of the thesis area. It is
dominated by fine sand and silt-sized quartz grains, 10 to 25 percent carbonate, and a few
percent quartzite pebbles. Surface samples (Figure 3.13) consist of quartz, feldspar, weak
smectite, and locally calcite. Younger windblown silt, derived from the tailings and
elsewhere, is mixed with the lacustrine sediment near the surface, as is decaying
vegetation. Two samples from excavations were collected, B-132 and B-134. These
samples are white, finely laminated, fine sand and silt with rare pebbles (Figure 3.14) and
contain more calcite than the surface samples. Adjacent to the tailings plume, the Lbc
sediment contains elevated metal concentrations and a trace to one percent very fine
sand-sized pyrite grains.

Figure 3.13 Photograph o f fine-grained lacustrine sediment (Lbc) at sample site B-126.
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Figure 3.14 Photograph o f fine-grained lacustrine sediment (Lbc) in road cut at sample
site B-132.
The beaches, bars, and spits o f the Bonneville complex (Bbc) dominate the profile of
the Tooele Valley in the project area. Gravel o f the Stockton Bar is over 70 percent
quartzite and approximately 20 percent carbonate pebbles and cobbles. The northern
ridge of the Stockton Bar is a tufa-cemented beach deposit (Figure 3.15). The lake level
paused here prior to the catastrophic flood that lowered the lake to the Provo level (Burr
and Curry, 1988). Elsewhere the top three to four meters of the gravel is cemented by
pedogenic calcite (caliche). The fine-grained fraction of the sediment in the bar complex
is dominated by subrounded to subangular, fine sand and silt-sized quartz, and
approximately 20 percent calcite. XRD reveals that a minor amount of feldspar is also
present. VRI spectroscopy of these samples shows weak smectite and calcite. Weak
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contamination of the Bbc sediment extends up to a few hundred meters from the tailings
plume. Sample B-111, from along the railroad cut south of Bauer, contains a trace of
chalcopyrite and 26 ppm As.

Figure 3.15 Tufa-cemented gravel along northern edge of the Stockton Bar.
Beach ridges o f the Provo complex (Bpc) make up the northern third o f the project
area. At the surface this unit dominated by fine sand and silt with decaying vegetation
and approximately 25 percent small pebbles (Fig. 3.16). The pebbles are mostly quartzite
and lesser carbonate, some with caliche coatings and some with weak limonite staining.
The fine fraction is dominated by subangular to subrounded quartz, two to five percent
black grains of unknown composition, two to five percent orange-white carbonate (?)
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grains and zero to one percent sulfide. XRD analyses o f the fines show quartz »
dolomite +/- calcite > feldspar +/- pyrite. VRI spectroscopy shows smectite and weak
dolomite, but no calcite or goethite. The sediment a few tens of centimeters below the
surface, where windblown fines have not accumulated, is dominated by pebbles and
cobbles, some coated with caliche, and minor fines and a corresponding increase in
calcite.
An increase in the angularity of the fine sediment, pyrite, dolomite, gypsum, and
elevated metals are found in the Provo beach ridges up to 500 meters from the mapped
tailings plume.

Figure 3.16 Undisturbed Provo complex sediment at sample site B-142.
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An area south o f the Stockton Bar is covered by post-Bonneville eolian sand and
silt. The grains are dominantly subangular quartz. The unusual depression in the
southwest comer o f the project area was apparently scoured out during one of the
Bonneville oscillations. The area consists o f reworked gravel and alluvial fan deposits
covered by a thin layer o f eolian sand and silt.
The post-Bonneville eolian sand and silt locally has weakly elevated lead and zinc
values. Arsenic is below detection, and no sulfide is present, indicating the metals are not
sourced in the tailings. The Waterman smelter, active prior to 1900, was located on the
northeast shore o f Rush Lake, upwind from the area (Figure 1.6, p. 17). The Waterman
smelter is a possible source for the weakly elevated lead and zinc found in the postBonneville eolian sand and silt.
Metal concentrations in samples o f the geologic units that show no evidence for
contamination by the tailings are below the limit of detection for As, Cu, Hg, and
averaged about 70 ppm Pb and 90 ppm Zn (Table 3.3, p. 94).
Vegetative cover is less than 50 percent throughout the project area. Whereas
imaging spectrometers can map strongly reflecting minerals through more than 50
percent vegetative cover, the low abundance of VRIS-active minerals in the geologic
units at Bauer made mapping the distribution o f the geologic units difficult.

3.3.2 Anthropogenic Units
The anthropogenic surface materials map includes the mine and mill wastes that are
described below, as well as areas affected by development, such as the mill area, gravel
pits, the Bauer town site, and the reclaimed adhesives plant, which are not discussed
further (Plate I). The tailings units start with a T and the lowercase letter designates some
characteristic specific to that unit. Whereas it is relatively simple to categorize a hand
sample from a small area into one o f the tailings units, in reality, these units are mixed on
all scales. Other unit names are self-explanatory.
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Gray, sulfidic tailings (Ts) dominate an area 250 by 400 meters immediately west of
the mill foundation (Figure 3.17). The sulfidic tailings were emplaced in a depression
created when older tailings were reprocessed in the late 1940s. The sulfidic tailings are
typically 75 percent clear, angular, medium sand to silt-sized grains of quartz and lesser
gypsum (Fig. 3.18). Some o f the gypsum grains are doubly terminated crystals indicating
they are authigenic and have not been milled. The remaining 25 percent is a combination
o f yellow sulfide, black iridescent grains, and clots of clay-sized material. Pyrite was the
only sulfide identified by XRD. Sphalerite also may be present because it is difficult to
distinguish pyrite from sphalerite with XRD. Minor phases identified by VRI
spectroscopy include jarosite, some other iron sulfates, minor dolomite (although
dolomite was not identified by XRD), anhydrite, and perhaps, alunogen. Average metal
values for 14 sulfidic tailings samples measured by FPXRF are 5903 ppm As, 155 ppm
Cu, 82 ppm Hg, 16042 ppm Pb, and 1916 ppm Zn (Table 3.3, p. 94). Identification of
sulfidic mine and mill waste is a major goal of abandoned mine land studies. With
imaging spectrometry this is accomplished indirectly as sulfides are spectrally inactive
and depress the reflectance of minerals in mixtures with sulfide.

Figure 3.17 Gray sulfidic tailings (Ts) adjacent to the mill foundation.
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Figure 3.18 Photomicrograph of sulfidic tailings (Ts) at B-043. Grains range from 0.15
mm to 0.3 mm. Field of view is approximately two millimeters. Gypsum grain is
circled, yellow sulfide grain in square.
Bright orange and yellow limonite crusts cover the majority of the tailings ponds
(Tl). In hand sample, the crusts fall into two populations: an orange, goethite-dominant
set and a yellow, jarosite-dominant set; however, in many parts of the tailings ponds they
are mixed on the scale o f meters or less. When disaggregated, the goethite-dominant
tailings (Figure 3.19) are very fine sand or smaller grains of quartz and gypsum with ten
percent orange opaque (dolomite?) grains, five percent black grains and two percent
sulfide (Figure 3.20). Dolomite is estimated to make up less than 25 percent by weight of
this unit. XRD analyses show quartz »

gypsum = dolomite > pyrite > jarosite, but no

goethite. VRI spectroscopy shows goethite, and weak smectite, dolomite, and gypsum.
Dolomite, a common gangue mineral in Pb-Zn ores, was likely present in most of the
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tailings prior to oxidation. The presence o f dolomite indicates that water, when present,
is only moderately acidic and this seems to be slowing the oxidation o f pyrite found in
the goethitic tailings. Average metal values for 14 goethitic tailings samples measured by
FPXRF are 4353 ppm As, 419 ppm Cu, 68 ppm Hg, 10986 ppm Pb, and 7102 ppm Zn
(Table 3.3, p. 94). The few percent o f sulfide present in the goethite-dominant limonitic
tailings is insufficient to account for the elevated metals. The metals are likely adsorbed
onto the goethite.

I
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Figure 3.19 Goethite-dominant limonitic tailings (Tl) at B-130. Based on the circular
remnant o f overlying layered tailings and other locations like this, and the short cores
taken from the sulfidic tailings area, it is apparent that the tailings are randomly layered.
The overall zoning o f the limonitic tailings is a function of their resistance to wind
erosion, not an advancing oxidation front.
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Figure 3.20 Photomicrograph of clots o f quartz and gypsum grains coated with goethite
from goethite-dominant limonitic tailings (Tig) in sample B-092. Field o f view is
approximately two millimeters.
The jarosite-dominant tailings (Figure 3.21) are very fine sand and smaller grains of
quartz and gypsum frosted with jarosite (Figure 3.22). XRD shows quartz »

gypsum >

jarosite. VRI spectroscopy demonstrates the presence of jarosite, gypsum, and perhaps
smectite. Average metal values for 11 jarositic tailings samples measured by FPXRF are
3460 ppm As, 337 ppm Cu, 115 ppm Hg, 24369 ppm Pb, and 1370 ppm Zn (Table 3.3, p.
95). The absence o f sulfides in the jarosite-dominant limonitic tailings indicates that the
metals are adsorbed onto the jarosite.

