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ABSTRACT

Characterization of the hydrothermally altered rocks at 
Cripple Creek, Colorado, utilized remote sensing techniques 
for mineral alteration mapping of selected representative 
alteration study sites and spectroscopic analysis of 
alteration samples. Remote sensing images were classified 
for hydrothermal alteration and used to select 
representative alteration sites for further study. Geologic 
mapping and sample collection at these sites related surface 
observations to the classified images.

Data from four remote sensing instruments were used to 
characterize the alteration at Cripple Creek. Data sets 
were acquired by the satellite-based Landsat Multispectral 
Scanner (MSS) and Thematic Mapper (TM), and from aircraft by 
Airborne Visible and Infrared Imaging Spectrometer (AVIRIS) 
and Geophysical Environmental Research Imaging Spectrometer 
(GERIS). MSS and TM sensors collected 80-meter and 3 0-meter 
spatial resolution data, respectively, with 3 00nm and lOOnm 
spectral resolution; AVIRIS (2 0m spatial resolution) and 
GERIS (8m resolution) instruments collected data with lOnm 
and 28nm spectral resolution.
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Analysis of MSS and TM data used a standard ratioing 
technique to classify the hydrothermal alteration mineral 
suites. Because of the broad spectral bands of these 
systems, only iron oxides and iron sulfates were identified 
and mapped. The detected oxides and sulfates could not be 
separated into individual minerals.

Analysis of AVIRIS and GERIS imaging spectrometry used 
a custom designed goodness-of-fit classification. The data 
were calibrated to absolute reflectance using multiplying 
coefficients generated from calibration sites. Calibration 
removed, or severely reduced, albedo, illumination, and 
atmospheric effects. The calibrated data set was processed 
through the goodness-of-fit routine, scaling a known mineral 
spectral absorption feature to the pixel spectrum and 
performing a least-squares fit. The better the fit, the 
higher the fit value. This analysis was used to identify 
and map hydrothermal alteration minerals and mineral groups.

Minerals identified using imaging spectrometry data 
were hematite, goethite, jarosite, kaolinite, and sericite. 
Hematite is a primary mineral, jarosite may be primary or 
secondary, and kaolinite and sericite are hydrothermal 
alteration minerals. Goethite is a supergene mineral. 
Mineral identification is limited by the classification
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method. Identification of 'kaolinite' meant that the clay 
-mica mineral was probably kaolinite, but could also be 
halloysite or dickite because of similar mineral spectra. 
Likewise, 'sericite' could include a variety of fine grained 
micas and interlayered mica-clay minerals.

Alteration types determined through field mapping are 
argillic, quartz-sericite-pyrite (QSP), small areas of 
potassic and propylitic, and limonite. Goethite was the 
major phase in the limonite and occurred as gossan and 
surface coatings. Secondary jarosite formed in heavily QSP- 
altered areas within three years of being exposed to air. 
Primary hematite and jarosite, though not alteration 
minerals, were mapped to further distinguish the limonite.

Imaging spectrometry mineral maps and field alteration 
maps were produced and compared. The comparison of the two 
mapping techniques shows little correlation, because imaging 
spectrometry maps individual, spectrally detectable 
minerals, whereas field alteration maps show mainly 
alteration intensities, using several minerals in the 
alteration assemblage.

Oxidation state can be used as an important classifier 
in the type of ore deposit formed. Reduced ore deposits 
tend to have narrow, linear argillic (kaolinite) cores

v
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surrounded by QSP alteration and little primary iron oxide. 
Weakly oxidized deposits contain reduced, bleached, and 
argillized (kaolinite) centers, surrounded by QSP alteration 
with more primary hematite than the reduced deposits and a 
moderate amount of fractured wallrock. More highly oxidized 
deposits contain reduced, highly argillized (interlayered 
montmorillonite-kaolinite) centers surrounded by QSP 
alteration with abundant primary hematite, primary and 
secondary jarosite, and wad. They were hydrothermally 
fractured and brecciated during emplacement of the hematite.

The extent and grade of mineralization is reflected by 
the state of oxidation. Reduced linear vein systems may 
have local rich pay streaks of gold tellurides. Oxidized 
low-grade disseminated deposits occur with abundant wide
spread alteration (both primary mineralization and secondary 
alteration), wallrock fracturing, and lower grade ore 
containing free gold liberated through the oxidation of the 
telluride minerals.

Cripple Creek is a difficult area for remote detection 
of altered minerals. Extensive soil development, vegetative 
cover, and lack of outcrops, prevent exposure of these 
minerals, except where the ground is mechanically disturbed. 
Imaging spectrometry presently requires alteration minerals
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to be exposed through surface disturbances when it is used 
as an exploration tool under these conditions.
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INTRODUCTION

Cripple Creek, Colorado, is located at the southern end 
of the Colorado Front Range, approximately 2 0 miles west of 
Colorado Springs and 20 miles north of Canon City. The 
mining district occurs mostly within a 2 by 4 mile Tertiary 
diatreme-intrusive complex surrounded by Precambrian country 
rock. The study area (figure 1) is 4 miles by 4 miles, 
centered over the volcanic complex.

Cripple Creek has had a long and intense history of 
mining within its small mining district. It has been 
prospected repeatedly and thoroughly by many individuals. 
Advances in technology allow investigators to use high- 
resolution remotely sensed data for a new way of studying 
this district. Characterization of the hydrothermal 
alteration of the area using these data yields increased 
minéralogie identification within the clay group. Landsat 
Multispectral Scanner (MSS) and Geophysical Environmental 
Research Imaging Spectrometer (GERIS) data have previously 
been analyzed over Cripple Creek (Lee, 1989 ; Taranik, 1990) .

Remotely sensed data offer a unique perspective to 
mineral alteration studies. These data are usually 
collected by measuring spectra of light reflected from the
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ground which are compiled to form an image scene. Each 
scene contains spatial and spectral information and, with 
repeated data acquisition over time, temporal information. 
Mineral alteration studies use the spatial information for 
site location. Spectral information allows minerals to be 
detected and, depending on the resolution used, identified. 
Temporal information will show time-dependent changes of the 
surface, such as mining activity, changes in pavement 
mineralogy with repaving or graveling, possibly changes in 
surface weathering mineralogy through recent ground 
disturbances, and seasonal vegetation changes.

The objectives of this study were: (1) to develop an
understanding of the hydrothermal alteration found at 
Cripple Creek; (2) map changes in alteration type throughout 
the district ; and (3) evaluate how well this surface 
expression of alteration is detected with remotely sensed 
data. During this research, primary oxidation and/or 
reduction of the ore-forming fluids and surficial weathering 
were found to be the dominate variables controlling 
alteration expression.

Much of the high-resolution image spectrometry work 
builds on the pioneering efforts of Goetz, Vane, Rowan, 
Kruse, and others (Goetz and Rowan, 1981; Goetz and others, 
1985 ; Kruse, 1987), whose work led to the original
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understanding of spectral image processing and demonstrated 
mineral identification. This study further refines mineral 
identification techniques. The Cripple Creek district is 
used as a case study area for a survey of mineral 
identification using Airborne Visual and Infrared Imaging 
Spectrometer (AVIRIS) and GERIS data, demonstrating the 
data's usefulness.

Research was conducted in a series of steps. The 
initial step was the study of calibration sites for the 
aircraft overflights. Sites were chosen and samples 
collected to characterize the spectral response as seen from 
the sensor. MSS and Thematic Mapper (TM) Landsat images 
were processed to detect broad mineral groups, principly 
limonite, and infer types of alteration. Imaging 
spectrometer data were acquired, and new mineral 
classification techniques were developed.

Several field trips were used to check preliminary 
alteration theme maps generated from remotely sensed data 
and to select and map in detail bedrock exposed in four open 
pit mines. Site mapping of alteration was correlated with 
the imaging spectrometry theme maps, both of which 
identified the mineral alteration assemblages quartz- 
sericite-pyrite (QSP), argillic, and extensive secondary 
goethite weathering.



T-4613 5

Well developed ground cover at Cripple Creek, principly 
soil, grass, evergreens, and aspens, have prevented 
generation of theme maps in undisturbed ground.
Sufficiently large hydrothermally altered outcrops 
detectable using remotely sensed data (2 0M resolution) do 
not occur. Large areas are also covered with strongly 
limonitic mine waste piles, with varying amounts of 
mineralized and nonmineralized rock. Open pit mining has 
exposed major expanses of altered bedrock which were 
selected for further study and mapping.
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GEOLOGY 

Lithologie Units

Tertiary alkalic rocks and Precambrian igneous and 
metamorphic rocks comprise the lithology in the Cripple 
Creek district (figure 2). Table 1 lists the 11 geologic 
units.

Alkalic volcanic rocks occupy the mining district core 
within a diatreme complex and as outlying domes and flows. 
Phonolite is the principal country rock, which has been 
intruded by dikes and sills of latite-phonolite and syenite 
and basaltic dikes. Most of these rocks have been 
brecciated and hydrothermally altered. The alkalic rocks 
have ages of 27.9 - 29.3 Ma (Wobus & others, 1976).

Surrounding the diatreme complex are Precambrian 
granite, quartz monzonite, granodiorite, and biotite gneiss. 
Syenite and gabbro occur to the west. Coarsely crystalline 
Pikes Peak Granite, with an abundant surface of weathered 
grus, bounds the diatreme on the north side, and a biotite 
granodiorite bounds the diatreme on the east and south. 
Cripple Creek Quartz Monzonite forms the southwest contact 
and bounding the diatreme on the west is a biotite gneiss.
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Table 1 - DESCRIPTION OF MAP UNITS
(from Wobus and others, 1976)

Tb BASALTIC DIKES (MIOCENE)—Dark-gray to black dikes containing phenocrysts of feldspar, pyroxene,
biotite, olivine, and analcite in a dense g ro un dm ass. Their various mineral compositions place them as trachy- 
basalt, vogesite, monchiquite, and mdilite basalt.

Tph PHONOLITE (MIOCENE)—Medium-gray dense intrusive-extrusive rock exposed in necks, domes, and flows in
a northeast-southwest trending area 10 by 15 miles in size on the southwest flank of Pikes Peak centered over 
Cripple Creek and Victor. According to Lindgren and Ransome (1906, p. 58) the phonolite was emplaced 
during several intrusive episodes. Generally aphanitic but some bodies are slightly porphyritic. Alkali feldspar 
is the only large phenocryst; other minerals are nepheline, sodalite, analcite, aegirine, and aegirine-augite. A 
sheeted flow-layering causes the phonolite in the flows to break into thin flat fragments. The flows and domes 
overlie a late Eocene surface of low relief which was cut before the diatreme of the Cripple Creek volcanic 
center was em placed.

Tsy SYENITE (MIOCENE)—Medium- to dark-gray, medium- to fine-grained granular rock composed of orthoclase,
plagioclase, pyroxene, hornblende, biotite, and sodalite. Forms small irregular stocks and dikes all within the 
boundary of the breccia map unit (Tbr)

Tlph LATITE-PHONOLITE (MIOCENE)—Gray to reddish gray porphyritic rock containing white phenocrysts of
plagioclase, pyroxene, and hornblende in a dense groundmass. Forms dikes and sill-like masses chiefly within 
the breccia (Tbr)

Tbr BRECCIA (MIOCENE)—Gray to red where unaltered, but generally bleached light gray, composed chiefly of
fragments of phonolite and latite-phonolite, but contains fragments of Precambrian country rock, water-laid 
deposits, and carbonized wood. The texture ranges from silt-sized ash to blocks more than 3 feet in diameter. 
Neariy all of the breccia is highly altered and pyritized. The texture, structure, and composition of the breccia 
suggest a diatreme like origin showing several root-centers and episodes of activity.

Ypp PIKES PEAK BATHOLITH (PRECAMBRIAN Y) Pikes Peak Granite—Pink to reddish tan, medium- to coarsely
crystalline biotite or hombleude-biotite granite or quartz monzonite. Encloses many pegmatites that locally 
contain crystal lined miarolitic cavities; weathers to coarse grus.

SPRING CREEK PLUTON:
Ypg GABBRO—Dark-greenish-gray, fine- to medium grained olivine gabbro that intrudes syenite along outer margin
Yps SYENITE—Greenish-gray, medium- to coarsely crystalline olivine syenite; tan to brown where weathered.

Ycc CRIPPLE CREEK QUARTZ MONZONITE (PRECAMBRIAN Y)—Pink, medium-crystalline biotite-muscovite
quartz monzonite. Mic roc line crystals lie in semi-parallel arrangement.

Xgd GRANODIORITE (PRECAMBRIAN X)—Pinkish-gray,foliated, medium- to coarsely crystalline hornblende or
biotite granodiorite; locally an augen gneiss.

Xgnb BIOTITE GNEISS (PRECAMBRIAN X)—Gray, layered, biotite-quartz-plagioclase gneiss; locally migmatitic or
sillimanitic.
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Structure

The Cripple Creek district is located in and around a 
Tertiary diatreme-intrusive complex which was emplaced 
within Precambrian rock. This diatreme complex has an oval 
shape with the long axis trending to the northwest (figure 
2 ) .

Figure 3 shows the mines and waste piles within the 
diatreme as white disturbed surfaces. The towns of Cripple 
Creek and Victor are located, as well as the field study 
sites.

