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INTRODUCTION

From 1985 through 1992, the Sumrnitville open-pit mine produced gold fkom low-grade ore using cyanide
heap-leachtechniques,a methodto extractgoldwherebytheorepileis sprayedwithwatercontainingcyanide,
whichdissolvestheminutegoldgrains.Environmentalproblemsat Summitvilleincludesignificantincreasesin
acidicandmetal-richdrainagefromthesite,leakageof cyanide-bearingsolutionshorntheheap-leachpadinto
anunderdrainsystemandseveralsurface leaks of cyanide-bearing solutions into the Wightman Fork of the
Alamosa River. ‘l%emine’s operator had ceased active mining and begun environmental remediation, including
treatment of the heap-leach pile and installation of a water-treatment facility, when it declared bankruptcy in
December 1992 and abandoned the mine site. ‘l’heEPA immediately took over the Summitville site under EPA
Superfimd Emergency Response authority. Surnmitville was added to the EPA National Priorities List in late
May 1994.

Summitville has fwused nationwide public attention on the environmental effects of modern mineral-resource
development. Soon after the mine was abandoned, Federal, State, and local agencies, along with Alarnosa River
water users and private companies, began extensive studies at the mine site and surrounding areas. These studies
included analysis of water, soil, livestock and vegetation. The role of the U.S. Geological Survey (USGS) was
to provide geologic and hydrologic information about the mine and surrounding area and to describe and evaluate
the environmental condition of the Summitville mine and the downstream effects of the mine on the San Luis
Valley. The environmental condition of the Summitville area is a result of the geologic evolution of this area
that culminated in the formation of precious-metal mineral deposits and a result of the mining activity.
Understanding the geologic and hydrologic history of this area is a critical piece to understanding the
environmental puzzle at Summitville.

IMAGING SPECTROMETER DATA

To address these geologic and hydrologic problems, we analyzed AVIRIS data for the Summitville mining
district and the adjacent San Luis Valley, in Colorado. The data were acquired on September 3, 1993. A
combined method of radiative transfer modeling and empirical ground calibration site reflectance were used to
correct the flight data to surface reflectance (Clark et al., 1994). This method corrects for variable water vapor
in the atmosphere and produces smooth spectra with spectral channel to channelnoiseapproachingthesignalto
noiseof therawdata. Thus,thedatacanbecomparedto standardlaboratorymeasurements.Thecalibrationsite
is a plowedfieldapproximately18 kilometers SW of Alamosa. The calibration site soil samples were obtained
on the day of the overflight and measured on the USGS laboratory spectrometer (Clark et al, 1990b). The
spectra of the calibration field are spectrally bland and serve as an ideal calibration standard.

TRICORDER ANALYSIS

Clark et al., (1990% 1991) developed a new analysis algorithm that uses a digital spectral library of known
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ref-ee materials and a fast, modified-least-squares method of determining if a diagnostic spectrai feature for a
given materiai is present in the image. lhis aigorithm is tailed “tricorder.” ‘fhe tricorder anaiysis compares
continuum-removed spectra (Clark and Roush,1984)fromtheremotelysensedA@ to a databaseof continuum-
removed spectrai features fkom the reference spectral library (Clark et rd., 1993). Multiple features tiom
multiple materials are compared and the material with the closest matchis mapped.‘Iherdgorithmdoesnotforce
a positivematchwhichmakesif differentfrom many other algorithms in use. ‘ile tricorder aigorithm attempts to
map only minerais included in the refmce database.

For the present study we mapped minerals based on the presence of absorption f-es inthe -Q.45 pm to -1.0
pm, 1.5ym, and 2.2 pm to 2.3 pm wavelength region, which representthe visible snd near-inflared portions of
the electro magnetic spectrum. In this dataset we looked for 64 different minerais.