108

Figure 3.21 Large area of jarosite-dominant limonitic tailings (Tlj) at the south end of
southern tailings pond. In situ VRI spectra were collected from this area to check the
atmospheric correction applied to the imaging spectrometer data.
Mapping limonitic tailings is one of the main goals o f this study. Because jarosite is
typically a well-crystallized mineral and has strong, diagnostic absorption features,
mapping jarosite with imaging spectroscopy is relatively straightforward. Mapping
goethite, and its many related species o f iron oxide, is not as simple. The image
processor will always have to make a judgment as to the degree o f sensitivity to goethite
needed to accomplish the project objectives when defining what is mapped as goethite.
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Figure 3.22 Photomicrograph o f quartz and gypsum grains dusted with jarosite from
jarosite-dominant tailings (Tlj) at B-066. Field o f view is approximately two millimeters.
A plume of windblown tailings (Tw) extends generally northward from the tailings
ponds. The bulk of the windblown tailings form brown to orange, well developed dunes
partially stabilized by large sagebrush (Figure 3.23). Typical samples contain 5 to 15
percent decaying vegetation, 60 to 80 percent angular to subangular fine sand and smaller
quartz grains, 5 to 10 percent orange opaque (carbonate?) grains, 5 percent black grains
(coal residue and oxidizing sulfide?), and lone to 5 percent yellow sulfide (Figure 3.24).
Grain size generally decreases with distance from the tailings ponds. XRD analyses
show quartz » dolomite > pyrite +/- feldspar +/- gypsum. VRI spectroscopy shows a
well-developed goethite feature that weakens in samples more distal to the tailings ponds.
In the 2-micron region, smectite and dolomite features are present. Some samples also
show a weak gypsum feature. Dolomite is estimated to make up less than 25 percent of
the windblown tailings.
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Figure 3.23 Windblown tailings (Tw).
Average metal values for 15 windblown tailings samples measured by FPXRF are
1686 ppm As, 268 ppm Cu, 33 ppm Hg, 5154 ppm Pb, and 7948 ppm Zn (Table 3.3, p.
94). On the ground and on the aerial photographs, a relatively clear limit to the
windblown tailings is apparent, but when the results of the VRIS, XRD, and FPXRF are
considered, defining the margins o f the plume is more difficult. Materials outside o f the
mapped windblown tailings, but within the limit of the geochemical signature of the
tailings, are considered tailings-contaminated sediment because their overall character is
more like that of the sediment than the windblown tailings. Successfully mapping the
windblown tailings with imaging spectroscopy relies on the ability to identify goethite,
gypsum, and dolomite in small quantities.
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Figure 3.24 Photomicrograph of 0.7 mm to 0.15 mm grains of windblown tailings (Tw),
note black sphalerite (?) grain at center and pyrite grain circled. Field of view is
approximately two millimeters.
Provo beach gravels stained orange, brown, and black form a limonite anomaly in
an area 1000 by 500 meters north-northwest of the windblown tailings plume (Figure
3.25). Vegetation is sparse to absent in this area. The subrounded to rounded pebbles are
mostly quartzite. Pedogenic calcite is present on the bottoms of some pebbles. The
approximately 10 percent of fine sediment present is dominated by very fine sand and
smaller grains of clear, angular to subangular quartz and orange opaque (carbonate, and
limonite stained quartz?) grains in subequal amounts. A few percent black grains and
one to three percent yellow sulfide grains are also present.
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Figure 3.25 Limonite-stained gravel at B-136.

The limonite anomaly is considered to be Provo beach ridges that have locally
accumulated windblown tailings near the surface. The limonite staining is attributed to
the oxidation of pyrite during wet periods and the movement of iron-bearing solutions
through the gravel. The fluids precipitated iron when they evaporated or were neutralized
by caliche coatings or other calcite found in the gravel. The connection to the windblown
tailings is strengthened by the elevated metal content of both the fine-grained windblown
sediment found at the surface and the limonitic coatings on the gravel. Silt from B-l 12
carries 2240 ppm As and the limonite coatings on pebbles from the same sample carries
442 ppm As. Iron-stained gravel is nearly continuously exposed for at least 500 meters to
the southwest of the limonite anomaly to the head wall of the adjacent gravel pit (Figure
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3.26). The limonite stains in the headwall o f the gravel pit are likely caused by the same
process. Average metal values for both the silt and the limonite coating on pebbles from
the limonite anomaly are 1435 ppm As, 3724 ppm Pb, and 4729 ppm Zn (Table 3.3, p.
95).

Figure 3.26 Limonite-stained gravel in the headwall of the gravel pit southwest of the
limonite anomaly (headwall approximately 4 meters tall).
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A waste rock pile covers an area 300 by 150 meters just south of the mill area and
adjacent to the portal to the Honorine tunnel. The rock has clearly been brought out of
the tunnel, probably during construction, as it is unlikely the miners would have
transported waste four kilometers from the Stockton district. The waste rock is altered
carbonate, mostly limestone, commonly with several percent pyrite, and is covered with
limonite. In addition to jarosite, goethite, and calcite, VRI spectroscopy of the waste rock
showed that some of the alteration minerals found in the Stockton mining district
(Spectral International and others, 2000) are also present, including tourmaline and a
magnesium silicate.
Some building debris is present on the waste pile as are some tailings and one pile of
apparent concentrate from the mill. A sample of the concentrate, B-023, contains 3.5
percent As, 4.9 percent Cu, 0.16 percent Hg, 41.6 percent Pb, and 17.2 percent Zn.
Several samples of gravel from within the tailings ponds were collected and are also
classified as waste rock. This material consists o f the underlying sediment that has been
locally excavated and used to form berms to separate different areas of tailings.
A spill of coal fines from the adhesives plant sometime between 1959 and 1977
covered an area 650 by 200 meters with sand-sized coal. Coal fines also are found in
much o f the windblown tailings. Large sagebrush covers the spill area, and the ground is
mixed lacustrine sediment, windblown tailings, and coal fines. Five samples were
classified as coal fines based on the presence o f an absorption feature at 2.308 pm. XRD
analysis o f one of these samples, B-080, showed a broad hump indicative of organic
material and minor dolomite. Average metal values for three coal fines samples
measured by FPXRF are 814 ppm As, 131 ppm Cu, 18 ppm Hg, 1712 ppm Pb, and 2936
ppm Zn (Table 3.3, p. 94). These results are significantly lower than those o f the
windblown tailings suggesting that the coal fines are diluting the tailings and that the coal
fines are not adding a significant amount o f metals to the site. They may, however, be a
health threat as hexane was used in the adhesives manufacturing and could be left in the
fines.
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3.4 One-micron Region fVNIR) AVIRIS, CASL and Hyperion Maps
Many limonite minerals have distinct absorption features in the one-micron region.
Mapping limonite minerals is important to AML studies because they commonly form
directly from mineral extraction waste products, can be indicators of acid drainage, and
can carry elevated trace elements like arsenic and other deleterious elements. Based on
the results of the hand-sample VRI spectroscopy, jarosite and goethite are the dominant
limonite minerals present at Bauer. Jarosite has strong, distinct spectral absorption
features and is relatively straightforward to identify with imaging spectroscopy. Goethite
has a more subtle spectral signature, especially when present in small amounts.
Ferrihydrite and other iron oxides and hydroxides have compositions and spectral
signatures similar to goethite, as does amorphous iron oxide. These materials can be
difficult to separate with imaging spectroscopy. Vegetation also has a strong spectral
response in the one-micron region and inhibits the mapping o f limonite minerals.
The confident identification of jarosite and goethite involves the use of both the 900
nm absorption feature and the 500 nm feature (Section 2.2.2 p. 36). This requires that the
SAM mapping algorithm examine the entire VNIR. A problem with this approach occurs
with pixels that are mixtures o f vegetation and limonite minerals. Because the strong 675
nm vegetation feature so drastically changes the shape o f the one-micron spectra, the
holistic classifier SAM rejects the vegetation plus limonite spectra, and lumps the
combined limonite and vegetation pixels together with the other poor matches. The
Tetracorder solution to this problem is to look at the 500 nm and 900 nm absorption
features independently and then combine the results. A possible answer for SAM users is
to use pure reference spectra to map unvegetated areas and combination spectra of
vegetation and jarosite, or vegetation and goethite to map vegetated areas. Only pure
reference spectra were used in this thesis.
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3.4.1 Vegetation
Vegetation type and health can be useful information for AML studies, but
vegetation also masks the spectral response o f surface materials. Even when present in
small amounts, vegetation has a sharp increase in reflectance beyond 0.675 pm that can
dramatically change the shape o f limonite mineral spectra. The purpose o f the vegetation
mapping done here is to estimate what parts o f the project area are sufficiently
unvegetated that one-micron mineral mapping might be successful. The vegetation maps
were made using the entire one-micron region with USGS reference spectra o f pinyon
pine and sagebrush. The pinyon pine reference maps vegetation with a green peak near
0.55 pm, essentially trees, and the sagebrush reference generally maps shrubs and grass.
The AVIRIS image in Figure 3.27 shows the distribution of the two vegetation types.
The vegetation spectral signature is very strong in both classes (Figure 3.28), indicating
that it is unlikely that any information about limonite minerals can be gained from the
areas mapped as vegetated. The AVIRIS data were collected at the beginning of August.
The CASI imagery, collected in October, maps fewer trees, but vegetation still
covers the majority of the project area (Figure 3.29). The strength o f the vegetation
reflectance peak at 0.675 pm is related to the amount o f vegetation present within the
pixel and the amount of red chlorophyll present within the vegetation. Three classes of grass and shubs - were mapped with the CASI data, generally indicating more, less, and
minor vegetation. The CASI image spectra in Figure 3.30 show that the vegetation
signature dominates all but the blue - minor grass and shrubs - class. There is a
component of shadow in the CASI image not present in the AVIRIS imagery.