Recent studies by Wobus and others (1976) and Thompson 
and others (1985) classify the Tertiary intrusive complex as 
a diatreme. Lindgren and Ransome (19 04) describe the 
complex as a chasm or volcanic abyss and as a volcanic neck 
(1906), while Koschmann (1949) uses the term collapse basin. 
Cox and Bagby (1986) call it a volcanic center or caldera.

A nested diatreme-intrusive complex, containing rocks 
from two magmas (phonolite and alkali basalt), is the 
geologic feature supported by present evidence. Thompson 
and others (1985) cite draped lacustrine and fluvial 
sedimentary rocks, accretionary lapilli, and fluidization 
and subsidence features associated with diatremes for 
support of this interpretation.
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The shape of this diatreme is in the form of a collapse 
basin with steeply dipping walls. Locally, basin walls dip 
from overturned (on the southwest) to gently sloping (on the 
east). These walls trend in the dominate northwest 
direction, but change orientation to the northeast or north 
for short distances, forming local flextures which have 
created ore emplacement structures (Koschmann, 1949).

Intermittent basin subsidence occurred through faulting 
at or near the Precambrian contact while accumulation of 
Cripple Creek Breccia kept pace. Sedimentary structures and 
fossil leaves have been found at depths up to 3,350 feet 
(Koschmann, 1949) within the breccia. Intermittent 
subsidence also preserved the steeply dipping walls by 
generating new fault planes (Koschmann, 1949).

Fault block subsidence of the walls and floor of the 
basin created three subbasins (north, south, and east) 
separated by Precambrian ridges and the granodiorite 
'island'. The south subbasin contains most of the rich 
veins in the district while the north subbasin has the 
disseminated gold breccias.
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Alteration and Mineralization

Gold and silver telluride minerals comprise the ores. 
Over 21 million troy ounces of gold have been extracted 
since 1891 (Thompson and others, 1985). Calaverite and 
sylvanite are the principle ore minerals, though gold is 
also associated with tetrahedrite, molybdenite, stibnite, 
pyrite, galena, and shalerite (Lindgren and Ransome, 1904). 
Native gold is liberated in highly oxidized and altered 
country rock through weathering.

Ore minerals occur in the diatreme within three deposit 
types : 1) vein systems; 2) tectonic breccias ; and 3) 
hydrothermal breccias. Vein systems trend to the northwest 
as long narrow sheeted zones containing shorter individual 
veins, with broad barren zones separating each system.
Cross cutting veins trend to the northeast. These systems 
extend downward to greater than 3,500 feet. They converge 
with depth, and are controlled by diatreme wall and basement 
structure (Koschmann, 1949). Veins form along narrow 
fissures which open and become vuggy along ore zones (open 
space fillings). Very little replacement of the wallrock 
occurs and gangue and ore mineral deposition is minor 
(Lindgren and Ransome, 1904). Thompson and others (1985) 
describe the vein alteration having two zones; the inner
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zone contains secondary potassium feldspar, dolomite, 
roscoelite, and pyrite, while the outer zone contains 
sericite, montmorilIonite, magnetite, minor secondary 
potassium feldspar, and pyrite. Quartz, fluorite, calcite, 
rhodochrosite, and celestite form gangue minerals. Vein 
alteration selvages typically are no more than five times 
the vein width.

Tectonic breccias are irregular shattered rock zones, 
usually the result of intersecting shear zones. Veins 
commonly trend within these zones. Ore deposits are shaped 
as pipelike bodies containing mineral desolution structures 
with rounded rock fragments which are coated with vein 
minerals (Koschmann, 1949).

Several hydrothermal breccias occur in the Globe Hill 
region. They have extensive low-grade mineralization and 
are oxidized to a depth greater than 700 feet (Lindgren and 
Ransome, 1906; Koschmann, 1949). Wallrock alteration is 
extensive. Gold and silver are found within clasts and in 
matrix associated with the wallrock alteration of the 
breccia. Vein and mineralized rock fragments were 
transported upward by vapor-dominated fluids upon pressure 
release of the overpressured hydrothermal system (Thompson 
and others, 1985). These hydrothermal breccias occur along 
faults and joints. They vary in size from a few inches to
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about 160 feet wide and 240 feet high, and are rooted in 
veins and faults. The breccia is cemented by quartz, 
anhydrite, celestite, fluorite, carbonate, pyrite, 
sphalerite, galena, chalcopyrite, pyrrhotite, specularite, 
rutile, calaverite, sericite, montmorilIonite, and hematite. 
Alteration minerals in the adjacent wallrock are sericite, 
chlorite, carbonate, montmorilIonite, pyrite, quartz, and 
apatite. More distal wallrock contains the minerals 
chlorite, sericite, pyrite, quartz, montmorillonite, 
apatite, limonite, and hematite (Thompson and others, 1985).

Mineralization and alteration post-date emplacement of 
the Cripple Creek Breccia and latite-phonolite dikes and 
sills. Early hydrothermal fluids were saline and vapor 
dominated, with a high C02 content and temperatures greater 
the 300°C. Later ore-forming fluids were less saline, had 
lower temperatures around 160°C, and were weakly boiling 
(Thompson and others, 1985).

Regional alteration of the Cripple Creek Breccia 
modifies the oxidation state of the rock. Hydrothermal 
alteration has bleached gray to reddish-gray volcanic rocks 
throughout the district to white and reduced the contained 
iron to very fine grained pyrite. Sericite and albite have 
been introduced (Koschmann, 1949). This quartz-sericite- 
pyrite (QSP) and potassic alteration is contrasted by the
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oxidation found in the Globe Hill district, whose rocks have 
been altered to an oxidized state and contain abundant 
hematite and wad.

Weathering of iron-containing minerals has produced 
abundant goethite. This study considers goethite to be a 
supergene alteration mineral that occurs extensively in 
joints, fractures, faults, and veins.

Locally, dark gray syenite is weathered to a light to 
whitish-gray with its dark minerals bleached and partly 
removed. Blackish-gray basaltic rock is altered to a 
greenish gray (Koschmann, 1949).

Geologic History

Laramide uplift and subsequent erosion have exposed 
Precambrian igneous and metamorphic rocks surrounding the 
Miocene volcanic rocks. All Paleozoic and Mesozoic 
sedimentary rocks were eroded from the area. Orogenic 
uplift of the Front Range Mountains occurred into Eocene 
time (Tweto, 1975). This uplift was truncated by a broad 
late Eocene erosional surface which sloped gently to the 
southeastward into the Great Plains (Epis and Chapin, 1975).

Oligocene conglomerates and tuffs were widely deposited 
on this late Eocene erosional surface and preserved from
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later erosion in shallow, broad paleovalleys (Epis and 
Chapin, 1975). Local outcrops of these rocks occur south of 
Cripple Creek on Grouse and Straub Mountains and within the 
northeast corner of town (Cripple Creek).

Miocene regional extensional tectonics and bimodal 
(intermediate and basaltic rocks) volcanism tapped deep 
seated crustal and mantle features. Start of Basaltic 
volcanism coincided with the development of Basin and Range 
rifting through the San Luis Valley. The basalt composition 
varies to alkalic with distance away from this rifting. 
Notably, the Cresson Blowout at Cripple Creek is composed of 
alkali basalt and phonolite breccia within the Miocene 
Cripple Creek intrusive complex.

Miocene and later uplift and block faulting displaced 
the late Eocene surface, lowering the surface to the west of 
Cripple Creek and raising the surface surrounding Pikes Peak 
(relative to Cripple Creek). These tectonics increased in 
the Pliocene, increasing the erosion rate and development of 
the major drainages (Scott, 1975).

Quaternary Bull Lake and Pinedale glaciation formed 
till and outwash deposits in valleys to the northeast on the 
flanks of Pikes Peak. Development of talus and bog deposits 
followed glaciation.
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REMOTE SENSING

Technical Background

Use of remotely sensed data for hydrothermal alteration 
studies involves the spectral identification of individual 
minerals and/or mineral suites and photo-interprétâtion of 
their spatial relationships. Four different types of 
remotely sensed data (Landsat MSS and TM, GERIS, and AVIRIS) 
were selected for this study, because of their availability 
and potential usefulness in detecting important minerals. 
Each data set comprises an image scene, acquired through the 
use of an imaging scanner with four or more band detectors 
recording reflected sunlight.

An image scene contains data organized as a series of 
images (figure 4), with each image recorded over a 
wavelength interval (band or channel). Picture elements 
(pixels) within the image are located using the cartesian 
system of scanlines and samples, while a pixel spectrum is 
the sequential arrangement of data numbers (DNs) for all 
bands of the scene at that pixel location.
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Reflectance Spectra

Analysis of remotely sensed imagery, such as Landsat TM 
or NASA AVIRIS data, utilizes the spectral absorption 
characteristics found in the light reflected from a 
mineral's surface. These absorption features can be 
diagnostic of the mineral from which the light was 
reflected. Useful characteristics for mineral 
identification include absorption feature shape, depth, and 
band-center wavelength.

Figures 5, 6, and 7 show the reflectance spectra for 
several of the more common limonite and clay minerals. Each 
mineral has individual diagnostic absorption features.

Limonite minerals form an important group of altered 
minerals that are readily detectable with remote sensing 
techniques. The term limonite, as described by Blanchard 
(1968), is defined as "all the reddish, yellowish, brownish 
or brownish-black deposits formed by decomposing iron- 
yielding minerals or substances of nature". I also include 
primary hypogene hematite in my usage of the term 
'limonite'. The common iron-rich minerals grouped as 
limonite are the ferric oxides hematite and ferrihydrite, 
the ferric oxide hydrates goethite and lepidocrocite 
(uncommon), and the ferric sulfate jarosite. Limonite
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minerals usually occur as minerals altered through the 
process of supergene weathering, but hematite is a primary 
mineral and jarosite may also exist as a primary mineral 
within mineralized areas.

Most limonite minerals have similar spectral features 
(figure 5) seen as the sharp drop in reflectance towards the 
ultraviolet ( < 0.4/m), the absorption shoulder around 0.65 
/m, the broad absorption feature around 0.9 /m, and the high 
reflectance into the infrared ( > 0.7/m). The absorption 
features are interpreted as electronic transitions of iron. 
The very strong ultraviolet absorption band is thought to be 
due to intervalence charge transfer, while the other 
absorption features are construed to be due to crystal field 
transitions (Hunt and Ashley, 1979). Minor differences in 
the absorption feature at 0.65 /xm (mild with hematite and 
strong with goethite) and the spectral absorption centers 
around 0.9 /xm, distinguish hematite (0.86 /xm) , goethite 
(0.92 /xm) , and jarosite (0.93/xm) band centers. Mineral 
identification at such narrow wavelength separations is 
possible with imaging spectrometry sensors, but not with 
low-spectral-résolution data from Landsat MSS and TM 
sensors. Figure 8 shows a high resolution spectrum plotted 
on top, and the same spectrum as would be detected with a 
low-spectral-résolution instrument on the bottom (5 bands).
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Clays and micas are identified by absorption features 
in the 1.4 pm, 1. 9̂ im, and 2.2 to 2.5 /xm region due to 
vibrational processes. Lab spectrometers may use the full 
wavelength range with artificial light, but atmospheric 
absorption at 1.4/xm and 1.9/xm prevent use of these 
wavelengths with airborne data (Figure 9). The strongest 
imaging absorption band, at 2.2 /xm, is due to the hydroxyl 
(OH) bond fundamental stretch combined with an Al-O-H 
fundamental bending mode. The 2.3 /xm features are due to 
Mg-O-H bonds (Hunt and Ashley, 1979).

Kaolinite has a distinguishing double absorption band 
at 2.16 and 2.21 /xm, and minor absorption bands at 2.3 2 and 
2.38 /xm. Halloysite has very similar absorption features to 
kaolinite but kaolinite has a definite absorption band at 
2.16 /xm while halloysite has an absorption shoulder. This 
shoulder is plotted at the 2.16 /xm wavelength in figure 7.
It is difficult to differentiate halloysite from kaolinite 
using imaging spectrometer data because of low signal-to- 
noise ratio and mineral mixing.

Montmorillonite (Figure 7) has a strong absorption band 
at 2.21 /xm and is featureless in the 2.3 to 2.5 /xm region. 
Illite has a strong absorption band at 2.21 /xm, a minor 
shoulder at 2.25, minor absorption features at 2.36 and 2.38 
/xm, and an upward slope from 2.3 6 to 2.4 0 /xm.
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Muscovite/sericite (sericite - fine grained muscovite, 
paragonite, or hydrous mica) has very similar features to 
illite (illite - interlayered mica and clay, usually 
muscovite and montmorillonite) and usually can not be 
distinguished from illite in the 2.1 - 2.4 /m range using 
current imaging spectrometry data. Lab spectra show a 
distinctive absorption for muscovite/sericite at 2.45/im, but 
the scanner data are too noisy at these wavelengths.

Carbonates contain diagnostic absorption features 
between 2.32 - 2.34 pm. Calcite has an absorption band at 
2.34, while dolomite has an absorption band at 2.32.
Although primary carbonate is associated with gold 
mineralization at Cripple Creek, it was too minor to detect, 
either in the lab or in remotely sensed data.

Mineral detection

Imaging spectrometry data are capable of being used to 
detect individual minerals as well as spectral groups of 
minerals formed by hydrothermal alteration or the weathering 
of altered rocks. Landsat MSS and TM, AVIRIS, and GERIS 
data sets are useful in detecting hydrothermally altered 
rocks at Cripple Creek. Processing and analysis of the 
alteration theme images differ according to the specific



T-4613 28

physical properties detected by each instrument. The 
Landsat data sets are capable of detecting broad spectral 
groups, including many minerals associated with 
hydrothermally altered rocks. MSS data can be used to 
identify limonite minerals as a group, while TM data can be 
used to detect limonite minerals as one group, clays, 
carbonates, and micas as a second group, and combinations of 
the two groups as a third group.