Abaoxption ban& in the visible portion of the spectmm (-U.4-O.8~m) are caused by electronic processes
including crystal field efhcts, charge transfer, color-centers, and conduction bands. ‘he absoqtions resulting in

the visible portion of the spectrum involve elements of the first transition series which have an outer unfilled
d-shell in their electronic distribution. ‘he energy levels are determined by the valence state of the element, its
coordination number and its site symmetry. Differences in these parameters are manifested in individual
diagnostic absorption bands. Absorption in this wavelength region are commoniy associated with the presence
of iron in the mineral structure.

Near-infiwed radiation (l-2.45 pm, in this study) absorbed by a minerai is converted into molecuiar
vibrational energy. ‘ile frequency or wavelength of the absorption depends on the relative masses and geometry
of the atoms and the force constants of the bonds. l’here are two main types of molecular vibrations: stretching
aod bending. A stretching vibration is a movement aiong the bond axis whicheitherincreasesor decreasesthe
interatomicdistances.Bendingvibrationsconsistof a changeintheanglebetweenbondswitha commonatomor
themovementof a groupof atomswithrespectto theremainderof themolecule,butwithoutmovementof the
atomsinthegroup with respect to one another (Silverstein et ai., 1981). Only vibrations that result in a change
in the dipole-moment of the molecule will be infrared active.

Absmption &atures in the 2.2 to 2.3-yrn region result flom a combination of the OH-stretching fundamental
with either the Al-O-H bending mode absorbing at approximately 2.2 pm, or Mg-O-H bending mode absorption
at 2.3 pm. At high resolution these bands ah appear as characteristic multiple, complex absorption ftitures.
Based on previous work (King and Clark,1989, Clark et al., 1990b, Clark et ai., 1993), it is known that the
streng@ position and shape of these features is a function of the mineral chemistry.

In this study we searched for 22 minerais with absorption features at wavelengths near or less than 1.0 pm.
We successfully mapped 7 of these 22 potentiai minerais. The minerals we detected include: amorphous iron-
hydroxide,ferrihydrite,goethite,hematite,K+rosite,Na-iarosite.andanFe-bearingmaterialthatspectrally
mateheethepmeeasdsludgeremovedtim theReynoldsTunnel.AVIRIS Workshop Slide 7 shows their
distributiosim aadnear, the!$ummitvill ernine.Comparison ofspectra of these minemla extracted fromthe
reamtelyaealaad datawithourhdmtory stdards ahowano differeawes. Wehavedet@ed apectmldi~
thatallowua todidmbte be4weal the amo@oua iron-hydroxide and ferrihydrite, baaed ml our Mmmtory
stadads,ltowmm, itiepooailble thatthmetwo materMsare chemically aimilar. Itshouldbe notuithatthe
meet -mathodofidemtifjfing ammphow ironoxidesi s~apecmmpy.

~kofti~-wdti~, muatidtifidb, -tia~
stdardatoidmtify UdamateAal intherenmteiy aemseddata. In AVIRISWorkshop Slide 7,itadistributionia
d@etedinyeUow. Inthiscase thealgorithm mapsaolid FAearingmaterid andred-ataind water puddleain
tbeminapi~ Several daysofrain occurmdprior totheday ofdataacquiaitioa, thuaitia likely there was
atadngvvateai uthepit. Other investigatorahavemportedthe
fi’omprecipitation or melting Rlow.

ocammce of red-puddks in the pit resulting

To detect the presence of minerais that have absorption features in the 2.2-2.3 ~m wavelength region we used
48 minerai standards. These 48 standards included phyllosilicates, sulphates, carbonates, and cyanide
curnpounds. Of these 48 standard minerais we detected 8 different phases of significant areal extent. Subtle
spectrai diff&ences ailow for the discrimination between K and Na alunites and poorly-crystalline and highly-
crystailine kaolinites. However, because of spectral similarities and limitations of the mapping aigorithm, some
of the materiai mapped as Na-montmorillonite may be muscovite or sericite. Recent modifications to the
mapping aigorithm have eliminated this inconsistency.