Figure 3.27 AVIRIS vegetation map. The Bauer project area covers the bottom-left
quarter of the map. Only the uncolored areas can yield robust information about onemicron mineralogy. Classes are generic: trees - sh ru b s and grass.
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Figure 3.28 Mean spectra o f AVIRIS vegetation classes mapped in Figure 3.27. Gaps in
the spectra correspond to the atmospheric absorption regions.
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Figure 3.29 CASI vegetation map. One-micron mineralogy may be identifiable in areas
not colored and possibly in blue pixels. Classes are: trees —m ore sh ru b s an d grass —less
sh ru b s and grass - minor shrubs and grass.
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Figure 3.30 Mean spectra of CASI vegetation classes mapped in Figure 3.29. Classes
are: trees —m o re sh ru b s and grass — less sh ru b s and grass —m in o r sh ru b s an d grass.

The Hyperion cloud and vegetation map (Figure 3.31) is similar to the AVIRIS and
CASI vegetation maps. Because the image covers a much larger area it is not possible to
generalize about the type of vegetation in each class. The - strong vegetation - class has
a local peak at 0.55 jam and a strong increase in reflectance due to red chlorophyll at
0.675 pm. The other classes have only the 0.675 pm increase in reflectance. Clouds
were present during the Hyperion data collection, but not immediately above Bauer.
However, the northern half o f the project area is dark, likely due to a cloud shadow.

Figure 3.31 Hyperion vegetation and cloud map. Classes are: clo u d s —stro n g v eg etatio n
- m o d e ra te v e g etatio n - w eak v eg etatio n —minor v eg etatio n . Note a number of areas,
including the tailings, are in cloud shadow. Image is 7.5 km by 27 km.
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3.4.2 Jarosite Maps
Identification of jarosite is one o f the main goals in the investigation of AMLs with
imaging spectrometers. The AVIRIS jarosite map (Figure 3.32) shows a spatially
coherent zone of jarosite within the tailings. The waste rock pile also is identified as
jarositic. Based on the absorption features at 0.43 pm and 2.27 pm, the absence of a 0.5
pm shoulder, and the position of the 0.9 pm absorption feature near 0.9 pm, the spectra in
Figure 3.33 are confidently interpreted as jarosite, although some of the green pixels are
mixtures o f jarosite and goethite. The position o f the 0.7 pm local maximum shifts from
about 0.7 pm to about 0.75 pm between the - best jarosite - and the - poor jarosite classes, further supporting the use of this feature to distinguish jarosite from goethite.

Figure 3.32 AVIRIS jarosite map. Classes are: b est ja ro site —b etter ja ro s ite —poor
ja ro site . Note spatial coherency and the well defined jarositic waste rock pile.
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Figure 3.33 Mean spectra of AVIRIS jarosite classes mapped in Figure 3.32 and a
jarosite reference spectrum. Classes area: best jarosite - better jarosite - poor jarosite.
Note the: a) flattening of the 0.43 pm absorption feature, b) development of a slight
shoulder at 0.5 pm, c) shift of the one-micron maximum to 0.75 pm, and d) loss of 2.27
pm absorption feature in the green -poor jarosite- spectrum. The - poor jarosite - class is
mapping a mixture of jarosite and goethite. Gaps in the image spectra correspond to the
atmospheric absorption regions.
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Due to the limited spectral range and the discontinuous spectral sampling of the
sensor, the CASI jarosite spectra (Figure 3.34) are not as definitively jarositic. The
position of the 0.7 pm local maximum was the primary criterion used to identify jarosite
in the CASI imagery. The CASI jarosite map is shown in Figure 3.35. The distribution
of pure jarosite pixels in both the CASI the AVIRIS jarosite maps is very similar. The poor jarosite - classes that are somewhat goethitic are not as coincident. The cutoff for
the CASI - poor jarosite- class (Figure 3.35) is slightly more conservative so this
accounts for some of the difference. However, when the CASI - poor jarosite —class was
opened up more false-positives were mapped as jarosite. The smaller CASI pixel size
may also cause some o f the difference. Jarosite, a strong reflector, can force a large
AVIRIS pixel to be mapped as jarosite even if jarosite is found in a small part of the
pixel. Only a few, hard to see, pixels of jarosite are mapped on the waste rock, a
significant omission.

c a s i JAROSITE im o q e s p e c t r a a n d r e f e r e n c e
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Figure 3.34 Mean spectra of CASI jarosite classes mapped in Figure 3.35 and a jarosite
reference. Classes : best ja ro site - p o o r ja ro site.

Figure 3.35 CASI jarosite map. Classes are: b est ja ro site —p o o r ja ro s ite
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The Hyperion jarosite image (Figure 3.36) is consistent with the AVIRIS and CASI
maps. The most significant difference is the absence of jarosite in the northern tailings
pond. This is probably due to the shadow over the site. The mean spectrum of the —best
jarosite - class is a reasonably good jarosite spectrum (Figure 3.37), although it tends
towards goethite. The green pixels are more goethitic.

Figure 3.36 Hyperion jarosite map. Classes are: g o o d ja ro s ite —p o o r ja ro site . Green
pixels are more goethitic than jarositic.
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Figure 3.37 Mean spectra of Hyperion jarosite mapped in Figure 3.36 and a jarosite
reference. Classes are: g o o d ja ro site —p o o r ja ro site . The strong 430 nm absorption
feature is a combination o f the diagnostic jarosite feature and an atmospheric calibration
artifact. Gaps in the image spectra correspond to the atmospheric absorption regions.
3.4.3 Goethite Maps
Goethite is a common mineral associated with the weathering o f both mineral
extraction waste products and many other iron-bearing materials. Mapping the
distribution of goethite can be useful for identifying mine and mill wastes and can
indicate the direction of transport of such materials and their weathering products. This
is the case at Bauer where goethite is a component of most of the materials of interest.
The AVIRIS goethite image (Figure 3.38) shows a large coherent body of goethite
covering part o f the tailings impoundments. The limonite stained gravels are also
mapped, as is a small part o f the waste rock pile. Goethite unassociated with the mill
wastes is also mapped in the sand dunes south of the mill site. The windblown tailings
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are largely missed by the AVIRIS image except at the northern end of the north tailings
pond. The mean spectra of the - best goethite - class (Figure 3.39) shows a welldeveloped 0.9 pm absorption feature indicating that goethite is more abundant and/or
better crystallized than in the other classes.