Rowan and others (1976; 1977) and Lee (1989) 
demonstrated the ratioing technique that detects broad 
absorption bands while removing slope and albedo effects 
from MSS data. Rowan used the band ratios 6/7, 5/6, and 
4/5, colored magenta, yellow, and blue respectively, to 
discriminate hydrothermally altered minerals. Rowan and Lee 
used the 4/5 ratio specifically to classify limonite through 
its broad ultraviolet absorption band.

Knepper (1989) demonstrated the ratioing technique 
using band ratios 5/7, 3/1, and 3/4, colored red, green, and 
blue respectively, to classify hydrothermally altered rocks 
with TM data. Three groups of altered minerals, limonite, 
clays and carbonates (the term 'clay' defined here as being 
clay minerals and fine mica minerals), and a combination of 
these groups, are detectable. These altered minerals may be 
used to infer rock alteration type.
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Researchers have used imaging spectrometry data to 
identify numerous hydrothermally altered minerals. They use 
statistical methods for band absorption location and mineral 
identification. One method tests statistically the 
absorption band fit of a mineral's lab spectrum against the 
spectrum of each pixel of the imaging spectrometry data.
This band-fitting method was developed for this and other 
studies in collaboration with Roger Clark (U.S.G.S.). Since 
then, Clark and others (1990) have refined and published an 
automated version.

Each absorption band must be known to test for the 
existence of specific minerals. Individual minerals may be 
identified if unique absorption features exist, otherwise 
the mineral is classified as part of a specific spectral 
group.

Color Space

Visual image analysis uses colors and tonal differences 
to selectively highlight anomalous regions of importance 
within a theme image. The eye sees intensities of color in 
red, green, and blue (RGB) combinations. However, there are 
times during analysis when classifications are more easily 
performed in the intensity-hue-saturation (IHS) color
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coordinate system (Raines and Knepper, 1983).
Color space is represented by the three-dimensional 

geometric relationships between the RGB and IHS coordinate 
systems (Figure 10-A and 10-B). Figure 10-A shows the three 
cartesian RGB coordinate axis. Each axis has DNs that range 
from 0 to 2 55. Also shown in figure 10-A are the three IHS 
coordinates. Intensity increases along the IHS axis away 
from the origin. This axis contains shades of gray along 
the line formed by equal amounts of red, green, and blue. 
Saturation increases as the perpendicular distance away from 
the intensity axis, while hue describes the angular distance 
from the meridian to the saturation vector. In this case, 
the meridian is a hue of mid-blue. Figure 10-B defines the 
hue range from 0 to 3 60. Neutral hue gray is set to 400.
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METHODS AMD RESULTS

Remote sensing, field mapping, and rock sampling were 
used to study the hydrothermal mineral alteration at Cripple 
Creek. Initial mineral identification was performed with 
remotely sensed data, then confirmed by field 
reconnaissance, detailed field mapping of selected sites, 
and laboratory spectral analysis of rock samples.

The principal tools used for this study were 
topographic maps, geologic maps, four different remote 
sensing instruments, a library of laboratory mineral 
spectra, and field samples spectrally measured in the 
laboratory. Each data set was processed to enhance mineral 
detection.

Field Sites

Field work was carried out intermittently from 1988 
through 1992. Regional reconnaissance and field checking of 
Landsat images were done in 1988-1990. Acquisition and 
interpretation of imaging spectrometry data occurred between 
the fall of 1988 and spring of 1993. The Globe Hill and 
Iron Clad pits were mapped in October of 1990, while the 
Carbonate Hill and Pharmacist pits were mapped in September,
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1992. During this time, active mining occurred. The 
Pharmacist open-pit was mined from November, 1988, through 
1989, the Carbonate Hill pit was briefly re-opened in the 
fall of 1990, and the Globe Hill pit was recently re-opened 
(from fall of 1991 to fall of 1993).

Remote Sensing

Four sets of remotely sensed imagery were used. The 
satellite data were recorded with the Landsat system as low 
spectral resolution, moderate spatial resolution 
Multispectral Scanner (MSS - 1974) and Thematic Mapper (TM - 
1985) data. MSS scenes occur as four broad bands of 
spectral data in the visible to near-IR with 80-meter 
resolution. TM scenes occur as six narrower bands of 
spectral data in the visible to near-IR (3 0-meter 
resolution) and one band in the thermal IR, which wasn't 
used.

The aircraft high-resolution imaging spectrometry data 
were recorded by NASA and Geophysical Environmental 
Research. NASA flew over Cripple Creek twice with a U2 
aircraft containing the AVIRIS in 1987 and in 1989. The 
1987 data were discarded due to poor signal to noise (8:1).
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AVIRIS scenes occur as high-spectral resolution data 
with 224 bands (channels) in the visible to near infrared, 
with a band interval of about 10 nanometers (10 * meter). 
Flown at 65,000 feet, the pixel resolution was about 20 
meters square.

Geophysical Environmental Research used their Piper 
Apache twin engine aircraft flown at 15,000 feet to acquire 
imagery with 64 bands from the visible to near infrared 
wavelengths with a slightly lower spectral resolution of 15 
to 120 nanometers (nm). Each pixel has a ground spatial 
resolution of about 8 meters. These data were acquired in 
the fall of 1988.

The different data sets require different approaches to 
mineral detection and/or identification, depending on their 
spectral resolution. Low spectral resolution Landsat data 
were characterized through band ratioing, while imaging 
spectrometry data identified minerals through spectral 
matching with known mineral spectra.

Definitions

Field mapping identifies wallrock alteration as sparse, 
weak, moderate, strong, or intense. Likewise the 
measurement of spectrum absorption is similar.
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Classification on mineral theme imagery is judged 
qualitatively. The qualitative degree of mineral alteration 
is identified as low, medium, and high.

The terms 'clay' and 'argillic' refer to clay minerals 
when used in describing the mineralogy of rocks. When used 
in discussing altered minerals in a remote sensing context,
'clay' and 'argillic' refer to clay and fine grained micas.

Landsat MSS

MSS: Path 36, Row 33, scene ID 1802-17030, 10/3/74
Scene Center - N 38° 54*, W 105° 35
Sun Elevation - 40°
Landsat 1
Band: 4 5 6 7
wavelength 0.5-0.6 0.6-0.7 0.7-0.8 0.8-1.1

(/zm) (green) (red) (IR) (IR)

One scene of Landsat MSS data was used to map limonite 
(Figure 11). This limonite is a product of weathering of 
iron-rich minerals (pyrite, biotite, and olivine). When 
limonite is identified at Cripple Creek, hydrothermally 
altered rocks are inferred because of the altered rock's 
high limonite content.

In processing these MSS data, two computers were used. 
The USGS Perkin-Elmer 3240 was used to assemble the scene 
from 9-track tape and to destripe noise from the data. It
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also geometrically corrected the scene for orbital skew and 
pixel over-scan distortion. Next, these data were imported 
into an MS-DOS PC for image processing using PC-REMAPP image 
processing software (Livo, 1990; Livo and Gallagher, 1993).

A color-ratio-composite (CRC) image with red-green-blue 
ratios of 6/7, 4/6, and 4/5 was prepared for a subscene 
covering the Cripple Creek area. This color coding yielded 
the best enhancement for visually identifying anomalous 
areas of limonite.

Image masks were then generated to locate shadows, 
water, and vegetation, and to classify limonite by hue.
These were used to mask out areas in the CRC image that were 
either nonmineralized or had unreliable data due to low 
signal-to-noise.

The mask of shadow and water was generated using a DN 
interval found by interactively measuring DN values of 
shadow pixels and pixels over Skagway Reservoir using band 
5. This DN interval was checked by applying a graphics 
overlay to the gray image.

A vegetation mask was generated by first creating a 
color-infrared composite (CIR) using bands 7, 5, and 4 
(RGB). The CIR image was transposed into IHS color space to 
generate a hue image. Vegetation was visually identified on 
the color image (CIR) using landform patterns and hues of
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red. Roaming the cursor and reading off the hue pixel DN 
values, a vegetation hue DN range was identified, then used 
to create a vegetation mask. The vegetation hue interval 
was checked by generating a histogram of the hue DN values 
and finding the vegetation population.

Once the shadow and vegetation masks were applied to 
the CRC image, the limonite hue range was analyzed much like 
the vegetation hue interval. A CRC hue range of 174 - 292 
was selected to represent limonite related to 
mineralization, although some weathered, nonmineralized 
limonite is still included. This masked out area was then 
applied to the previously masked CRC image, contrast and 
saturation enhanced, and combined with the gray band 5 image 
to generate the final product, a CRC image identifying 
limonite locations as yellow to orange red, with non- 
limonitic areas as shades of gray.

The Cripple Creek mining district is at the center of 
the MSS limonite theme image (Figure 11). Mined areas, mine 
dumps, tailings piles, and limonite in the soil are yellow 
to red. Vegetation is displayed as shades of gray. Areas 
of limonite are seen north and west of Victor on Battle 
Mountain, Bull Hill, Bull Cliff, Raven Hill, and Beacon 
Hill. Globe Hill shows some limonite around the Globe Hill 
Pit, and Iron Clad Hill also shows some limonite.
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Nonmineralized areas, such as phonolite plugs and the Spring 
Creek syenite also contain limonite anomalies. Olivine 
within the syenite is weathering, releasing iron. Another 
important area is the granodiorite southwest of Victor, 
shown as a broad low-intensity anomaly due to biotite 
weathering.

Landsat TM
TM: Path 33, Row 33, scene ID ¥5052917072x0, 8/12/85

Scene Center - N 38° 54’ 09", W 104° 44* 03"
Sun Elevation - 54°, Sun Azimuth - 12 5°
Landsat 5
Band: 1 2  3 4
wavelength 0.45-0.52 0.52-0.60 0.63-0.69 0.76-0.90

( A t m )  (blue) (green) (red) (IR)
Band: 5 7
wavelength 1.55-1.75 2.08-2.35

( A t m )  (IR) (IR)

Landsat Thematic Mapper (TM) data were used to broadly 
identify the location and distribution of mineral 
assemblages associated with hydrothermal alteration (Figure 
12). Because of the nature of the TM detectors, only groups 
of minerals with similar broad absorption features may be 
detected. Slight color differences within this group are 
noticeable, but not identifiable as to mineralogy.

Two spectrally different groups of minerals can be 
identified from these data using two broad absorption
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features. Group 1 are the limonite minerals, having a very 
strong, broad absorption feature below 0.4 ptm. Group 2 
minerals are the hydroxyl-bearing clay and mica minerals, 
the hydrated sulfates gypsum, alunite, and jarosite, and the 
carbonates calcite and dolomite. These minerals share 
similar absorption features at 2.2 - 2.35 pm (Knepper,
1989) .

Hydrothermal alteration assemblages may be interpreted 
from analysis of the Landsat TM data. Most altered rocks 
contain a pyritic zone that weathers to limonite which is 
usually easily detected. Likewise, argillic zones contain 
various clays, which may also be directly detected within 
the TM data.

Limonite and clays are detected using diagnostic 
absorption features at 0.9 fim (for limonite) and 2.2 /tm (for 
clays). Ratioing TM band 3 by band 1 yields high values 
where limonite occurs while ratioing band 5 by band 7 will 
produce high values where clay occurs.

Limonite and clay may also be products of normal 
surface weathering of non-hydrotherma1ly altered rock, so 
geologic interpretation is needed. Usually, non- 
hydr otherma 1ly altered areas may be masked out of the final 
product theme map because of differences in CRC image hues 
from hydrothermally altered areas, although false anomalies
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are always possible. Vegetation must also be masked from 
the theme image because of its spectral similarity to the 
group 2 minerals.

Classification of hydrothermal minerals requires 
several processing steps. The TM data were geometrically 
corrected, the ratio image (band ratios 3/4, 3/1, and 5/7) 
was generated, shadows, water, and vegetation were masked 
out, and classified hydrothermally altered minerals were 
highlighted to produce a mineral alteration theme map.

Geometric correction was done on the USGS Perkin-Elmer 
3240 mini-computer. These radiometrically raw data were 
then transferred to the CSM PC TerraMar image processing 
computer for completion of processing. Arithmetic 
processing produced three ratioed images. These ratioed 
images then were contrast enhanced for visual study and 
identification of hydrothermal anomalies using color and 
tonal variation.

The TM CRC image (Figure 12) yields results similar to 
the MSS CRC. Like the MSS theme image, the TM image 
displays limonite in shades of green, yellow, and red. 
Argillic alteration would be displayed in shades of blue, 
however, processing did not detect this alteration. It 
appears that clay in the district is strongly associated
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with limonite and processing enhanced the display of 
limonite, while suppressing the display of clay.

Fine detail, such as dirt roads graveled with hematitic 
Pikes Peak Granite, show well. Small prospects and pits can 
be recognized.

Several large, anomalous areas are detected in the TM 
scene that are not in the MSS scene due to renewed mining 
activity. This TM scene was scanned in 1985, while the MSS 
scene was recorded in 1974. Mineral targets now are 
primarily large bulk tonnage open-pits with their 
corresponding large dumps and heap leach piles. Globe Hill 
- Iron Clad Hill is one area which shows the increase of 
mined ground. Other areas are the Carlton mill site and 
Battle Mountain above Victor.