Spectrai data contained in the AVIRIS pixels are very similar to the spectrai standards measured in the
laboratmy. Figure 1 shows the spectrum of a montmorillonite pixel detected near Alum Creek compared to a
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laboratory spectrum of a standard montmorillonite. Breaks in the spectra of the AVIRIS data occur at the
wavelengths where absorption from atmospheric gases occur. The absorption features in the montmorillonite
spectrum fkom the AVIIUS data are identical to the diagnostic absorption features in the laboratory standard at
wavelengths near 2.2 pm, The AVIRIS data shows that the montmorillonite is mixed with an Fe-bearing
mineral phase because of art absorption near 0.8 w (this absorption feature would be mapped with the Fe-
bearing minerals).

The mapping of the halloysite or kaolinite-smectite mixtures from the AVIRIS data has been less certain
because of inconsistencies in both the spectral data and supporting x-ray analysis. Initially, the halloysite was
mapped based on laboratory standards. However, X-ray data indicated that the material contained kaolinite and
other unidentified phases, but did not contain either halloysite or illite (Stephen Huebner, USGS, personal
communication, 1994). The spectral data of the material (collected in the field) clearly indicates that crystalline
kaolinite is not present and that absorption features very similar to illite and halloysite are present. Thus, we
believe that the material is likely to be a supergene weathering product, a mineral for which we do not have
either spectral or X-ray standards, or a new mineral. Therefore, caution should be applied in interpretating the
presently-mapped areal distribution of this phase.

DISCUSSION

Imaging spectroscopy data of the Summitville mine and the Iron, Alum and Bitter Creek basins were used to
identi~ minerals associated with alteration. Hydroxyl-bearing materials, including clays, show discrete
distribution patterns at both the mine site and within the Iron, Alum and Bitter Creek basins. Mineralogic
differences between the open pit and the heap leach pile at the mine site can be distinguished and discrete
mineralogical boundaries in the Iron, Alum and Bitter Creek basins can also be detected.

Perhaps the most interesting observation is that the Summitville mine apparently does not contribute OH-
bearing minerals via the Wightmen Fork to the Alamosa River. In contrast the mineralized area in Iron, Alum
and Bitter Creek basins do contribute OH-bearing minerals to the Alamosa River. This observation is based on
the spectral characteristics of the exposed fluvial sediments along Alum Creek and Bitter Creek and lack of OH-
beering fluvial sediment along the Wightman Fork. The unmined mineralized areas are believed to contribute
OH-bearing materials to the Ahunosa River due to the porous character of the well-exposed rock, which allows
altered materials to be eroded easily and deposited along the stream banks. If hydroxyl-bearing materials, and
associated contaminants, are being supplied to the Wightman Fork by the Summitville mine, the material must be
carried as a very fme-grained aqueous suspension which cannot settle onto the creek banks.

Images show that both the Summitville mine and Iron, Alum and Bitter Creek basins are sources of iron-
bearing sediments to the Alamosa River (AVHUS Workshop Slide 7). These sediments give a reddish-brown
color to stream banks, a characteristic typically associated with acid drainage, and are potential carriers of heavy
metals to locations downatmam. Consequently, ia assessing the environmental impact of mining at SummitvilIe,
it is important to recognize that both the Summitville mine site and the Iron, Alum and Bitter Crek basins
contribute this type of sediment to the Alamosa River.

SUMMARY

In summary, we have demonstrated the unique utility of imaging spectroscopy in mapping mineral
distribution. In the Summitville mining region we have shown that the mine site does not contribute clay
minerals to the Alamosa River, but does contribute Fe-bearing minerals. Such minerals have the potential to
carry heavy metals. This application illustrates only one specific environmental application of imaging
spectroscopy data. For instance, the types of minerals we can map with confidence are those frequently
associated with environmental problems related to active and abandoned mine lands. Thus, the potential utility
of this technology to the field of environmental science has yet to be lldly explored.
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Figure 1. S~*ofmon~orillonite memured inthelahmto~ mdmontiofillonite detected by AVIMSnem
Alum Creek.
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