Figure 3.38 AVIRIS goethite map. Classes are: b est g o eth ite —b etter g o eth ite - poor
goethite.
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Figure 3.39 Mean spectra of AVIRIS goethite classes mapped in Figure 3.38, a
laboratory goethite reference, and the image-derived reference spectra. Classes are: best
g o eth ite —b etter g o eth ite —p o o r goeth ite. The - poor goethite - spectrum does not have a
well defined 0.9 pm region minimum, it only plateaus.
The CASI goethite map (Figure 3.40) and the AVIRIS goethite map are remarkably
similar. The only significant difference is at the waste rock pile where the AVIRIS
mapped slightly more goethite than the CASI. The CASI goethite classes are slightly
more conservative than the AVIRIS classes; both of the CASI classes have a minimum in
the 0.9 pm region (Figure 3.41), not just a plateau. This may account for the difference.
Goethite is a common mineral and occurs in small amounts on many natural and manmade materials. Deciding what strength o f goethite feature indicates materials of interest
is dependent on the image processor and the goal o f the study.
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Figure 3.40 CASI goethite map. Classes are: b est g o eth ite —goethite.
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Figure 3.41 Mean spectra of CASI goethite classes mapped in Figure 3.40 and a goethite
reference. Classes are: b est g o eth ite - goeth ite. Note that both spectra have local minima
in the 900 nm region.
I was unable to make a coherent goethite map from the Hyperion data. This is
probably due to a combination of the shadow over the northern tailings pond, the poor
atmospheric calibration, and the noisy data.
An unsuccessful attempt was made to map hematite with both the AVIRIS and
CASI. No pixels with a hematite character could be identified using the laboratory
reference spectrum. If an area known to be dominantly hematitic existed within the
imagery this could be used as a reference spectrum, however, no such area is present
within the project area.
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3.4.4 Summary and Comparison of One-micron Maps to Geology and Anthropogenic
Materials Map
Vegetation, jarosite, and goethite maps were made from the AVIRIS and CASI data
sets. The usefulness of the Hyperion data was diminished by a cloud shadow over the
project area, but vegetation and jarosite maps were made. The distribution of the
materials mapped by the AVIRIS and the CASI is similar, especially for goethite.
Because the CASI data have been georectified the ground sample locations can be
directly plotted on the CASI maps.
The CASI jarosite map correlates to the ground samples (Figure 3.42) except for the
northern end of the limonitic tailings, the waste rock, and to a lesser degree in the sulfidic
tailings. CASI maps jarosite in the gravel pit on the south edge of the Stockton Bar and
in a small patch on the reclaimed adhesives plant; these are likely false hits. The AVIRIS
jarosite map (Figure 3.32, p. 120) does a better job of mapping jarosite. Both sensors
map jarosite in part of the limontic tailings, but only AVIRIS mapped the waste rock.
The CASI goethite map correlates very well with the ground samples (Figure 3.43),
but misses the waste rock pile, the sulfidic tailings and some parts of the windblown
tailings. The AVIRIS goethite map (Figure 3.38, p. 126) is remarkably similar to the
CASI map. Both sensors map the bulk o f the limonitic tailings, a significant portion of
the windblown tailings, and the limonite anomaly as goethitic. The limonite anomaly
was not recognized in previous studies o f the site to be affected by the tailings. If
imaging spectroscopy was being used to direct ground based sampling for an
environmental cleanup of the Bauer site, the limonite anomaly is an area that would be
identified for additional sampling based solely on the imagery.
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There are several explanations for the discrepancies between the CASI and the
AVIRIS maps and the ground samples.
•

Because of the different sampling sizes, roughly four square centimeters for a
hand sample versus 16 square meters for a CASI pixel, and 335 square meters for
an AVIRIS pixel, the ground and airborne samples will rarely coincide exactly.

•

The holistic classifier SAM has difficulty mapping pixels that are mixtures of
vegetation and limonite; this is likely why some o f the windblown tailings were
missed.

•

Goethite is a very minor component of the windblown tailings and therefore has a
weak spectral response.

•

Sulfide depresses the reflectance across the VRI spectrum making the sulfidic
tailings a difficult target for imaging spectrometers. Smaller pixels allowed the
CASI to map more jarosite in the sulfidic tailings than the AVIRIS. The ability of
the CASI to map jarosite in the sulfidic tailings is critical because it was the only
mineral mapped in this important unit.

•

The CASI was not configured to sample continuously the entire one-micron
region so some subtle changes in the image spectra are absent from the CASI data
that were available in the AVIRIS data to aid in the discrimination of minerals.

•

Selecting similar cutoffs between sensors for the mapped classes is not always
easy.

Figure 3.42 CASI jarosite map with VRIS ground samples. Due to discrepancies in
georectification the line work and samples are slightly shifted. Units are: Tw - Tailings
windblown, T1 - Tailings limonitic, Ts - Tailings sulfidic. Classes are: best jarosite poor jarosite.
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Figure 3.43 CASI goethite map with VRIS ground samples. Units are: Tw —Tailings
windblown, T1 —Tailings limonitic, Ts - Tailings sulfidic. Classes are: best goethite poor goethite.
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3.4.5 Evaluation o f the CASI for Mapping Mineral Extraction Waste Products
Both the AVIRIS and CASI failed to map all goethite and jarosite related to mineral
extraction waste products found on the site. The most significant omission in the
AVIRIS maps is some parts of the vegetated windblown tailings. The CASI maps missed
the vegetated windblown tailings and the waste rock pile. The omission of the vegetated
tailings can be attributed in part to the mapping method, but the missed waste rock pile is
not easily explained. Despite these discrepancies, the similarity of the AVIRIS and CASI
maps, especially the goethite map, is remarkable. CASI limonite maps would lead
ground based sampling efforts to identify all of the mineral extraction waste products
present at the site. Imaging spectrometers are good tools for directing and focusing
ground based sampling operations and to prioritize sites for investigation. They may
seldom be able to define precise limits of contamination plumes.
Because the CASTs spectral range is limited to 545 nm between 400 and 1000 nm,
the CASI may not be able to resolve as many limonite minerals as the AVIRIS, but it is
here shown to be useful for mapping jarosite and goethite, the two most critical minerals
for AML studies. Resolution of the 430 nm iron sulfate feature would be ideal, but
because an extremely good atmospheric calibration is required to confidently use this
narrow absorption feature, and because there may be more information to be gained from
the shape of the 900 nm absorption feature, setting the spectral range towards longer
wavelengths is probably more advantageous. There is also some concern about the
sensitivity of the CASI detector at the shortest wavelengths. Choosing a spectral range
would depend on the application, but would be aided if additional detailed VRI
spectroscopy studies of limonite minerals were undertaken and/or published.
The ability to identify limonite minerals with CASI data could be improved by
operating the spectrometer in spectrally continuous mode as opposed to the spatial mode
that was utilized during the Bauer data collection. 10 nm spectral resolution has been
shown through numerous AVIRIS studies to be adequate for mapping goethite and
jarosite. The Bauer CASI data were collected at nominal 10 nm resolution and have
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sufficient signal-to-noise at that resolution to map limonite minerals nearly as well as
AVIRIS at Bauer. Ideal spatial resolution will depend on the integration time particular
to the configuration o f the CASI and the size o f the target exposures. Spatial and spectral
resolution always can be degraded if insufficient signal-to-noise limits the usefulness of
the data.
3.5 Two-micron Region (SWIRd Maps
Two-micron mineral maps can be used to identify mineral extraction waste products
because the wastes commonly contain a suite o f SWIR-active minerals that is distinct
from the background geologic materials. Mapping carbonates capable o f neutralizing
acid mine drainage is another important use o f two-micron maps. The influence of
vegetation is weaker in the two-micron region and some minerals have strong enough
absorption features that they can be mapped in areas of significant vegetative cover.
Two-micron mineral mapping is therefore an important part of an AML hyperspectral
study, especially if the system is near neutral pH, with only limited amounts of limonite
minerals. Using VRI spectroscopy on hand-samples from the Bauer site, gypsum and
dolomite were identified as SWIR-active minerals associated with some of the tailings
units. Smectite and calcite were identified as components o f some o f the background
geologic units. Illite, found in only a few hand-samples, was shown to be spectrally
dominant in the exposed Provo beach ridges by imaging spectroscopy.

3.5.1 AVIRIS Gypsum, Dolomite, Calcite, Clay, and Illite Mans
Gypsum at Bauer is related to the mine and mill wastes. Coherent bodies o f gypsum
are mapped in both o f the tailings ponds (Figure 3.44), mostly coincident with areas
mapped as jarosite (Figure 3.32, p. 121). The eastern half o f the waste rock pile is also
mapped as gypsum. The mean spectrum of the - poor gypsum - class (Figure 3.45)
reveals that some o f these pixels are likely not gypsum. End points used for the AVIRIS
gypsum map were 2.118 pm and 2.328 pm.