Landsat MSS and TM Summary

Hydrothermal mineralization was mapped at Cripple Creek 
using Landsat MSS and TM data by associating limonite with 
the oxidation of pyrite. In general, mine dumps, roads, and 
other disturbed ground expose limonite at the surface. More 
subtle limonite anomalies exist in the soil south of Victor 
where biotite in the granodiorite is oxidizing to
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iron oxides and in the soil over the Spring Creek Syenite, 
where olivine is weathering.

These alteration theme maps, though not detailing as 
great an amount of information as the following imaging 
spectrometry theme maps, were very important. Rapid 
analysis of remotely sensed Landsat data confirmed that 
limonite existed and was readily mapped. Long term 
processing of imaging spectrometry data was warranted.

Airborne Image Spectrometry Data Processing

Mineral identification using high resolution 
spectrometry is based on diagnostic absorption features in 
the mineral spectra of interest. Absorption band 
wavelengths and band shape were used in this study. All 
processing was done on a PC using REMAPP-PC software (Livo 
and Gallagher, 1993) and a custom, 24-bit, color Microsoft- 
Windows display program.

Mineral identification using AVIRIS and GERIS data was 
performed in several steps, including calibration of 
aircraft spectra to absolute reflectance, selection of 
minerals and band features for testing, computation of 
mineral goodness-of-fit and band depth, and interpretation.
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Calibration

AVIRIS and GERIS scenes were calibrated to absolute 
reflectance using laboratory spectra from ground calibration 
sites. Each calibration site was chosen for a homogeneous 
spectral surface large enough to extract a significant 
number of pixel spectra from the image data. During and 
soon after the overflight, multiple samples were collected 
from the surface at each site. Sites were the gravel road- 
cut north of Cripple Creek, a gravel pit southeast of 
Cripple Creek, a Nerco tailings pile, and the tailings pile 
south of Victor. Spectra were measured for each sample on 
the Beckman spectrometer at the USGS spectroscopy laboratory 
in Denver. The laboratory spectra were averaged for each 
site, then a site calibration file was generated by dividing 
the averaged laboratory spectra by the averaged scene 
spectra. The site calibration files were averaged together 
to generate a single calibration file that was multiplied 
throughout the raw scene data (band for band) to calibrate 
the data to absolute reflectance.

The calibrated AVIRIS data have a signal-to-noise ratio 
of 30 to 1 (Roger Clark, personal communication), useful for 
classifying minerals with strong absorption features in the 
2.2 to 2.3 /zm interval. However, minerals with weak to
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moderate secondary absorption features, such as kaolinite 
with the 2.2 93, 2.316, 2.3 55, and 2.382 /-im features, can not 
be reliably identified. The hydroxyl (clay) and carbonate 
minerals were identified by their primary 2.2 to 2.34 îm 
signatures.

The calibrated GERIS data have a signal-to-noise ratio 
of 10 to 1 in the 2.0 j-im region, about 20 to 1 in the 1.0 /m
region, and a broader full width half maximum (FWHM) of 15
nm to 120 nm. This degradation in data quality compared to 
AVIRIS data decreases mineral identification confidence, 
which is discussed below in mineral identification.

Hydrothermal Alteration Minerals

Based on field studies and published literature of
altered rocks of the Cripple Creek district, a suite of
minerals was selected for analysis on the imaging 
spectrometry data. Some of these minerals are not 
hydrothermal alteration products, but either are of general 
interest or may be weathering products of alteration 
minerals (such as goethite, jarosite, and montmorilIonite). 
Minerals useful for testing have spectra containing 
diagnostic spectral absorption features, unique for each 
mineral.
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Table 2 lists the mineral test suite and each 
associated mineral's absorption band centers. Limonitic 
minerals are classified with the goodness-of-fit method 
using the 0.9 jim ferric iron absorption feature, clays are 
classified using the 2.2 /xm hydroxyl absorption feature, and 
carbonates are classified using the 2.3 fim carbonate 
feature.

Absorption bands (Figure 13) contain features with a 
band center, band depth, and band continuum. These values, 
as well as absorption feature shape, are unique and 
diagnostic for many minerals. With other minerals, such as 
montmorilIonite and chlorite, the band absorption centers of 
identical minerals may shift to different wavelengths.

Goodness—of-Fit and Band Depth

Goodness-of-fit and band depth theme images are 
generated from calibrated scene data with the program 
BANDRSQ (Livo and Gallagher, 1993). This program generates 
the mineral goodness-of-fit by scaling and curve fitting of 
pixel spectra versa laboratory spectra. For each mineral of 
interest, the mineral laboratory spectrum is chosen and a 
diagnostic band feature is selected using the band's 
starting and ending wavelengths. Each pixel within the
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TABLE 2. - MINERAL TEST SUITE

Minerals convolved to AVIRIS Î989 spectral resolution
(* AVIRIS convolved mineral spectra published in Livo and Gallagher, 1993; all spectra available 

in Clark and others (1993))

Note: very broad absorption bands not listed (too noisy to use with present data)

Mineral Absorption Band: Continuum Start Band Center Continuum End
units in pm (minor band or shoulder)

*HEMATITE 0.73 0.86 1.23
♦GOETHITE 0.77 0.92 1.28
♦JAROSITE 0.72 0.93 1.34(max)

2.09 2.27 2.34
♦KAOLINITE 2.06 (2.17) & 2.20 2.26
MONTMORILLONITE #2 2.13 2.20 2.27

♦MONTMORILLONITE #1 2.17 2.21 2.28
♦ALUNITE 1.98 2.17 2.24
♦P ARAGONITE 2.07 2.19 2.26
♦H ALLOY SITE 2.11 (2.17) & 2.21 2.24
♦ILLITE 2.14 2.21 & (2.25) 2.30
♦MUSCOVITE 2.08 2.21 & (2.24) 2.30
♦GYPSUM 2.07 2.21 & (2.27) 2.30
♦NONTRONITE 2.17 2.28 2.32
ANTIGORITE 2.19 2.32 2.37

♦DOLOMITE 2.18 2.32 2.38
♦CHLORITE #1 2.14 (2.25) & 2.33 2.38 (max)
♦CALCITE 2.18 2.34 2.38 (max)
CHLORITE #2 2.18 (2.26) & 2.36 2.38 (max)

Minerals convolved to GERIS 1988 spectral resolution

HEMATITE
GOETHITE
JAROSITE
KAOLINITE
M ONTM ORILLONITE #2
MONTMORILLONITE #1
ALUNITE
ILLITE
MUSCOVITE
CHLORITE
CALCITE
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scene has the band interval spectrum extracted. This band 
interval spectrum is normalized by having its continuum 
removed, which nullifies albedo effects, such as reflectance 
intensity changes due to changes in topographic slope. The
same band interval of the laboratory spectrum is also
extracted and normalized by continuum removal. Once the two 
spectra have been prepared, they may be compared for degree 
of curve matching. The laboratory spectrum is scaled using 
a least-squares fit to match the reflectance intensity of 
the scene pixel spectrum, then the two spectra are compared 
for degree of matching using the goodness-of-f it (R-square)
equation. A goodness-of-fit mineral theme image is
generated, where each pixel is assigned a value between 0 
and 1, where 0 is no fit, and 1 is a perfect fit. These 
values are then linearly scaled to a DN range of 0 to 200 to 
produce 8-bit gray-scale images (Figures 14 and 15).

The band depth theme image is generated at the same 
time as the goodness-of-fit image. When the laboratory 
spectrum is scaled to match the observed scene pixel 
spectrum, its band depth is assigned a value between 0 and 
1, with 1 having maximum absorption compared to the 
laboratory spectrum. These values are likewise scaled to a 
pixel DN range of 0 to 200.
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While the test algorithm uses just one normalized 
laboratory spectrum that is re-scaled for each pixel 
comparison within the image, every scene pixel spectrum must 
be extracted, normalized, then tested. Once a scene has 
been tested using a particular absorption band, another run 
may test a different band for the same mineral. Likewise, 
once one mineral has been totally tested, others may be 
tested, one mineral at a time, until all major minerals 
suspected of occurrence within the scene are run.

Mineral Identification

Mineral identification is derived through 
interpretation and analysis, using the goodness-of-fit and 
band-depth theme images, considering geologic and spectral 
relationships, and photo interpretation techniques.

Each theme image is evaluated for intensity and 
position of anomalies. Intensities of the goodness-of-fit 
images correspond roughly to how well the mineral under a 
pixel is identified, the higher the R-square value, the more 
positive the identification. Intensities of band-depth 
images very roughly correspond to mineral abundance. 
Anomalous areas (more intense regions) are analyzed visually
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for geologic feasibility, then pixel spectra are extracted 
from the image data and examined.

Examples of AVIRIS pixel spectra show mineral 
identification of hematite and goethite at Carbonate and 
Iron Clad open-pits. Figure 16 displays the extracted 
AVIRIS pixel spectra along with laboratory spectra convolved 
to AVIRIS resolution. Some noise is seen in the AVIRIS
spectra. Mineral mixing of hematite and goethite, shown by
the shifted absorption band centers, cause a lack of
precision in end member mineral mapping, and combination of
the hematite and goethite mineral maps in a color composite 
will produce a pixel hue which is between pure hematite and 
pure goethite.

An AVIRIS data pixel spectrum of hematite (red), with 
some goethite, has a continuum starting wavelength of about 
0.77 /xm (laboratory hematite at 0.75 /xm) and a band center 
at 0.88 jim (laboratory hematite at 0.86 /xm) . An AVIRIS data 
pixel spectrum of goethite (blue) has a continuum starting 
wavelength of about 0.7 3 /xm (laboratory goethite at 0.77) 
and a band center at 0.93 /xm (laboratory goethite at 0.92 
/xm). This spectrum of goethite shows mineral mixing with 
hematite and jarosite.

AVIRIS and GERIS pixel spectra absorption features vary 
in significant details. Variations in spectral resolution
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of the GERIS data, lack of detail in absorption features, 
and increased noise in the data occur, compared to AVIRIS 
data. Kaolinite spectra (Figure 17) from the Carbonate Hill 
open-pit (red) show the fine detail possible with AVIRIS 
data, locating the kaolinite absorption feature doublet at 
2.17 and 2.20 pm. In contrast, the GERIS data (Figure 18) 
fail to resolve the 2.17 pm absorption feature in the 
laboratory (green) and sample spectra (red) and show 
considerable noise in the sample spectrum.

Confidence in mineral classification occurs through 
analysis of processing and independent cross-verification of 
the results. Analysis of processing verifies mineral 
classification with visual pixel spectral inspection (plot 
pixel spectrum), repeatability of mineral classification 
with minor variations in absorption band continuum 
selection, repeatability of selection compared to testing of 
various other minerals, and analysis of detected anomalies 
for geologic feasibility. The confidence in the 
classification is directly related to the uniqueness of the 
mineral's identifying absorption feature. Independent 
cross-verification of mineral classification uses field 
checking, field mapping, laboratory identification of 
mineralogy, and published geologic reports.
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Alteration Mineral Maps

Theme images were combined into color composite images 
that show the distribution of altered minerals. For AVIRIS 
data, the three best theme images (mineral maps that have 
anomalies with high goodness-of-fit values and corresponding 
high band depth values) were stretched using only the 
highest 10% of the R-square values, eliminating noisy or 
poor fitting data. 90% of the data were below the threshold 
cut-off and set to a DN of 0. The 95% level data were set 
to a DN of greater than 127, while the 99% level data were 
set to a DN of greater than 200. In contrast, enhancing the 
top 10, 5, and 1 percent of the data in a non-linear fashion 
increases confidence in the displayed mineral anomalies. 
Vegetation and shadows were masked out and a gray background 
image substituted (not reproduced well by the ink-jet 
printer).

Processing artifacts are added to the alteration theme 
mineral maps using this technique which must be understood 
for correct analysis. Selecting three 'best' theme images 
limits the mapping to three identifiable minerals or mineral 
groups per mineral map. Minerals with similar absorption 
features to one of the three mapped minerals, will be 
classified as one of the mapped minerals. The color
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composite mineral map only shows the distribution of the 
three dominate minerals for that particular absorption 
feature.

Addition artifacts are introduced by the thresholding 
of the R-square values. Classifying statistical populations 
of pixels through percentage cut-offs forces pixel mineral 
identification. If a pixel of the theme image does not 
contain the identified mineral, yet contains a goodness-of- 
fit above the threshold cut-off# it will be mapped as 
containing the identified mineral. To prevent this in the 
future, the high goodness-of-fit DN population range should 
be measured only over mineralogically identified anomalies. 
In the present data, the population threshold cut-offs 
minimize thresholding artifacts because of the large 
percentage of exposed hydrothermally altered areas.

Two alteration mineral maps, a clay alteration theme 
image (Figure 19) and a limonite theme image (Figure 20), 
display the altered minerals in color hues. Sericite, 
montmori1Ionite, and kaolinite were selected as the three 
most populous clays and hematite, jarosite, and goethite 
were the most populous limonite minerals.

Analysis of the GERIS data required the threshold cut
off to include 50% of the classified pixel population.
Pixels above the cut-off, but with low fit values were
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usually associated with vegetation or shadows and were 
masked from the theme image. The clay alteration theme map 
(Figure 21) displays detected clay in the open-pit mines, in 
prospect pits, and in dirt roads. Figure 22 displays the 
detected limonite.

Raw R-square values could be used for classification if 
the data were accurately calibrated, had a high signal-to- 
noise ratio, and if a mineral's spectrum was not affected by 
crystal imperfections and solid solution chemistry. The 
data in this study are too noisy for this type of binary 
classification.

Alteration mineral maps were enlarged at the three 
field study sites to better show details at the Iron Clad 
and Globe Hill open-pits, the Carbonate Hill open-pit, and 
the Pharmacist open-pit. These areas are discussed below.

Globe Hill - Iron Clad Hill District

The Globe Hill - Iron Clad Hill complex (Figure 1) is 
in an area of hydrothermal brecciation and mineralization. 
These two hills historically were owned by separate mining 
companies and developed independently. Each hill contains 
an open-pit mine developed over previous underground mines. 
Cripple Creek & Victor Mining Company (Nerco and Golden
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Cycle), formed in 1991, joined these two properties and 
renewed mining at the Globe Hill pit, with a mine life of 
two years. The Globe Hill pit has been increased in size 
and no longer exists as mapped.

The Cripple Creek Breccia host rock has been penetrated 
by a hydrothermal breccia system that had several eruptive 
cycles. Thompson and others (1985) suggests that a thick 
trachyte sill and vein mineral precipitation created a 
permeability barrier to fluid flow, and then over-pressuring 
of the fluids produced the hydrothermal breccias. Through 
fluid inclusion studies, they found the hydrothermal system 
at Globe Hill - Iron Clad Hill to be vapor-dominated with 
co2.

The Globe Hill - Iron Clad Hill AVIRIS clay alteration 
map (Figure 23) has been produced from a color composite of 
sericite, montmorillonite, and kaolinite images in red, 
green, and blue (RGB), respectively. (Note: image colors are 
not in precise agreement between the computer monitor and 
the printed output. In all cases information was lost 
transferring the image to paper.) The dominant 
classification color is a red to magenta sericite-kaolinite 
mixture. With the help of Roger Clark, the clay was 
spectrally identified from field samples as an interlayered
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mixture of 70% montmorillonite and 30% kaolinite (sample 
spectra GP3, GP4, VP1. VP5, and VP7 in appendix).

The limonite alteration map (Figure 24) displays 
hematite, jarosite, and goethite (RGB) classified pixels. 
Most of the mined ground contains a moderate signature of 
goethite with jarosite. The open-pits contain areas of 
greater alteration where nearly equal quantities of 
hematite, jarosite (cyan), and goethite create white pixels. 
Specific details of the AVIRIS alteration maps are discussed 
under the Globe Hill Pit and Iron Clad Pit headings.

Globe Hill Pit

The Globe Hill open-pit (Figure 25 & 26) is just south 
of the top of Globe Hill (labelled HILL - Figure 27).
Mining targeted shear zones and hydrothermal breccias. 
Trippel (in Thompson and others, 1985) studied the pit and 
mapped four structural events. Stages one through four are: 
1) hydrothermal breccia, 2) tectonic structures, 3) 
intrusive breccia, and 4) hydrothermal breccia. He 
identified the north-south shear (A - Figure 27) with 
stages 1 and 2 of the mineralization (ser-chl-carb-mont-py 
and ser-mont-carb-py alteration), and the pit floor (B - 
Figure 27) with stage 1 mineralization (ch1-ser-py-qtz).
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Sericite

Montmorillonite Kaolinite

Figure 23 - AVIRIS Clay Alteration Theme Map: Iron Clad and 
Globe Hill Open-Pits. Alteration minerals colored: 
Sericite - Red, Montmorillonite - Green, and Kaolinite 
- Blue. Scale 1" = 1320'

Hematite

Jarosite Goethite

Figure 2 4 - AVIRIS Limonite Alteration Theme Map : Iron Clad 
and Globe Hill Open-Pits. Alteration minerals colored: 
Hematite - Red, Jarosite - Green, and Goethite - Blue. 
Scale 1" = 1320'
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Figure 25 - Globe Hill Open-Pit, Expanded by recent mining.
Looking northwest. Note : red hematite at center of pit
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Figure 27 - Globe Hill and Iron Clad Pits Location Map
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There is a stage 4 hydrothermal breccia just east of the pit 
that comes to within 75 feet of the surface (C - Figure 27).
The mineralization from this breccia contains 
montmorillonite-chalcopyrite-hematite as matrix filling and 
montmorillonite-quartz-limonite alteration (hydrothermal 
hematite).

Field Study ~ Globe Hill Pit

Mapping (Figure 26) during this study revealed strong 
argillic alteration within the shears and pit floor (A & B, 
Figure 27). A light to moderate secondary (supergene) 
goethite - primary (hydrothermal) hematite mix occurs 
throughout. Tectonic stresses concurrent with 
mineralization have rubblized the pit walls. Limonite and 
wad form an alteration halo around the pit. Primary 
hematitic areas occur to the east (D, Figure 27) and south 
(E, Figure 27) of the pit (stage 4 alteration), with 
secondary goethite surrounding everything else. QSP and 
jarosite (F, Figure 27) are mapped to the northeast of the 
pit. White clay seams 1/4 inch or so wide occur in shears 
to the southeast of the pit (E, Figure 27). Samples run on 
the spectrometer show moderate montmorillonite/kaolinite 
(70%/30%) with moderate hematite and moderate jarosite (E,

r-jf-kADC 8CISXÜ Of GOmsXCO SOW I
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Figure 27; sample gp4 spectrum in appendix) and with 
moderate montmorillonite/kaolinite (70%/30%) and moderate 
hematite (D, Figure 27; sample gp3 spectrum in appendix).

Hematite is very important in calling attention to the 
hydrothermal breccias of the area. Reduction/oxidation 
rings of exposed breccia show pyrite centers grading to 
hematite or jarosite surfaces. Hematite and jarosite, along 
with wad, indicate mineralization, while goethite is 
generally only a product of weathering of the Cripple Creek 
breccia and is important only if absent (bleaching).

AVIRIS - Globe Hill Pit

The Globe Hill pit (B, Figure 27) displays a high 
(relative goodness-of-fit) sericite-kaolinite-goethite- 
jarosite center surrounded by medium goethite - low 
jarosite. Most of the lower bench shows equal amounts of 
hematite, jarosite, and goethite (white region labelled 
Lower Bench in Figure 24) with hematite and lesser goethite 
at locations D and E (Figure 27). Location E (Figure 27) 
also shows medium kaolinite to kaolinite with 
montmorillonite. The Globe Hill pit upper bench at F 
(Figure 27) shows equal abundances of hematite, jarosite, 
and goethite and medium sericite - montmorillonite.



T —4 613 73

Montmorillonite to sericite - montmorillonite is mapped at 
location G (Figure 27) .

GERIS - Globe Hill Pit

The GERIS clay map (Figure 28) shows the area 
surrounding the Globe Hill pit (lower and upper benches) as 
green and yellow, indicating the presence of montmorillonite 
and sericite alteration. Two possible kaolinite anomalies 
occur, a small anomaly in the floor of the pit (B, Figure 
27) and to the southeast on the lower bench (E, Figure 27).
A high limonite anomaly (Figure 29) occurs on the lower 
bench from location E to D (Figure 27).

Data Comparison — Globe Hill Pit

Table 3 lists the important results for each technique 
used at Globe Hill. The data reliability for each technique 
is indicated, with the field study and laboratory spectral 
analysis used as the baseline methods to judge the others.

Comparison of field mapping with analysis of AVIRIS and 
GERIS data at the Globe Hill open-pit yields several points. 
Hydrothermal breccias exposed at location D and E contain 
primary hematite which map easily in the field, on sample
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Montmorillonite Kaolinite

Figure 28 - GERIS Clay Alteration Theme Map : Iron Clad and 
Globe Hill Open-Pits. Alteration minerals colored: 
Sericite - Red, Montmorillonite - Green, and Kaolinite 
- Blue. Scale 1" = 800z

Hematite

Jarosite Goethite

Figure 29 - GERIS Limonite Alteration Theme Map : Iron Clad
and Globe Hill Open-Pits. Alteration minerals colored: 
Hematite - Red, Jarosite - Green, and Goethite - Blue. 
Scale 1" = 800'
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TABLE 3. - GLOBE HILL OPEN-PIT ALTERATION RESULTS

L iteratu re
- chlorite-QSP alteration throughout
- major N-S shear: ser-mont-carb-py
- minor shears and faults: ser-mont-carb-py
- hydrothermal breccias, NE to E side of pit: ser-carb-mont-py
- massive oxidized hydrothermal breccia, E of pit, exposed locally, E to SE: mont-qtz-chal-

hem
- data reliability: excellent 

Field Study
- moderate to strong argillic and weak to moderate goethite - hematite alteration throughout
- major N-S shear (label A  and B): strong argillic, weak goethite & hematite
- minor shears, faults, and pit floor (B): strong argillic
- small pods, center of pit (B) & (F): strong QSP-jarosite
- location D: mod mont/kaol-hem
- location E: mod mont/kaol-hem-jar
- identified clay (laboratory spectral analysis) : 70% mont, 30% kaol
- data reliability: very good

AVIRIS
- center of open-pit (B): high ser-kaol-goet-jar
- lower bench of pit: high limonite (white pixels, equal hem-goet-jar)
- lower bench (E): medium kaol-lesser mont & hem-lesser goet anomaly 
-upper bench (D): medium hem-lesser goet anomaly
- upper bench (F): med ser-mont & high limonite (white pixels, equal hem-goet-jar)
- upper bench (G): med Mont to ser-mont
- country rock: medium goet-jar
- scattered low to medium kaol (pixels) throughout
- data reliability: great for locating clays and micas, questionable on mineral identification

GERIS
- center o f open-pit (B): med kaol
- lower bench (E): med kaol
- lower bench (E to D): high limonite
- lower and upper benches: broad mont-ser
- data reliability: useable, questionable on mineral identification
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spectra, and probably with AVIRIS data. AVIRIS and GERIS 
alteration maps display a high limonite anomaly on the 
southeast part of the lower bench at locations E to D, where 
field mapping identifies weak hematite with or without 
goethite. Moderate goethite-jarosite is displayed in the 
AVIRIS alteration map on the northeast (location H) where 
weak goethite is identified in the field (but no significant 
jarosite). Argillic and QSP alteration (sericite) are 
classified throughout the mine using AVIRIS and GERIS data 
and argillic alteration is extensively mapped in the field. 
Tribbel mapped extensive QSP alteration also, but the 
intensity of alteration mapped does not explain the intense 
QSP seen in the imaging spectrometry data. Large alteration 
anomalies are detected and partially identified using 
imaging spectrometry data, but fine alteration products are 
not.

Clay was easily detected but identification of the clay 
minerals was inconclusive in comparison with the field 
mapping. Analysis of sample spectra yields a clay content 
that is approximately 7 0% montmorillonite and 3 0% kaolinite. 
This minera1-mixture is not identifiable with the present 
spectral mineral end-members, but can be identifiable if 
tested against a laboratory spectra of the mixed mineral 
spectra. Identification of the limonite minerals was also
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ambiguous. At locations D and E, it appears that hematite 
was identified and the regional goethite anomaly (location 
H) is identified properly using AVIRIS data, but the 
intensity of jarosite is questionable.

This comparison of techniques points to a fundamental 
problem. Field mapping maps alteration intensities.
Imaging spectrometry mapping maps minerals and mineral 
spectral groups. The few samples taken for laboratory work 
were used to identify minerals in field categories, not to 
corroborate imaging spectrometry classifications. 
Consequently, alteration patterns, which include several 
types of minerals and interlayered mineral mixtures will not 
necessarily agree with patterns of spectrally detected 
minerals. This problem applies to all the following 
comparisons also.

Iron Clad Pit

The Iron Clad pit is southeast of the Carbonate Hill 
pit, on a south facing slope (Figure 30). The pit is 
excavated into the hill with a 180+ foot highwall to the 
north and a large flat work area and mine dump to the south.



T —4 613 78

. S i MW ">• " < .
#  ' l m V-Cf- : " '

- '2 
f "-S u-

F  # W 3

-P Q)

c <u
r

O û)

0) fo

;'l * '», fo a.

mmu en fü
(ü U

i

Ê l *



T—4 613 79

Field Study - Iron Clad Pit

Field mapping (Figure 26) delineates three alteration 
types, an argillic-hematite core in the center of the pit 
(I; Figure 27), surrounded by a silicic-hematite zone on the 
north (J, Figure 27) and south (K, Figure 27) sides, and an 
outer argillic-goethite zone in the north highwall (L;
Figure 27). These trend roughly from the west to east pit 
walls. Hematite formed as a primary hydrothermal mineral in 
this deposit, and it is sometimes found in a boxwork. 
Jarosite formed where pyrite was oxidized, as seen in the 
QSP anomaly at location M (Figure 27). Goethite is the most 
common iron oxide, formed as a weathering product by 
oxidation at the surface.

The argillic-hematite core (I, Figure 27) is a white to 
orange, highly brecciated, highly argillically altered 
replacement zone of mainly clay. Iron oxides are primarily 
hematite. Light green clay (Fe+2 montmorillonite ?) 
veinlets occur throughout on the east side, with boxwork 
seamlets of hematite, local jarosite, and a reduced region 
of sulfides. Spectra of three samples (VP1, VP5, and VP7, 
in Appendix) show moderate montmorillonite/kaolinite, weak 
to moderate goethite, moderate jarosite, and weak sericite.
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The montmorillonite/kaolinite mixture is in a 70%/30% ratio, 
as at the Globe Hill pit.