Figure 3.44 AVIRIS gypsum map. Classes are: best gypsum —b etter g y p su m — poor
gypsum. Most of the limonitic tailings are mapped, as is the eastern half o f the waste
rock pile. Some green pixels are likely not gypsum; this may be the case at the gravel pit
northwest of the tailings ponds. The parking lot surrounding the large building at the
landfill is also mapped.
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Figure 3.45 Mean spectra of AVIRIS gypsum classes mapped in Figure 3.44, a g y p su m
referen ce, and an image-derived gypsum reference. Classes are: b est g y p su m —better
gypsum —p o o r g y p su m . Note the: a) subtle shift to 2.208 pm from 2.215 pm o f the 2.2
pm absorption feature, b) loss of the 2.265 pm absorption feature, and c) loss of the 1.750
pm absorption feature in the —mean poor gypsum - spectrum. The 2.265 pm absorption
feature is deepened in the - best gypsum - and - better gypsum - classes due to jarosite.
Gaps in the image spectra correspond to an atmospheric absorption region.
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Although the strongest absorption features for identifying gypsum cannot be used
with imaging spectrometers because of atmospheric absorption, AVIRIS maps gypsum in
a similar distribution to that identified with laboratory VRI spectroscopy (Figure 3.5, p.
83) except for the sulfidic tailings and the windblown tailings dune-field. Because
sulfide depresses reflectance across the VRI spectrum, it would be surprising if any
minerals were identifiable in the sulfidic tailings with imaging spectroscopy. The missed
windblown tailings unit is more difficult to explain. Gypsum is apparently present in
quantities below the level o f detection o f the AVIRIS with the processing path used.
Based on hand-sample analyses dolomite is present in some of the limonitic tailings
and in the windblown tailings at Bauer. It also makes up a small percentage of the
lacustrine sediment that underlies the site. The AVIRIS dolomite map (Figure 3.46)
shows a coherent relationship to the windblown tailings plume, but dolomite is not
mapped within the in situ tailings. Dolomite is mapped along the railroad grade where it
makes up about 10 percent o f the railroad ballast; the remainder is slag. Dolomite may
have also been used as road base for the paved roads in the area. Laboratory spectra of
the in situ tailings have weak dolomite absorption features at best and the absence of
strong dolomite feature in the AVIRIS data is not surprising. Mean spectra of the
mapped classes (Figure 3.47) reveal that while dolomite is the dominant mineral mapped,
calcite also may be present in some pixels. In the VNIR, the strong vegetation shoulder
at 0.7 pm demonstrates that although much of the area mapped as dolomite is vegetated,
the dolomite absorption feature in the SWIR is detectable. The spectra are also weakly
goethitic. End points used for the dolomite map were 2.235 pm and 2.386 pm.
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Figure 3.46 AVIRIS dolomite map. Classes are: best dolomite —poor dolomite.
Spatially coherent bodies o f dolomite are mapped in the windblown tailings plume and
along the railroad and paved roads within the project area. The patches of - best
dolomite - pixels north of the project area may be parking lots.
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Pixels that do not show any spatial coherence are probably not legitimate dolomite,
but rather, noise and atmospheric calibration artifacts. A reconnaissance o f the
apparently randomly scattered pixels show that the absorption feature at the dolomite
position is equal to or marginally deeper than other apparently random noise in each
spectrum (Figure 3.48). This type of “virtual ground-truthing” is very useful for
confirming the validity o f hyperspectral images.
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Figure 3.47 Mean spectra of AVIRIS dolomite classes mapped in Figure 3.46 and
image-derived dolomite, dolomite, and calcite references. Classes are: best dolomite —
poor dolomite. Note that both a dolomite and a calcite absorption feature are present
(arrow), especially in the - poor dolomite - class. Gaps in the image spectra correspond
to the atmospheric absorption regions.
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Figure 3.48 Three —poor dolomite —image spectra and a dolomite reference showing
that the dolomite absorption feature at 2.315 pm is only marginally deeper than the
apparently random noise and atmospheric calibration artifacts found throughout the
SWIR, although the shape of the spectra beyond 2.2 pm has a carbonate character. Gaps
in the image spectra correspond to the atmospheric absorption regions.
It was not possible to identify any image spectra that looked like calcite using a
laboratory reference spectrum. This was surprising because approximately 20 percent of
the clasts in gravel from the project area are limestone and the fine-grained fraction o f the
gravel is also limey. Examination of an area known to contain calcite, the railroad cut
south of the tailings, revealed a number of spectra that did have a calcite signature. By
using an average of those pixels as a reference spectrum I was able to create an AVIRIS
calcite image (Figure 3.49). Creation of reference spectra from an area known to contain
a significant amount o f a material of interest is a very powerful approach to hyperspectral
mineral mapping, especially for identifying mixtures of minerals that have overlapping
absorption features, but requires substantial a priori knowledge of the site.
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Figure 3.49 AVIRIS calcite map. Classes are: best calcite - better calcite - calcite poor calcite.
The calcite map matches very well with the VRIS calcite hand sample map (Figure
3.7, p. 85), but calcite is less widespread than expected based on the known presence of
calcite in the well-exposed gravel pits. Calcite is mapped in the railroad cut and along
the edges o f gravel pits in the Bonneville complex. These areas contain large blocks of
gravel that are cemented with pedogenic calcite (caliche). Calcite is also mapped along
the dirt roads and other areas where fines have accumulated in the Provo gravel. A few
pixels of calcite are also mapped in the waste rock. Elsewhere calcite is below the
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detection limit of the AVIRIS with the atmospheric calibration and mapping methods
used in this study.
The mean spectra of the calcite classes (Figure 3.50) indicate that illite, and perhaps
very weak kaolinite, may be present along with calcite. This is not surprising because,
although only a few pebbles were analyzed with the laboratory spectrometer, the
fractured quartzite pebbles that were analyzed contained illite and weak kaolinite. End
points used to map calcite were 2.238 pm and 2.378 pm.
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Figure 3.50 Mean spectra of AVIRIS calcite classes mapped in Figure 3.49 and the
image-derived reference. Classes are: best calcite - better calcite —calcite - poor calcite
Note the a) broadening and subtle shift (not resolvable at this scale) o f the calcite
absorption feature at 2.335 pm towards 2.348 pm, indicative of illite and the b) subtle
flattening o f the slope o f the 2.2 pm feature perhaps indicative of very weak kaolinite.
Gaps in the image spectra correspond to the atmospheric absorption regions.
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A weak to moderately developed 2.2 jam clay feature is present in most o f the spectra
from non-vegetated areas at Bauer (Figure 3.51). The clay map was made using a
smectite reference and end points of 2.182 pm and 2.258 pm, essentially bracketing just
the 2.2 clay absorption feature. These end points are suited to separating smectite and/or
illite from kaolinite, but not smectite from illite. Upon examination of the mean spectra
o f the best matches to the smectite reference (Figure 3.52) a well-defined 2.35 pm
absorption feature was discovered. The best matches to the smectite reference are
actually illite.

Figure 3.51 AVIRIS clay map. Classes are: illite —illite and/or smectite - clay - poor
clay.
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Figure 3.52 Mean spectra of AVIRIS clay classes mapped in Figure 3.51. Classes are:
illite —illite and/or smectite —clay —poor clay. Gaps in the image spectra correspond to
the atmospheric absorption regions.
By broadening the range used by the SAM classifier to cover the 2.2 pm clay feature
and the 2.345 pm secondary illite absorption feature I was able to make an illite map of
high confidence (Figure 3.53.). The end points used for the AVIRIS illite map were
2.058 pm and 2.428 pm.
Illite is mapped only in the unvegetated gravel of the Provo beaches and the gravel
pit that is operating there. The absence o f illite hits in the gravel pits of the Bonneville
complex suggests a difference in the composition of the gravels. This difference is useful
for separating these two geologic units.
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Figure 3.53 AVIRIS illite map. Classes are: best illite - good illite - illite?.
Within the Provo complex, illite and calcite (Figure 3.49, p. 143) are mapped in
mutual exclusivity. The gravel within the limonite anomaly contains little sand and silt at
the surface and pedogenic calcite is found only on the bottoms of pebbles. The fines
have been removed by eolian processes and the tops of the pebbles may be kept clean of
pedogenic calcite by weakly acidic water that is present when the sulfide in the small
amount o f fines oxidizes. That illite remains in the gravel indicates that the water is only
weakly acidic as illite converts to kaolinite at low pH. Within the gravel pit, mining has
apparently reached below the level o f pedogenic calcite development.
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In summary, illlite is mapped in the unvegetated Provo beach gravels where calcite is
less abundant and the calcite absorption feature at 2.335 pm therefore does not interfere
with the secondary illite absorption feature at 2.345 pm. Examination of the mean
spectra o f the illite classes (Figure 3.54) revealed the expected shift in the 2.35 pm illite
feature towards the calcite absorption at 2.335 pm as the cutoff was liberalized.
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Figure 3.54 Mean spectra of A VRIS illite classes mapped in Figure 3.53 and an illite
reference. Classes are: best illite —good illite - illite?. Gaps in the image spectra
correspond to the atmospheric absorption regions.
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The poor match - illite? - class maps an area where calcite and illite are known to be
absent, the tailings ponds. A random sampling of the - illite? - class (Figure 3.55)
revealed that SAM was mapping the overall shape of the broad spectral range, but the 2.2
pm clay feature no longer had an illite character and the 2.35 pm absorption feature was
absent. “Virtual ground-truthing” of individual pixels within a hyperspectral mineral
map is an important step because the mean spectrum of a class reveals little about the
variability present within a class.
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Figure 3.55 Three randomly selected - illite? - class spectra and an illite reference.
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3.5.2 SFSI Gypsum and Clay Maps and Hyperion Results
Attempts to map gypsum with 10 nm SFSI data met with limited success. The best
matches to the gypsum reference were scattered in the south tailings pond and in the
gravel pit northwest of the ponds. The mean spectrum of those best matches (Figure
3.56) has a gypsum plus clay character, so an image-derived reference spectrum was
made by averaging a small area in the south tailings pond that is known to contain
gypsum. It appears that the 2265 nm gypsum/jarosite feature is shifted to a slightly
longer wavelength in the gypsum/tailings reference; the cause is unknown. The
gypsum/tailings reference was used to make the SFSI gypsum/tailings image (Figure
3.57) that maps areas known to be tailings as well as uncontaminated areas. End points
used for the SFSI gypsum map were 2059 nm and 2316 nm.
SFSI q y p a u m / t o d in q a a p c c tr o

Figure 3.56 SFSI spectra and a gypsum reference. Spectra are: mean spectrum of best
matches to the gypsum reference, mean spectrum of an area o f tailings known to contain
gypsum and the mean spectrum of the best matches to the gypsum/tailings reference
mapped in 3.56. Note the shift of the 2265 nm gypsum feature to a slightly longer
wavelength in the image-derived reference.
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Figure 3.57 SFSI gypsum/tailings map. Classes are: best matches to the gyp sum/tailings
image-derived reference, and poorer matches. The reference was an average o f spectra
from the small red area in the south end of the southern tailings pond.
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The SFSI clay map (Figure 3.58) is similar to the AVIRIS clay map (Figure 3.51, p.
145), but with more conservative cutoffs. A smectite reference was used to identify an
image-derived reference using end points o f 2050 nm and 2269 nm. The mean spectra o f
the mapped classes shows that the best matches are likely illite (Figure 3.59).