The silicic-hematite altered zones are more competent, 
lightly to moderately silicified brecciated wallrock. Red 
hematite occurs within rock cores, but grades to a light tan 
(hematite-goethite) weathered surface.

The argillic-goethite zone forms the outer halo of the 
deposit to the north (L, Figure 27). It is tan to orange, 
moderately to highly brecciated, moderately to highly 
altered to clay. Goethite is the main iron oxide, with 
heavy lenses of hematite-manganese oxide wad and vugs 
containing crystals of celestite.

A mineralized zone in the northeast corner of the pit 
highwall contains a lens of intense hematite and manganese 
oxide, an intensely argillized zone, and a lens of moderate 
QSP and secondary jarosite (M, Figure 27).

AVIRIS - Iron Clad Pit

The Iron Clad open-pit shows a high sericite-medium 
kaolinite signature (Figure 23). The detected altered 
minerals remain fairly constant throughout the pit, but with 
an increase in sericite in the southeast corner (O, Figure 
27) and a very slight increase in the north pitwall
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(highwall). A region of high kaolinite alteration is 
identified in the northeast corner of the highwall (M,
Figure 27). Less kaolinite is scattered throughout than the 
nearby Globe Hill open-pit.

Medium goethite-jarosite is mapped (Figure 24) in the 
center of the pit (I, Figure 27), with minor hematite. At 
location N (Figure 27) near the south pitwall, limonite maps 
with equal amounts of hematite, jarosite, and goethite. The 
northern part of the open-pit and highwall have a medium 
goethite-hematite and low jarosite alteration.

GERIS — Iron Clad Pit

The Iron Clad pit contains green to yellow pixels 
(Figure 28) indicating the presence of montmorillonite and 
sericite alteration. A greater abundance of montmorillonite 
is mapped in the center of the pit, grading outward with 
increasing sericite abundance. A medium kaolinite (blue) 
anomaly (M, Figure 27) is identified in the northeast corner 
of the highwall.

Analysis of the data identifies a low to medium 
limonite anomaly (Figure 29) containing goethite-jarosite- 
hematite (white) within the open-pit (O, Figure 27). The 
Iron Clad pit region shows a stronger limonite alteration
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than the Globe Hill pit, though intensities of the 
alteration anomalies are not very strong and the mapped 
reliability of limonite is questionable.

Data Comparison - Iron Clad Pit

The general zoned alteration pattern of the Iron Clad 
open-pit is mapped using all three methods, field mapping, 
AVIRIS, and GERIS. All methods discern mineral variations 
north and south of the pit center, that are summarized in 
table 4.

Field mapping delineates a strong argillie-moderate 
hematitic central zone (I, Figure 27) trending east-west 
through the open-pit (70% montmorillonite, 30% Kaolinite). 
Argillic alteration is also mapped throughout the mine using 
AVIRIS data, as a high sericite-kaolinite- medium goethite 
alteration zone. GERIS maps show a low to medium argillic - 
low limonite anomaly (I, Figure 27). Clay is classified, 
but misidentified.

The south end of the open-pit (N to O, Figure 27) is 
strongly silicified and hematitic. The AVIRIS theme image 
shows a high sericite-limonite anomaly while the processed 
GERIS data produced a low limonite anomaly. All three 
methods identify the limonite anomaly, but the imaging
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TABLE 4. - IRON CLAD OPEN-PIT ALTERATION RESULTS

Field Study
- zoned alteration, east-west trends

open-pit highwall (Label L): moderate argillic-goethite alteration
northeast comer, open-pit highwall (M): lens of intense hematite-wad, clay, and QSP
northern region (J): strong silicic-hematite alteration
center (I): moderate to strong argillic-hematite alteration
south (K): strong silicic-hematite alteration

- hematite, primary alteration
- goethite and jarosite, secondary alteration
- spectral analysis of lab samples: identify mont/kaol, goethite, jarosite, and sparse sericite
- data reliability: very good

AVIRIS
- northern region of pit and north highwall (L): med goethite-hematite- low jarosite anomaly
- northeast comer o f the highwall (M): high kaolinite alteration
- alteration throughout: high sericite-kaolinite- medium goethite-jarosite
- south openpit wall (N): high hematite-jarosite-goethite anomaly
- southwest comer of open-pit (O): high to very high sericite
- data reliability: great for locating clays and micas, questionable on mineral identification

GERIS
- northeast comer of the highwall (M): medium kaolinite
- high montmorillonite-sericite- low goethite-hematite alteration throughout
- open-pit floor (I): low to medium goethite-jarosite-hematite
- abundance o f sericite slightly increases away from the center of the open-pit
- data reliability: clay anomalies, useable; limonite anomalies questionable
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spectrometry data is unable to correctly identify the 
limonite minerals.

The mineralized northeast corner of the highwall 
contains zones of hematite-manganese oxide, clay, and QSP 
alteration. AVIRIS and GERIS theme images locate an anomaly 
in this corner with high kaolinite mineralization. All 
three methods detected this mineralization, but AVIRIS and 
GERIS could not classify the clay as a 
montmorillonite/kaolinite mixture.

Field mapping is the most reliable mapping method used 
in the Iron Clad open-pit, however, sericite was not mapped 
in the abundance seen in the AVIRIS data. AVIRIS data 
processing yields very good argillic and limonitic 
classification results, but poor mineral identification, 
while GERIS data analysis was useful in studying argillic 
alteration, but of questionable quality mapping limonite.

Carbonate Hill Pit
The Carbonate Hill open-pit (Figures 31, 32, & 33) is

just to the southeast of the top of Carbonate Hill, north of 
the town of Cripple Creek. Open-pit mining on two levels 
exposed a north-south structurally combined shear 
zone/dike/vein system with a cross-cutting vein. The vein 
has also been stoped by shaft mining.
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Field Study ~ Carbonate Hill Pit

The country rock is Pikes Peak Granite with moderate 
QSP and argillic alteration. The K-feldspar within the 
granite is partially altered to clay. The QSP and argillic 
alteration are probably due to the close proximity of 
Tertiary volcanic rocks and associated hydrothermal fluids. 
Some of the muscovite within the granite has been 
recrystallized through potassic alteration.

Very strong argillic alteration occurs within the 
sheared phonolite dike (location A, Figure 34). The veins 
all have tight alteration selvages of QSP, jarosite, and 
clay. Hematite is a primary hydrothermal mineral occurring 
as pods along the veins, while jarosite is formed through 
oxidation of pyrite. This suggests at least two episodes of 
mineralization, an oxidized iron-rich stage, and a reduced 
sulfide-rich stage.

Zonation of the main vein (B, Figure 34) from the 
center outward is, strong argillic, strong QSP with 
jarosite, strong hematite in pods, then strong goethite 
along joint surfaces and weak to moderate disseminated 
argillic-QSP. K-feldspar has been recrystallized very 
locally (potassic alteration) in the center of the shear 
zone/dike (A, Figure 34).
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Trenching (C, Figure 34) occurs at the top of the hill 
where the shear zone was further explored. Zones of 
hematite, QSP, and clay are exposed. Where argillic 
alteration increases, mafic mineral content decreases.

Carbonate Hill pit shows strong bleaching-pyritization- 
argillization within its strong shear zone (A, Figure 34) 
and moderate to locally strong supergene goethite throughout 
the hill. In contrast, the Globe Hill area contains more 
primary oxidized hematitic-rich ground. Massive fluid 
migration through both areas (and hydrothermal brecciation) 
shows distinct chemical differences. Globe Hill must have 
had a more oxidizing hydrothermal system chemistry, while 
Carbonate Hill shows more post-hydrothermal supergene 
oxidation.

Fifteen laboratory spectra (CHI - CH9B, in Appendix) 
have been used to identify kaolinite, sericite, hematite, 
goethite, and jarosite. These minerals and their alteration 
zones are described beginning at the strong argillic dike in 
the middle of the open-pit (A, Figure 34), then outward to 
the edge of the pit. The bleached breccia zone (A, Figure 
34) shows a bright strong kaolinite-sericite alteration 
while the phonolite dike within the breccia has strong 
jarosite and weak kaolinite mineralization on the weathered 
surface and moderate sericite with a trace of kaolinite on
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fresh surfaces. Clay surfaces are pure kaolinite while 
joint surfaces have strong goethite with traces of 
kaolinite. Moving outward from the phonolite dike to the 
granite wallrock (D, Figure 34), recrystallized muscovite 
and sericite with goethite occur. Where pyrite is weathered 
(E, Figure 34), moderate jarosite has formed. Kaolinite 
alteration occurs with the QSP. Within the vein systems, 
heavy thick pure kaolinite occurs along with pods of 
hematite.

AVIRIS - Carbonate Hill Pit

Figures 3 5 and 36 show the identified altered rocks at 
Carbonate Hill. Very high kaolinite with low sericite 
alteration is identified trending north-south along the 
shear zone (A, Figure 34). High goethite-hematite-jarosite 
to goethite-hematite alteration display as white to purple 
colored pixels along and east of the kaolinite trend 
(hypogene hematite; supergene jarosite and goethite). 
Surrounding the shear zone is a halo of medium kaolinite- 
goethite with low sericite-jarosite. Medium hematite occurs 
in the north side of the open-pit along the mapped northeast 
trending vein. Scattered montmorilIonite occurs throughout. 
Medium goethite-kaolinite occurs along the various roads.
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Sericite

Montmorillonite Kaolinite

Figure 3 5 - AVIRIS Clay Alteration Theme Map: Carbonate Hill 
Open-Pit. Alteration minerals colored: Sericite - Red, 
Montmorillonite - Green, and Kaolinite - Blue. Scale 
1" = 560'

Hematite

Jarosite Goethite

Figure 36 - AVIRIS Limonite Alteration Theme Map: Carbonate 
Hill Open-Pit. Alteration minerals colored: Hematite - 
Red, Jarosite - Green, and Goethite - Blue. Scale 1" = 
560'
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GERIS — Carbonate Hill Pit

Figures 37 and 38 are the GERIS clay and limonite 
alteration theme maps of Carbonate Hill. These anomalies 
are smaller than those detected on the AVIRIS data because 
mining opened the pit after GERIS and before AVIRIS data 
acquisitions. A high sericite-montmorillonite-goethite- 
jarosite anomaly trending along the north-south shear zone 
is surrounded with a medium sericite-montmorillonite- 
kaolinite-goethite halo. The montmorillonite is 
misidentified and is most likely a sericite-kaolinite 
mineral mixture. The northeast-trending vein contains a 
medium hematite signature. The hillside to the northwest 
displays a sericite-clay alteration in the soil and prospect 
pits. Sericite-clay alteration is also seen in road cuts in 
the far southeast image corner.

Data. Comparison — Carbonate Hill Pit

Analysis of field and AVIRIS data map kaolinite along 
the north-south shear. All methods classify argillic and 
limonitic alteration in the pit (table 5). The field 
mapping is much more detailed in locating and describing the 
mineral alteration, which is structurally controlled.
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Sericite

Montmorillonite Kaolinite

Figure 37 - GERIS Clay Alteration Theme Map: Carbonate Hill 
Open-Pit. Alteration minerals colored: Sericite - Red, 
Montmorillonite - Green, and Kaolinite - Blue. Scale 
1" = 300'

Hematite

Jarosite Goethite

Figure 3 8 - GERIS Limonite Alteration Theme Map : Carbonate
Hill Open-Pit. Alteration minerals colored: Hematite - 
Red, Jarosite - Green, and Goethite - Blue. Scale 1” = 
300'
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TABLE 5. - CARBONATE HILL OPEN-PIT ALTERATION RESULTS

Field Study
- open-pit: weak to strong argillic-QSP-goethite
- country rock (D):weak to moderate argillic-QSP
- north-south shear zone (A): very strong argillic-jarosite, bleaching with strong QSP, pods of

strong hematite and goethite
- north side o f open-pit (including highwall): pods of strong hematite, associated with a

northeast trending vein and the north trending shear zone
- data reliability: excellent

AVIRIS
- north-south shear zone (A): medium to very high kaolinite with low sericite and high

hemati te-jarosite-goethite
- outer halo surrounding open-pit: medium kaolinite-goethite with low sericite-jarosite
- north side of open-pit (G): medium hematite anomaly
- minor scatter o f detected montmorillonite pixels
- data reliability: good

GERIS
- north-south shear zone (A): high sericite-montmorillonite-goethite-jarosite
- outer halo surrounding open-pit: medium sericite-montmorillonite-kaolinite-goethite
- north side o f open-pit (G): medium hematite anomaly
- data reliability: good locating clay and limonite, ambiguous on mineral identifications
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AVIRIS data analysis maps kaolinite well inside the pit 
(A, Figure 34), but does not show as much variation in 
abundance as field mapping does. Identification of sericite 
(B, Figure 34) is ambiguous at best.

The AVIRIS limonite alteration map possibly identifies 
goethite on the lower bench (D, Figure 34) mixed with lesser 
jarosite, that the field maps show agreement with. High 
hematite is possibly identified in the highwall (G, Figure 
34), where pods of hematite were noted in the field. The 
zones of strong jarosite and hematite along the dike are not 
identified by AVIRIS.

Pharmacist Pit

The Pharmacist open-pit mine (Figures 39 & 40) is 
located on the north edge of the ghost town of Altman. Its 
trends along the mined out Pharmacist vein system with 
extensions along cross-cutting veins and a dog leg to mine a 
vein-alkali basalt dike system. The west end contains the 
highwall a few hundred feet high while the east end opens to 
the surface. The pit floor has been high-graded with 
trenches and pits up to 30 feet deep during pull-back, and 
the Pharmacist vein workings expose deep open stopes, three
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Figure 39 - Pharmacist Open-Pit looking northeast. Note: 
goethite in north pit-wall and jarosite in south wall

green jarosite in pit-walls.
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feet wide. In places, depressions occur where the stopes 
have been filled, however, these fill plugs are now 
collapsing farther down into the stopes.

In 1989, 10,000 tons per day were being mined with ore 
reserves running .06 oz/ton (gold). Using heap-leach 
methods, recovery was running at about 50%. Near the 
surface, they were mining native gold ore with low telluride 
content. Sericite, small amounts of kaolinite, and potassic 
alteration occur. The potassic alteration occurs as fresh 
K-feldspar with very little clay. During field mapping, 
potassic alteration was seen, but not of sufficient extent 
to map at a scale of 1" = 250z.

Field Study — Pharmacist Pit

The Pharmacist vein (Figure 41; location A, Figure 42) 
trends N.60°E., dips 65° N. and is two to four feet wide. 
Minor parallel veins and sheeted joints parallel the master 
vein. The vein itself is the type common to the district, 
being vuggy from dissolution of the Tertiary breccia 
wallrock; with 1/4-inch to one-inch wide parallel gray 
quartz veinlets, wallrock rubble, and clay. Hematite, 
jarosite, and strong QSP alteration form selvages. The vugs
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are sometimes filled with quartz sands and limonite. No 
slickensides were seen.

The entire open-pit mine is in a hydrothermally altered 
zone of bleached QSP. Very fine grained pyrite is 
disseminated throughout the latite-phonolite country rock 
and surrounded by very fine masses of sericite. The 
wallrock was, for the most part, in a reduced state before 
open-pitting. Since then, most exposed surfaces have become 
coated with an olive-green to greenish-yellow jarosite.
This weathering product forms a very thin layer over the 
bleached interior. Strong goethite with weak to moderate 
wad coats joint and fracture surfaces caused by supergene 
oxidation (pre-mining). The wallrock near the pre-mining 
surface shows much more extensive oxidation, with orange 
limonite reaction rings penetrating jointed rhombuses such 
that only the pyritic core is still bleached. Iron oxides 
and QSP form the most variable alteration, with jarosite and 
QSP alteration intensities being roughly proportional. 
Bleached clay occurs only within or near vein and dike 
systems, with a few anomalous pods elsewhere. Phonolite 
dikes within the open-pit tend to have less QSP alteration 
than the surrounding latite-phonolite.

Laboratory spectra of nine rock samples (pharm_l-7, in 
appendix) were run. Analysis of sample pharml detected a
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moderate jarosite-weak sericite coating on latite-phonolite 
weathered surfaces and just a very weak sericite on fresh 
surfaces. Macroscopically, the sample has a light yellowish 
green jarosite with moderate very fine grained pyrite 
throughout. Other weathered surface samples show weak 
sericite, very weak jarosite, sericite, and kaolinite, and 
moderate goethite, weak sericite, and possibly a very weak 
kaolinite. A bright greenish yellow oxide is identified as 
pure strong jarosite. A dark brown joint coating is 
identified as pure goethite, a dark brown joint surface with 
thick white hygroscopic clay is identified as moderate 
goethite with moderate heavy kaolinite (classic kaolinite 
spectra phar_3), and a near surface mottled white-reddish 
pink sample within an argillic-hematite zone is identified 
as weak hematite with weak sericite.

AVIRIS - Pharmacist Pit

Figures 4 3 and 44 delineate the alteration minerals 
identified with AVIRIS data at the Pharmacist open-pit. The 
open-pit forms a 'Y' with high pit walls on the west, south, 
and north and an upper bench island on the east. Shadows 
occupy the center of the pit (location B - C, Figure 42). 
Medium to very high sericite (red), sericite-montmorilIonite
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Sericite

Montmorillonite Kaolinite

Figure 43 - AVIRIS Clay Alteration Theme Map : Pharmacist
Open-Pit. Alteration minerals colored: Sericite - Red, 
Montmorillonite - Green, and Kaolinite - Blue. Scale 
1" = 1320'

Hematite

Jarosite Goethite

Figure 44 - AVIRIS Limonite Alteration Theme Map: Pharmacist 
Open-Pit. Alteration minerals colored: Hematite - Red, 
Jarosite - Green, and Goethite - Blue. Scale 1" = 1320'
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(yellow), and montmorillonite (green) alteration is 
displayed. Scattered kaolinite is also shown in blue. 
Goethite with minor jarosite comprise the identified 
limonite. Goethite occurs in all joints and fractures. 
Presently, very high jarosite alteration exists, but in 1989 
when these data were acquired, weathering was not as far 
advanced. Most of the rock surrounding the open-pit is 
waste rock from the pit and has similar alteration.

Montmorillonite is misidentified in this scene. None 
has been detected in field samples and appears to be 
confused with a kaolinite-sericite mineral mixture. Also, 
the phonolite wallrock has a very high reflectance due to 
its white bleached surface. This bright reflectance appears 
to be saturating the AVIRIS detectors, leading to weaker 
measured absorption features.

Data Comparison - Pharmacist Pit

Limonite mapping has very good correlation between 
field work and AVIRIS data processing (table 6). In both 
cases, goethite is the primary mineral identified. Field 
mapping also shows weak to moderate jarosite, which mostly 
formed after the AVIRIS data were acquired. Hematite 
detection was minor in both methods, however, the AVIRIS



T-4613 105

TABLE 6. - PHARMACIST OPEN-PIT ALTERATION RESULTS

Field Study
- wallrock:

strongly bleached, reduced, weak to moderate QSP-goethite 
jarosite mineralization directly related to QSP abundance 
minor, but important k-feldspar alteration
weathering products (jarosite & goethite) presently dominate surface mineral coatings 

-country rock:
exposed wallrock and mine waste with similar alteration character (QSP-goethite)

- Veins and faults:
strongly argillic
minor pods with moderate hematite

- sample spectral analysis: sericite, kaolinite, jarosite, goethite, hematite 
-data reliability: excellent

AVIRIS
- wallrock and country rock: high sericite-montmorillonite, scattered medium kaolinite
- goethite within abundant joints and fractures, minor jarosite
- possible correlation of hematite with veins in the southeast pit dog leg.
- data reliability:

very good - goethite 
good - sericite
useable for clay detection, mis-classifies clay mineral type
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theme image shows scattered hematite pixels which do not 
correlate with the geologic map.

Good correlation of QSP alteration exists between field 
mapping and imaging spectrometry mineral mapping (red to 
yellow colored pixels). Change in intensity of alteration 
is discernable with field mapping, but not with the AVIRIS 
theme image.

AVIRIS processing readily detects clay alteration, but 
misidentifies the clay mineral. No montmorillonite was 
detected in the wallrock, however, AVIRIS data processing 
shows abundant montmorillonite. No correlation exists 
between field mapped kaolinite zones and AVIRIS based 
kaolinite anomalies.
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SUMMARY OF RESULTS 

Types of Alteration at Cripple Creek

Alteration types determined by field mapping at Cripple 
Creek are Quartz-Sericite-Pyrite (QSP), argillic, and small 
areas of potassic and propylitic alteration. Primary 
occurrences of hematite and jarosite were also mapped. 
Secondary occurrences of iron oxides and sulfates were 
created through oxidation of iron-bearing sulfides and iron- 
rich mafic minerals. Secondary jarosite formed in a very 
short time after exposure, as demonstrated at the Pharmacist 
open-pit, where jarosite coatings developed in less than 
three years of weathering. Field examination shows that 
extensive goethite coatings over most joint surfaces in the 
district above the water table are due to supergene 
weathering of iron-bearing minerals.

Altered rocks at the three main study sites show a 
strong correlation with the oxidation state of their 
associated deposit. The oxidation is a genetic feature of 
the deposit formation.

Strongly oxidized deposits contain reduced, highly 
argillized centers composed of interlayered montmorillonite 
and kaolinite (70% - 30%), surrounded by QSP alteration with
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abundant limonite and wad. The deposits tend to be on shear 
zone and fracture intersections, with hydrothermal 
fracturing and brecciation. At least two stages of 
mineralization occur in the highly oxidized deposits; first 
a reduced fluid phase that carried the mineralizing 
sulfides, followed by an oxidizing phase. This second stage 
transported a large amount of iron that formed primary 
hematite and jarosite that can be used as an exploration 
guide.

Weakly oxidized deposits contain centers of highly 
reduced, bleached, and argillized (kaolinite) rocks, 
surrounded by QSP alteration with iron oxide and iron 
sulfate mineralization. The deposits have major veins and 
dikes through them and contain fractured and broken ground. 
At least two stages of mineralization have occurred. The 
first stage contained a reduced fluid with concurrent 
mineral alteration. The second stage contained an oxidizing 
fluid phase that deposited hematite and jarosite.

Highly reduced mineral deposits are noted for linear, 
narrow argillic (kaolinite) cores surrounded by QSP 
alteration with abundant fine-grained pyrite, bleaching, and 
local potassic alteration. Iron oxides and iron sulfates 
are found in major fractures and faults; jarosite occurs 
only as a weathering product on recently exposed surfaces.
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The deposits form within linear fractures, with very little 
dissemination of alteration into the wallrock; major 
portions of the wallrock are unaltered.

Results of Digital Mapping with AVIRIS Data and Field 
Verification

Spectral analysis of AVIRIS data yielded composite 
mineral maps for limonite and clay/mica (figures 19 - 22), 
with distinct mineralogies for each of the three study sites 
(Globe Hill Open-Pit - Iron Clad Open-Pit, Carbonate Hill 
Open-Pit, and Pharmacist Open-Pit). Goethite, hematite, 
jarosite, sericite, kaolinite, and montmorillonite mineral 
anomalies were combined to form these mineral maps. General 
limonite mineral anomalies match in detail the results of 
limonite mapping with Landsat TM data, whereas clay-mica 
classification shows considerably more detail. Mineral 
identification has had more mixed results. Goethite, 
hematite, jarosite, sericite, and kaolinite have been 
reliably identified in the study sites, however, important 
mis-classifications have also occurred.

Site study led to alteration mapping and a comparison 
of alteration field maps with spectral mineral maps. It was 
thought that patterns from these two products would be
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similar. Broad correlations exist, but detailed 
correlations do not, nor should they. Field mapping 
emphasizes alteration intensities. Several minerals in 
varying quantities make up an alteration type and alteration 
contacts are an interpretive product. Spectral mineral 
mapping shows detectable minerals. Displayed intensity of 
the mineral anomaly is related to the spectral absorption 
feature, surface exposure, and physical association with 
other minerals containing similar absorption features 
(spectral mixing of minerals). Mineral alteration patterns 
generally do not match mineral map patterns.

Exposed hydrothermal breccia deposits at Globe Hill - 
Iron Clad Hill were mapped using AVIRIS data as oxidized 
deposits with reduced stages, containing a high sericite- 
clay inner core with a limonite outer-core. The iron oxides 
and sulfates were identified (as a group) by their 
characteristic spectral absorption features around 0.9 /zm. 
Sericite and clay and were identified by their 
characteristic spectral absorption shapes around 2.21 /zm 
(the 2.4/zm AVIRIS channels have too low a signal to noise 
ratio to be useful). Sericite spectra also have weak 
absorption shoulders at 2.13 and 2.24 ;zm. Hematite is 
detected near the hydrothermal breccias at Globe Hill, but 
in general, mineral mixing of the limonite minerals prevent
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spectral mineral identification of the dominate mineral. 
Areas of pure goethite map well. Field and laboratory 
analyses identified the sericite as being part of QSP 
alteration, along with secondary weathered jarosite after 
pyrite. Most of the clay was mis-classified as kaolinite 
instead of a mixed layer montmorillonite/kaolinite (70% - 
3 0%). Kaolinite was also detected using AVIRIS data in the 
northeast highwall of the Iron Clad pit, but not sampled.

The Carbonate Hill Open-Pit contains a kaolinite- 
limonite with sericite anomaly surrounded by a zone of 
kaolinite-goethite with sericite. Good identifications 
exist for these minerals. Kaolinite is identified well 
spectrally (double absorption feature at 2.17 /xm and 2.20 
jum) in the AVIRIS data and in laboratory samples and as clay 
in the field. The bright white limonite anomaly is due to 
mineral mixing of goethite, hematite, and jarosite, and 
hematite is spectrally identified on the pit's north 
highwall, associated with a hematite rich veins. Sericite 
and recrystallized muscovite trend throughout the area.

Mineral mapping at the Pharmacist Open-Pit identifies 
goethite and goethite-jarosite well. Minor hematite is mis- 
identified and not detected where local pods exist in the 
mine, but generally, the limonite minerals are identified 
well. Clay/mica mineral mapping maps sericite well
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throughout, but mis-identifies montmori1Ionite. Laboratory 
identified kaolinite is scattered throughout. This mis- 
identif icat ion is due to strong QSP alteration, low clay 
content, intense bleaching, and rock type. Montmorillonite 
and sericite spectral absorption bands are indistinguishable 
from each other with these data in the Pharmacist region.
The latite-phonolite country rock is very bright and flat 
throughout its spectrum, which, combined with spectral 
mixing with the sericite absorption feature, leads to a low 
signa1-to-noise clay absorption feature.