Figure 3.58 SFSI clay map. Classes are: illite - illite and/or smectite - clay.
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No carbonate maps could be made from the SFSI data. Sensor and atmospheric
noise increases beyond about 2260 nm (Figure 2.10, p. 49) and apparently overwhelms
the weak carbonate absorption features long of 2300 nm. Figure 3.60 shows AVIRIS and
SFSI mean spectra from a region o f interest in the railroad cut south of Bauer, an area
known to contain calcite. It is clear from the spectra that with the Bauer SFSI data calcite
is not mappable. A consistently recognizable dolomite absorption feature is likewise
absent.
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Figure 3.60 SFSI and AVIRIS mean spectra from the west bank of the railroad cut south
of Bauer. A moderately-developed calcite absorption feature is present in the AVIRIS
spectrum (arrow), but is absent from the SFSI spectrum.
A reconnaissance of the Hyperion data revealed that only a generic 2.2 pm clay
absorption feature is the only recognizable feature. With the processing path used in this
study and the low abundance o f two-micron minerals present at Bauer, the Hyperion data
were o f little use in the SWIR region.

3.5.3 Summary and Comparison o f Two-micron Maps to the Geology and Anthropogenic
Materials Map
The SWIR-active minerals gypsum, dolomite, calcite, illite, and smectite were
successfully mapped by the AVIRIS. Smectite, illite, and gypsum/tailings were mapped
by the SFSI. A generic 2.2 pm clay absorption feature was the only recognizable
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absorption feature found in the Hyperion data. Except for illite, none of the two-micron
minerals mapped have well developed absorption features indicating that the minerals are
present in low abundance and that other minerals and vegetation are masking their
spectral signature.
Mapping the geologic units at Bauer is a difficult task for imaging spectroscopy.
SWIR-active minerals make up a relatively small amount of the units. The SWIR-active
minerals that are present have absorption features that can overlap, and they are masked
by live and decaying vegetation. Smectite, calcite, and illite were mapped in the
uncontaminated sediments of the project area. Smectite is ubiquitous at Bauer and is
mapped in nearly all of the unvegetated areas o f the site. Calcite is not diagnostic of any
one unit, and is mapped mostly in areas where caliche-cemented gravel has been exposed
by mining. Elsewhere, calcite is below the limit of detection of the AVIRIS with the
processing path used in this study. The identification o f calcite is critical however,
because o f calcite’s ability to neutralize acidic water that may be produced by the tailings
when wet. Illite, mapped in the unvegetated Provo beach ridges and the gravel pit, has a
strong spectral signature. This is likely due to the absence o f competing SWIR-active
minerals in the clean exposures of the quartzite pebbles found there. The absence of illite
in the Bonneville complex makes the illite maps useful for differentiating these two
geologic units.
The AVIRIS gypsum and dolomite maps identify the majority o f the tailings plume
at Bauer. Gypsum is mapped in the bulk of the limonitic tailings and part of the waste
rock pile, but misses the windblown tailings and the sulfidic tailings. Both o f the missed
units are known to contain gypsum based on laboratory VRI spectroscopy (Figure 3.5, p.
83). Dolomite, although present at the detection limit for the AVIRIS with the processing
path used for this study, maps a significant portion of the windblown tailings. However,
the dolomite map fails to identify the limonitic and sulfidic tailings, both known to
contain dolomite (Figure 3.6, p. 84). The sulfidic tailings are a difficult target for
imaging spectroscopy because sulfide depresses reflectance across the VRI spectrum.
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3.5.4 Evaluation of the SFSI for Mapping Mineral Extraction Waste Products
The SFSI has been shown in this study, and elsewhere, to produce reliable maps of
minerals with strong 2.2 pm absorption features. Carbonates, however, with absorption
features long of 2.3 pm were not identifiable with the processing paths used in this study.
The identification o f mineral extraction waste products by their SWIR-active components
or their SWIR-active weathering products requires the highest signal-to-noise data
because the target minerals are usually present in small amounts and they are commonly
poorly crystallized. Carbonate mapping is an important part of an AML study and the
SFSI was not able to map carbonates at Bauer. The SFSI is therefore not an ideal sensor
for evaluating environmental hazards associated with the sulfidic mine and mill wastes at
Bauer.
3.6 Potential Environmental Hazards at Bauer
High concentrations o f arsenic, copper, mercury, lead and zinc are present within all
o f the mill tailings (Table 3.3, p. 94). Dolomite, gypsum, and pyrite are commonly found
in sediment samples that contain more than 25 ppm arsenic, indicating the presence o f a
tailings component. Arsenic also is found throughout the site and in adjacent areas at
levels above expected background (Figure 1.9, p. 21), but without the associated tailings
minerals. Whether arsenic in the 15 to 25 ppm range is caused by the tailings or some
other source is unclear. The red line on Plate I is the limit of the tailings, based on the
results o f the FPXRF and the mineralogy of the samples as determined by VRI
spectroscopy, XRD, and microscope analyses.
Windblown tailings continue to move off o f the site to the north. There is no
evidence, however, that significant tailings have moved south of the Stockton Bar
towards the new housing development. The distance the tailings have moved beyond the
project area to the north is unknown, but the plume extends at least a kilometer onto the
Tooele Army Depot (Figure 3.38, p. 127). The windblown tailings consist of mostly
quartz with lesser dolomite, up to five percent pyrite, and minor gypsum and goethite.
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Sulfide and goethite are apparently carrying the deleterious elements. During wet
periods, metals may be released to water as the sulfide oxidizes or if the goethite gives up
adsorbed ions. The rate o f release of metals from the windblown tailings is likely
controlled at Bauer by the presence of dolomite and the absence of water during most of
the year. The continued presence o f dolomite and illite indicates that the water is only
weakly acidic.
Calcite, and lesser dolomite, found within the Lake Bonneville sediments that
underlie the site, likely neutralize the weakly acidic water percolating away from the
windblown tailings. Metal-ion solubility generally decreases significantly at neutral pH,
so the metals are likely being deposited as coatings on gravel near the surface. This can
be observed in the head wall of the gravel pit in the northwest comer of the project area
(Figure 3.26, p. 113). This cycle results in a flush of weakly acidic metal-laden water
during the spring o f the year that likely does not go very far. If all of the calcite and
dolomite is consumed, the pH of the system will not be buffered, and the acidic water
will be able to carry metal ions farther. This may be the case under the tailings ponds.
The jarosite-dominant limonitic tailings and the sulfidic tailings have little or no
acid-neutralizing potential and likely release significant quantities of metal ions when
wet. Because there is no sulfide in the jarosite-dominant limonitic tailings, the acidproducing potential of these tailings depends on the solubility of jarosite, and any other
iron sulfates that are present. The sulfidic tailings contain approximately 20 percent
sulfide and significant amounts of jarosite and other more soluble iron sulfates. The
sulfidic tailings likely produce very acidic, metal-rich water when wet. Utah Department
of Environmental Quality (UDEQ) samples o f water from the tailings supports this
(Daniels, 1999), as do the remains of livestock found on the tailings. Figure 3.61 defines
areas o f increased acid-producing potential. Areas mapped as jarositic, but without
carbonate, by the imaging spectrometers define the high acid-producing potential
contour.