Results of Digital Mapping with GERIS Data

The GERIS mineral theme maps show moderate 
correspondence to the field mapped sample sites. Coverage 
of the GERIS data extends over the oxidized Globe Hill-Iron 
Clad Hill and Carbonate Hill deposits. Detected alteration 
for Globe Hill-Iron Clad Hill were QSP, argillic, and 
limonite. Individual minerals can not be identified with 
confidence.

The less oxidized Carbonate Hill alteration was mapped 
as kaolinite-montmorillonite-sericite-goethite-jarosite with 
some hematite. The detected montmorillonite is mis- 
identif ied; laboratory spectra show it to be kaolinite.
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Mis-identification is due to the influence of the sericite 
absorption feature at 2.21 ûn combining with noisy kaolinite 
features to generate a montmorillonite-like absorption 
feature.

GERIS data shows promise for the future. A drier, 
flatter, less vegetated terrain and a calibration method 
which compensates for the optical path of the instrument's 
four sided mirror would help yield data which could be 
classified with greater success.

Landsat Data

Low spatial resolution Landsat MSS and TM data also 
were compared to site-specific field mapping and 
reconnaissance geology. Limonite alteration is detected 
well, even in moderately vegetated soils, but mineral 
species are not identifiable. Mapped iron oxides locate all 
major surface disturbances and a couple of soil types, but 
these instruments lack the spectral resolution to uniquely 
identify hydrothermal jarosite and hematite. This mapped 
alteration may be used as an indirect indication of 
hydrothermal alteration, but it needs to be field checked to 
classify the detected mineralization more specifically.
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The Landsat TM theme image contains similar limonite 
patterns as the AVIRIS limonite mineral map at similar 
spatial resolution. Limonitic mine dumps and pits are 
mapped yellow to yellow-orange and limonitic soils are 
mapped olive-green to yellow. The dumps and pits are more 
easily discriminated in the TM theme image while the AVIRIS 
limonite image maps extensive goethitic soil and local 
hematite anomalies.

Factors Affecting Digital Analysis of Imaging Spectrometer 
Data

The results of classifying alteration minerals with 
AVIRIS and GERIS imaging spectrometry data are generally 
very good; classifying broad mineral alteration is good.
Within-pixel mineral mixing, amount of noise in the spectra, 
rock type and bleaching, and concentration of alteration 
minerals collectively determine the accuracy of the 
classification. Atmospheric calibration, depth and variety 
of the matching mineral spectral library, and wavelength 
stability of the absorption feature (with multiple samples 
of the mineral) are also very important. AVIRIS data 
analysis uniquely identifies hematite, goethite, and 
jarosite at Cripple Creek under good conditions. Spectral
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groups identified are halloysite and kaolinite, and 
sericite, muscovite, and illite using AVIRIS data. In most 
cases at Cripple Creek, the identification is more 
ambiguous. Importantly, the sample program was designed for 
low volume sampling for mineral alteration rather than high 
volume sampling for spectral mineral verification.

Alteration mapping using AVIRIS data correlates 
moderately with geologic mapping and sampling where rocks 
are well exposed. Argillic and QSP alteration are located, 
and the oxidation state of the deposit can be roughly 
determined. Mineral identification is more ambiguous.
Small areas of alteration, such as the potassic alteration 
at the Pharmacist mine and Carbonate Hill, are not 
detectable due to the 2 0-meter resolution of the AVIRIS. 
Broad, weak-to-moderate mineral concentrations, however, 
such as the pervasive goethite flooding of the soil along 
the southern half of the volcanic-Precambrian contact, map 
well.

Development of a goodness-of-fit mineral classification 
routine has resulted from this study. Using observed pixel 
spectrum absorption shape, as well as band center and 
maximum band-depth, a goodness-of-fit image is generated, 
along with a band depth image, which describe how well a 
laboratory mineral spectrum matches the observed pixel
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spectrum throughout the absorption feature. This comparison 
is possible by scaling the laboratory spectrum to match the 
observed pixel spectrum. By comparing the same pixel 
spectrum with spectra of many alteration minerals, a 
classification is generated that maps the pixel to the most 
likely alteration mineral tested.

Care and judgement must be used with this procedure. 
Pixel spectra from the imaging spectrometry data must be 
interactively extracted, plotted, and observed for quality 
control. Some minerals can be identified only as a group, 
such as sericite, muscovite, and illite, because the data 
sets used cannot resolve differences in their main 
absorption feature around 2.21 jxm.

Factors that influence mineral identification include : 
the brightness level of the pixel spectrum, the signal-to- 
noise ratio, purity of the pixel mineralogy, placement of 
the continuum line, and number of spectral channels covering 
the absorption feature. Calibrating the data to absolute 
reflectance minimizes the effects of other factors, such as 
atmospheric absorption and illumination effects due to slope 
and topography.

All selected field test sites are located in and around 
highly reflective open-pit mines. These areas expose 
wallrock and contain little or no vegetation, giving a high
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pixel value that increases the absorption feature signal-to- 
noise ratio. Bright reflectance sometimes had the reverse 
effect of making mineral identification more difficult by 
decreasing the relative observed absorption feature band 
depth when removing the spectrum continuum, compared to the 
overall reflectance intensity due to the high reflectivity 
of the wallrock. This is seen at the Pharmacist pit.

Mineral mixing within a pixel tends to smear absorption 
features when the minerals in question have nearly the same 
absorption feature position. Mixtures of iron oxides and 
sulfates often shift individual absorption band centers and 
shapes around the 0.9 /xm interval; clays and micas can be 
similarly blurred or shifted around 2.21 /xm. Highly mixed 
pixels classify all the component minerals to equal 
abundances, which, when combined in a color composite, yield 
gray-to-white classified pixels.

The choice of continuum end points, as well as the 
number of channels used in the comparison, greatly 
influenced which minerals would be identified for the given 
pixel absorption feature. The observed tendency is to 
generate a better goodness-of-fit using a greater part of 
the band depth and by testing a smaller number of channels 
per absorption feature. Testing a smaller number of 
channels, such as in a narrow absorption feature, reduces
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the random noise introduced into the data, generally 
yielding a higher fit. These results are important when 
testing various laboratory mineral spectra for observed 
pixel fit, because some laboratory mineral absorption 
features are broader and/or deeper than others.

For the highest goodness-of-fit value with each tested 
laboratory mineral, several parameters of the absorption 
feature need to be selected with care. The continuum end 
points need to be selected to maximize the band depth while 
minimizing the band width. Unique band shapes, such as the 
kaolinite doublets, need to be fully covered by the band 
continuum. Mineral abundances cannot be accurately judged 
solely by selecting the highest goodness-of-fit and band- 
depth values using the noisy 1988 GERIS and 1989 AVIRIS 
data.
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CONCLUSIONS
Alteration minerals identified and mapped using 

remotely sensed data and field mapping show a transition of 
reduced to oxidized mineralization within the Cripple Creek 
mining district. These styles of alteration reflect the 
extent and grade of mineralization, with more alteration, 
wallrock fracturing, and lower grade disseminated gold 
deposits occurring with the more oxidized systems.

Multistaged fluid emplacement is concluded from the 
alteration and mineralizing patterns. Three stages of 
deposit oxidation have been determined. It appears that as 
the hydrothermal system evolved, the reducing system that 
bleached large regions of country rock and then mineralized 
narrow linear structures, such as fault planes and dikes, 
gave way to an intermediate system, then to an oxidizing 
system containing hematite, and possibly, jarosite. 
Oxidation of the hydrothermal fluids increased with time. 
This is seen around Globe Hill, where fluid pressure was 
released intermittently through boiling and hydrothermal 
brecciation, creating disseminated gold deposits.

Clay mineralogy changes with oxidation state also. 
Reduced to intermediate systems contain hydrothermal 
kaolinite within shear zones, vein selvages, and phonolite 
dikes, while oxidized systems contain a more wide-spread
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(supergene ?) montmori1Ionite/ hydrothermal kaolinite 
interlayered mixture (70%/30%).

In all oxidation model types, at least two stages of 
mineralization occurred. Stage 1 was vein mineralization 
with an argillic alteration surrounded by QSP alteration. 
Stage 2 was a primary hematite mineralization found along 
fractures. Only the mineralization and alteration 
intensities change between model types. Jarosite may be a 
primary mineral also, but it is usually a product of 
weathering after pyrite (within the three study sites). 
Goethite accounts for the majority of iron oxide in the 
district, and appears to be a weathering gossan with the 
iron transported down all fractures and joint surfaces to 
the water table, which, before mining, was usually at least 
600 feet below the surface.

Weathering of iron sulfides can produce thin coatings 
of jarosite in a short span of months to a few years. When 
the Pharmacist pit was first opened in the late 1980's, no 
oxides or sulfates were present, except along joint 
surfaces. Detection of jarosite by AVIRIS in 1989, was 
confirmed by field mapping and by laboratory analysis.

A new technique for analyzing imaging spectrometry data 
has been developed that improves on the identification of 
alteration minerals. This goodness-of-f it algorithm shows
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good identification of the alteration minerals kaolinite- 
halloysite, sericite-muscovite-illite, hematite, goethite, 
and jarosite under excellent conditions, with some ambiguity 
in more modest conditions at Cripple Creek. The method has 
made detection and modeling of deposit mineralogy possible 
with remotely sensed data. This test identifies individual 
alteration minerals well, maps limonite alteration well, and 
maps argillic alteration assemblages moderately well 
(figures 19 - 22).

Comparison of field maps with imaging spectrometer 
classification images shows only a slight association.
Field studies map alteration intensities, whereas imaging 
spectrometry identifies and maps minerals and mineral 
spectral groups. both methods yield important, but 
different geologic knowledge. Alteration patterns include 
several types of minerals and interlayered mineral mixtures, 
which form anomaly patterns different from spectrally mapped 
mineral patterns. AVIRIS maps alteration assemblages 
poorly, but identifies individual alteration minerals 
moderately well. Importantly, remote sensing analysis 
rapidly located mineralized areas and identified hematite 
and kaolinite.
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RECOMMENDATIONS

Characterizing the hydrothermal alteration at Cripple 
Creek using remote sensing data, geologic mapping, and 
sample analysis has led to an increased understanding of 
procedures and techniques that can be employed elsewhere. 
Refinement of these procedures and techniques will enable 
extension of this kind of investigation into new terrains 
with more rapid generation of results.

Several areas that can be improved are:
1) data with less noise
2) refined identification/classification algorithm
3) refined calibration
4) more mineral spectra within the database

(both more spectra of minerals, and more 
mineral spectra)

5) mapping procedure
Signa1-to-noise has increased significantly with the 

newer 1993 AVIRIS data. Minor mineral absorption bands can 
now be used to help identify mineralogy. A two-step 
classification of the spectral data, using primary 
absorption bands first, folowed by secondary absorption 
features, will refine mineral identification.
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The goodness-of-fit algorithm relies on the compared 
spectra correlating with each other in a linear fashion. 
Importance is given equally to the absorption center 
channels and channels at the absorption ends. A more 
refined algorithm should weigh the absorption center more 
heavily and also increase the weighting factor of any 
secondary diagnostic features within the main absorption 
feature. Absorption center wavelengths for any given 
mineral spectrum tend to fluctuate less than band shapes.

Calibration of the image data cube is critical for the 
success of the classification routine. Mis-calibration of 
the data to absolute reflectance will warp the results and 
decrease the level of confidence in the classified results. 
Presently, surface samples are used to calibrate the data. 
These samples must be brought back to the laboratory, with 
corresponding sample changes in humidity and temperature, 
and possibly sample contamination. In-situ spectral 
measurements at the time of the over-flight could minimize 
these variables. Present hand-held spectrometers have the 
accuracy to accomplish this, along with the capability to 
record far more sample spectra than the traditional 
laboratory approach. A high number of field spectra are 
usually necessary when validating mineral anomalies (vs. 
mineral alteration).
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Present databases are limited in the number of spectra 
for each pure mineral species, as well as the number of 
spectra for any mineral solid solution series. Spectra from 
widely collected individual minerals are needed to 
characterize spectral population features. Mineral 
identification reliability will then increase.

Investigating a region for mineral identification 
requires a logical progression of steps. A suggested 
procedure would be:

1) Get to know the geology of the area through literature
research and short field trips. Rapid mapping of the 
area using remotely sensed data and quality checking 
the results are the objective. Know which minerals are 
common or important in the region before starting the 
first runs. Add new minerals to this list later.

2) Interactively classify the data set. Produce goodness-
of-f it and band-depth images for each selected mineral. 
Run the classification several times, changing the 
continuum start and end points, and map secondary 
absorption features. Produce an enhanced mineral map 
by applying statistical decision making only to 
mineralized areas or use raw goodness-of-fit values to
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directly classify minerals.

3) Analyze individual enhanced mineral map anomalies photo
geologically and spectrally. Interactively extract 
pixel spectra from the data for visual identification 
of absorption features.

4) Generate a composite interpretive mineral map using a
topographic map base (much like a geologic map). 
Symbols and keys are used for minéralogie units. Map 
anomalies that prove to be important from the enhanced 
mineral maps. This is the investigator's 
interpretation of the surface mineralogy.

5) Field check the interpreted mineral map with a geologic
examination, using a field spectrometer, and possibly 
gather lab samples for XRD.
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