Figure 3.61 Tailings distribution and zones of high, moderate, and low acid-producing
potential. The high acid-producing potential contour is defined by the presence of
jarosite and the absence o f carbonate as determined by the imaging spectrometer maps.
Nearly all of the site within the red limit o f tailings line is above the UDEQ “health based
cleanup level” of 100 ppm As and 500 ppm Pb (Daniels, 1999). Units are Tw - Tailings
windblown, T1 - Tailings limonitic, Ts - Tailings sulfidic.
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The amount of each tailings type within the ponds at depth is unknown, and there
does not appear to be a simple zoning present. Without an acid-consumption (carbonate)
versus acid production mass balance it is impossible to say if acidic metal-rich water is
moving out of the tailings ponds. Limited sampling of water from below the tailings
ponds (p. 20) indicates this was not occurring as o f 1985. Continued monitoring is
recommended considering the extremely high levels o f metals in the tailings and the
proximity o f population centers.
The greatest threat associated with the tailings at Bauer is human inhalation and/or
ingestion of the metal-rich tailings. Defining a level of metal contamination that is
dangerous to human health is beyond the scope o f this thesis, but a UDEQ report on the
Bauer site refers to a “health based cleanup level” of 500 ppm Pb and 100 ppm As for the
Salt Lake Valley (Daniels, 1999). At this level, nearly the entire site enclosed by the red
“limit of tailings” line (Plate I) has metals at levels deemed dangerous by the UDEQ.
Clouds of tailings have been noted by several investigators, including the author,
over the last 20 years (Figure 1.8, p. 19). Fortunately, the limonitic and sulfidic tailings
tend to form hard crusts that prevent much o f the tailings from becoming airborne in all
but the strongest winds. Additional study should be undertaken to identify the threat
posed to local communities by airborne tailings.
Rampant recreational use of the site is exposing people to extremely high levels of
metals. Motorcycle riders have been observed on the tailings during several visits to the
site. The hundreds to thousands o f ppm’s o f arsenic, lead, and mercury carried by the
tailings likely poses a significant health threat to recreational users of the site.
Mining of gravel from the limonite anomaly, fist seen in 2002, could be exposing
unsuspecting end users to elevated levels of arsenic, lead, and zinc.
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CHAPTER 4
CONCLUSIONS, RECCOMENDAXIONS AND ADDITIONAL RESEARCH

4.1 Conclusions
The results o f this thesis demonstrate that imaging spectroscopy is a useful tool for
identifying and characterizing sulfide mine and mill wastes at the Bauer Mill tailings site.
The AVIRIS maps would direct ground-based sampling efforts to locate all o f the
mineral extraction waste products at the site. The AVIRIS maps were also partially
successful in differentiating the geologic units that surround the tailings plume. The
CASI did nearly as well as the AVIRIS in identifying jarosite and goethite associated
with the tailings, and its performance could likely be improved by adjusting the
configuration o f the sensor. With the image processing path used, the SFSI was not able
to map carbonates and is therefore not useful at Bauer. The utility o f the Hyperion data
was limited by a cloud shadow over part o f the site, but it is not likely that Hyperion has
sufficient signal-to-noise in the SWIR to be useful for mapping sulfidic mine and mill
wastes because they typically contain SWIR-active minerals in low abundance. Although
jarosite was the only one-micron mineral successfully mapped by Hyperion, with a more
robust atmospheric calibration it is likely that Hyperion could be useful for mapping
goethite and hematite also.
Imaging spectrometer (hyperpectral) maps indicate the potential for two types o f
environmental hazards at Bauer. Acid drainage and the associated contamination of
surface and ground water by metals may be occurring as sulfides and iron sulfates in the
tailings oxidize. The threat o f acid drainage is decreased by the presence o f carbonate,
mapped by the AVIRIS in some o f the tailings units and in the sediments underlying the
site, and the low net precipitation o f the area. The most immediate threat to humans
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engaged in recreational and industrial activities at the site is the accidental inhalation
and/or ingestion o f metal-laden tailings that cover an area o f at least 1.5 by 4 kilometers.
Historic and geologic literature searches were critical for understanding what
materials might be present at the site. Field study, aerial photograph interpretation, XRD,
field portable XRF, and laboratory visible and reflected infrared spectroscopy (VRIS)
were used to map surface materials at Bauer (Plate I) and to support the hyperspectral
maps. Very fine grained pyrite, identified by XRD, is found in the tailings even at the far
edges o f the plume. XRF o f 96 samples from the site reveal that the tailings contain on
average 0.38 percent arsenic, 1.4 percent lead, 0.46 percent zinc, 290 ppm copper, and 75
ppm mercury. VRIS shows that small amounts o f jarosite, goethite, gypsum, and
dolomite are present in some o f the tailings units. Calcite, smectite, and variably illite are
found in the geologic units.
AVTRIS one-micron (VNTR) jarosite and goethite maps identify the bulk o f the
tailings plume. Jarosite is mapped in part o f the limonitic tailings, the waste rock pile,
and around the edges o f the sulfidic tailings (Figure 3.32, p. 121). Based on laboratory
VRIS and field observations jarosite and other iron sulfates are more abundant in the
sulfidic tailings than is mapped by AVTRIS. Sulfide depresses reflectance in the VRIS
making this a difficult target for imaging spectrometers. AVTRIS maps goethite in part o f
the limonitic tailings, the limonite anomaly, the waste rock, and in part o f the windblown
tailings (Figure 3.38, p. 127). The failure to map goethite in the vegetated windblown
tailings is attributed to the low abundance of goethite and the use o f the entire one-micron
region to identify goethite. Because the 0.5 pm and 0.9 pm goethite absorption features
were not examined individually, the intervening sharp increase in reflectance at 0.675 pm
caused by vegetation results in the goethite plus vegetation image spectra being discarded
along with the other poor matches to the goethite reference spectrum.
The CASI and AVTRIS goethite maps are remarkably similar, demonstrating the
high quality o f the CASI data. CASI maps more pixels as jarosite in the sulfidic tailings
than AVTRIS, but misses the waste rock pile and maps two areas that likely do not
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contain jarosite (Figure 3.42, p. 133). These discrepancies are likely due to the limited
spectral range and the discontinuous spectral sampling configuration o f the CASI during
data collection. Because o f these limitations it was necessary to develop new criteria for
mapping limonite minerals with the CASI using the position of the 0.7 pm local
maximum. Based on the results o f the laboratory VRIS (Table 3 .1. p. 75), pure jarosite
has a local maximum short o f 0.73 pm. Mixtures of jarosite and goethite have
maximums between 0.73 pm and 0.76 pm, and jarosite is absent in samples with local
maximums beyond 0.76 pm. It also appears that the soluble iron sulfates have local
maximums short o f 0 .7 pm. The applicability o f this approach to other sites and the
effects o f vegetation and other minerals need to be demonstrated before the use o f this
feature can be widely accepted. The Hyperion jarosite map, the lone successful image
made from the Hyperion data, shows a similar distribution as the AVTRIS except in areas
covered by the cloud shadow in the Hyperion data.
The AVIRIS two-micron (SWIR) gypsum and dolomite maps identify a significant
portion o f the tailings plume, but not all o f the areas known to contain these minerals. A
combination o f the relatively noisy image spectra, low abundance o f these minerals,
vegetative cover, and low reflectance o f the sulfidic tailings combine to limit the ability
o f the sensor to map the full extent o f gypsum and dolomite. Calcite, as limestone
pebbles and fines, is estimated to make up about 20 percent of the lacustrine sediments
that underlie the project area. Calcite is mostly mapped where caliche-cemented gravel
has been exposed in the Bonneville complex and where fines have accumulated due
gravel mining or on the unpaved roads in the Provo complex. Its identification is critical,
however, for the evaluation o f the site for acid drainage. Illite, not recognized to be a
significant mineral at Bauer with the laboratory VRIS, is mapped in the limonite anomaly
and the gravel pit operating in the Provo shorelines. Illite is likely present in most of the
quartzite pebbles that make up about 70 percent o f the gravel deposits throughout the site,
but it is only spectrally dominant where clean exposures of the Provo gravels are
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exposed. Water, with weak acidity derived from oxidizing pyrite in the overlying and
adjacent windblown tailings, also may have contributed to the removal o f caliche
coatings on pebbles in the area mapped as illlite.
Attempts to map two-micron minerals with the SFSI were only marginally
successful. A gypsum/tailings map and a clay map that identified an area of illite were
made. The gypsum/tailings map does a poor job of differentiating the tailings from other
bright materials in the image. However, the area mapped as illite by the SFSI agrees well
with the AVIRIS illite map. Dolomite and calcite could not be mapped with the SFSI
data. The SFSI therefore is not an ideal imaging spectrometer for use at Bauer. A
generic 2200 nm-clay absorption feature is the only recognizable absorption feature in the
Hyperion data.
The image processing path has a significant impact on the usefulness o f the
hyperspectral data. A less-than-ideal atmospheric calibration was used on the Bauer data
resulting in noisy spectra and likely decreasing the utility o f the data. This was somewhat
overcome by using the SAM algorithm, which can handle noisy data, but other,
potentially more robust, mapping methods could not be used. Creating image-derived
reference spectra from the best matches to a laboratory reference gave much better results
than using just the laboratory spectra. If this approach fails, a reference spectrum can be
made from an area o f known mineralogy, but using true image end members is the
preferred method (p. 65). An attempt to increase the signal-to-noise o f the SFSI data by
averaging the 5 nm data to a 10 nm bandwidth did not significantly improve the
usefulness of the data, but the approach is promising. Perhaps averaging four pixels
together would give better results.
Inhalation and/or ingestion o f metal-laden tailings by recreational and industrial
users of the site and the contamination o f water by metals carried in acid drainage are the
two main environmental hazards at Bauer. The tailings plume contains hundreds to
thousands o f ppm As, Cu, Pb, and Zn and tens of ppm Hg over an area at least 1.5 by 4
kilometers (red line Plate I). No evidence was found in this study that tailings are
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moving towards the new housing development just south o f the Stockton Bar. Weakly
elevated levels o f Pb and Zn were found in this area, but As is below the FPXRF
detection level and no sulfide was found in samples south of the Bar, indicating that the
Pb and Zn have a source other than the tailings. The Waterman smelter, located on the
northeast shore of Rush Lake prior to 1900, is downwind o f the area and a possible
source.
The rampant recreational activity, and the ongoing gravel mining at the site suggest
that the potential for uptake o f the tailings is significant. Brown tailings clouds have been
observed blowing to the north on very windy days over the last 20 years. The threat
posed by airborne tailings should be considered.
The presence o f sulfide, jarosite, and other more soluble iron sulfates demonstrates
the high acid-producing potential o f the tailings. This potential is tempered by the low
net precipitation of the site and the presence o f carbonate in both the underlying sediment
and in some of the tailings units. The greatest acid-producing potential occurs within he
area mapped as jarosite by the one-micron mineral maps and outside o f the areas mapped
as dolomite and/or calcite by the two-micron maps (Figure 3.61, p. 158). The complex
vertical distribution o f the tailings units makes estimating the potential for acid drainage
to reach the underlying aquifer impossible with the current information.
This thesis demonstrates the usefulness o f hyperspectral imaging for investigating
individual large AML sites. The Bauer Mill is typical o f these sites, many o f which are
undergoing residential and industrial development without having been thoroughly
remediated, if at all. The use o f one-micron maps to identify sulfidic mine and mill
wastes is a reliable tool, and the CASI here has been shown to be a commercial
alternative to AVIRIS for mapping jarosite and goethite at high spatial resolution. The
subtle spectral signatures o f two-micron minerals associated with many mineral
extraction waste products make for more difficult targets, but if good data and systematic,
thorough fieldwork are coupled, much information can be gained through two-micron
maps also. Imaging spectroscopy is therefore a powerful tool for directing efficient
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surface sampling and defining the full extent o f mine and mill wastes for environmental
cleanup and monitoring.

4.2 Recommendations to Users o f Hyperpsectral Imaging for Investigation o f AML’s
Basic to the selection o f a hyperspectral sensor and sensor configuration for an
abandoned mine land study are two issues: what are the size and character o f the target
materials and is it possible to accomplish the objectives o f the hyperpsectral imaging
project given a limited budget. Commercial hyperspectral data, with five-meter pixels,
can be collected for around $25,000 per day or $25/km2 (Robert Stewart, Earth Search
Sciences Inc., Results Conference: Utah AML Watershed Hyperspectral Analysis Project,
oral commun., 2000). 17-meter AVIRIS data cost about $ 10/km2, but a single flight costs
$80,000 (http:speclab.cr.usgs.gov/aboutimsp.html, visited 9-2002). The cost of
commercial hyperspectral imagery varies greatly on a sensor-by-sensor and a case-bycase basis, but these figures serve as a reference. Hyperspectral imagery usually is
collected on a “group shoot” basis with costs split among the stakeholders, which can
have a significant impact on the cost o f data collection. Pixel size, and thereby swath
width, has a direct effect on the cost per area o f hyperspectral data acquisition, and for
that reason, understanding the size and character of the target materials is important.
Collecting only VNTR data with the CASI seems a less expensive option for the
mapping o f limonitic mine and mill wastes. The CASI can be flown in small single
engine planes, is readily available, with over 20 CASTs having been built, and it has here
been shown to be nearly as reliable for mapping jarosite and goethite as the AVTRIS. If
operated in spectrally continuous mode, at 10 nm resolution, the CASI should have
sufficient signal-to-noise to map jarosite, goethite, and probably other limonite minerals
at most sites. Vegetation mapping also would be possible with this configuration. If
operated in spectrally continuous mode, atmospheric modeling programs such as
ATREM can be used on CASI data. If the AML system consists o f only minor limonite
minerals, then SWIR data also would be required.
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Spectral and spatial resolution are traded for signal-to-noise. Higher signal-to-noise
(S/N) results in the identification of a wider range of materials and o f materials in smaller
abundance. 10 nm data generally have been considered to be adequate by the
hyperspectral industry, and some sensors are collecting data at 15 nm spectral resolution.
Collecting data at 5 nm spectral resolution with the intention o f averaging it to 10 nm is
an interesting approach, because the data can be averaged further to 15 nm if the 10 nm
data prove too noisy. 20 nm data are generally considered too coarse for many mineralmapping applications. Decreasing spatial resolution to boost S/N is another approach to
increase the utility o f low signal-to-noise data. Five-meter data are commonly collected
by commercial hyperspectral companies and seems a reasonable nominal pixel size.
A recommended processing path for a commercial investigation o f a mine waste site
using imaging spectroscopy follows, but a few points should be stressed. The cost o f a
quality atmospheric calibration is minor compared to the acquisition cost of the data, and
without a quality calibration the usefulness o f the imagery suffers substantially.
Atmospheric models exist that are reported to calibrate data nearly as well as groundbased methods, and the internal average to relative reflectance (IARR) is certainly useful
in some cases on SWIR data. Confirmation o f the success o f the calibration still should
be undertaken. This should include the collection o f in situ ground spectra at the time o f
the hyperspectral data flight.
In this study, SAM was shown to do a reasonably good job o f mapping broad
absorption features, especially in the VNIR, but wasn’t very good in the SWIR.
However, due likely to the noise present in all o f the data sets, SAM was the only
mapping method that returned usable results. Hyperspectral mineral mapping is an
iterative process, with maps being refined by real and virtual ground-truthing, improved
processing schemes, and map interpretation.
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My recommended processing path for a commercial investigation o f a mine waste
site using imaging spectroscopy is:
1. If feasible, the site should be visited and good quality color aerial photographs of
the area should be interpreted prior to commissioning the collection of
hyperspectral data. Color photo interpretation delivers the greatest return of
information for the least money and can be instrumental in identifying potential
target materials.
2. Review the site to be investigated and identify (or make) two spectrally uniform
and flat atmospheric calibration targets within or close to the site. If the site is
large, like a watershed, additional sites may be necessary at different elevations
and locations within the area to be imaged. Even if atmospheric models, or the
IARR (only useful in the SWIR) will be used to correct the imagery to
reflectance, some type o f ground spectra are necessary to confirm the accuracy of
the atmospheric calibration.
3. Collect ground spectra o f the calibration targets at the time o f the hyperspectral
data collection, as well as representative ground spectra, and samples o f materials
o f interest at the site.
4. Apply the empirical line calibration from one target and check against the second
target. If both targets produce good calibrations, both spectra can be used in the
empirical line process resulting in smoother spectra.
5. Georectify the imagery to the degree necessary using nearest neighbor
resampling. If other resampling algorithms are used, georectification should be
done after mineral mapping. Digital orthoquadrangle aerial photographs are
useful base maps for georectification and are becoming widely available.
6. Run the PPI to identify image end members (preferred), or identify image
references using the shortcut method (p. 65).
7. Subset the imagery to the area o f interest.

168

8. Selection o f a mapping method(s) will depend on the experience o f the image
processor, the time available, the quality o f the data, and the target materials.
Linear unmixing, MTMF, SFF, and SAM have all been shown to produce maps of
high confidence in the hands of diligent image processors. The key to creating
the best maps is to make multiple runs o f the mapping algorithm and for the
results to be “virtual ground truthed”.
9. Export the confidence-level-sliced maps into a GIS format so that actual ground
truth data and other information can be directly compared to the imagery. Maps
that show all o f the one-micron or two-micron minerals on a single map decrease
the information content o f the imagery and are less geologically plausible,
because geologic materials usually occur in mixtures.
4.3 Areas for Additional Research
The body of published work on the VRI spectroscopy o f limonite minerals is
severely limited. There are some generally accepted rules for identifying jarosite,
goethite, and hematite, but the effects o f grain size, trace element substitution, and
mixtures have not been documented. There are other iron oxides, hydroxides, and iron
sulfates that commonly exist in an abandoned mine land setting. Only a few of these
minerals appear in the USGS spectral library. The soluble iron sulfates have special
importance because they can release significant quantities o f acid and metal ions upon
dissolution. VRI spectroscopy has an advantage over XRD and other methods because it
can recognize poorly crystallized minerals and the equipment can be easily taken into the
field. A detailed and thorough study o f the VRI spectroscopy o f limonite minerals would
be a significant contribution.
Specific to the Bauer site, a study to determine the danger to local populations from
inhaling airborne tailings should be undertaken as should continued monitoring o f ground
water for contamination o f drinking water by metals.
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