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ABSTRACT

Hydrothermal and supergene alteration associatidnaturally occurring acid
drainage in the Grizzly Peak Caldera in centrab@ualo is mapped and characterized
with low altitude, high resolution, hyperspectmalaging remote sensing. Data from the
Airborne Visible/Infrared Imaging Spectrometer (RIS) and the HyperSpecTIR (HST)
imaging spectrometer are used in the study. Pariaixing of mineral spectra is
utilized to map the apparent concentrations ofllar@ind illitic hydrothermal minerals
and supergene iron minerals. A new partial unngbdpproach based on optimization of
the cross-correlation of mixed spectra is descraratiused for the analyses. The
apparent concentrations of supergene iron mingeatssite, goethite, and hematite,
directly map the locations of known and suspectad seeps and springs. The locations
of the acid sources are interpreted to be relatedpography, geologic structure, and
precipitation patterns. Primary hydrothermal a@tem minerals have a more complex
relationship to the acid drainage. The illite clsny, interpreted from shifts in the
~2200 nanometer absorption feature, is somewhatleted to acid seep locations with
medium and low aluminum illites dominating the seepes. Kaolinite shows an inverse
relationship to acid seeps in some locations. skhdy provides a spatially complete,
high resolution map of the mineral distributionsl apparent concentrations within the
alteration zones. The methodology used has apiplitsafor exploration, pre-mining site

characterization, and State of Colorado acid dggmaapping needs.



TABLE OF CONTENTS

AB ST RACT ..ttt mmmmn bttt ettt ettt e e e e e e e e e e e e e e e e e e nn——— e e e e e e e e e e e a e iii
LIST OF FIGURES ......ottiiiiiiiiiiiiiiie ettt a e e e vii
LIST OF TABLES ... .ttt ettt et e e e e e e e e e e e e e e s s s smmmnne e e e e e e e e e e s Xii
ACKNOWLEDGEMENTS .....oiiiiiiieii ettt eeas Xiii
CHAPTER 1 INTRODUCTION ...coiiiiiiiiiiiiiiiis et e e e e 1
1.1 Thesis and Impact of the Research ........cccoceoiirivieiiiciii e, 1
1.2 OVEIVIBW ...ttt s e oottt e ettt b e s e e e e e e e e e e e e e anaeaaeeaeeaaeeeeeesnnnnes 2
1.3 CONVENTIONS ...ttt e e e e e e e e e e e e e e s e s sttt et e et e e aaeensansnbnbbbeseeees 8
1.4 Summary Of Previous WOTK.......coooii i 8
141 (€T=To] (o]0 )Y AP PPTPPRPPN 9
1.4.2 Natural ACIA DraiNage ..........ceeeeiii et e e e e e e e e e e e e eeeaaeeens 9
1.4.3 Remote Sensing of Acid Drainage SYStems....cc......cevvvvvvvvvnniiinnneenn. 11
1.4.4 L0 0] 01011 o USRS 11
ST CT=To)] 0o |V 13
1.6 Alteration and MINEraliZation ... e 17
16.1 1= = 1o [T 17
1.6.2 MINEIAlIZALION .......uiiiiiiiiiiiiiieieie e 18
A X ox o B = [ = Vo = 19
1.8 Hyperspectral IMagiNg .......cooooee e aa e e e e e 21
iR ST o T=Tod1 01T oT0] o )V PP 22
1.10 Mineral IdentifiCatioN ...............uuuummmmeeeeeeiiiiiiiiara e e e e e e e e e eeeeeeeeerennnneeeeennnnn 22
CHAPTER 2 METHODS ....cotiiiiiiiiiiieeeee et e e e e e e e nnnnnes 27
2.1 INSTFUMENTATION .ottt eeeee e e e e e e e e e e e e 27
2.1.1 AVIRIS ettt e e e e e e e e e e 27
2.1.2 HYPEISPECTIR ..o e 32
2.1.3 TRITASPEC ...t eete ettt st et ettt et et e e e eb e e e et e e nenmnaaeees 33



214 ASTER . ——————- 36

2.1.5 Digital Elevation Model............cooiicoceereeeeecee e 36
2.1.6 Color Digital Aerial Photography ... 36
2.2 HSI Data ACQUISITION ....ceeeiiiiiitii ettt 37
2.2.1 AVIRIS et e e e e e e e e e e e e 37
2.2.2 H S T ettt ettt e e e e e e e e e e e e e e e 38
2.3 Data QUANTY ...vveeeeies e e et e e e e e e e e e e e e et ———————————————————— 39
2.3.1 SUrvVeY CoNItIONS........cceeiiiiiiiieieeeirrs e e e e 39
2.3.2 INStrUMENt DEFECES ......vviiiiiie e 39
2.4 Data-SPecCific COIMECHIONS. ........cciiiiieeeeeeieiiiiiiiiiies e e e e e e e e e e e eeeeeeeeesrennnneeeeeseees 46
24.1 Radiometric COMrECHIONS ...........ceuiimeeeemee et 46
2.4.2 (€1=T0] 04[] 1 [l O 0T = Tox (0] 1S 49
2.5 DAta ANAIYSIS ...eeeeeeeeiiiiiiieis e e e e e s e et ettt e e e e e e et e e ennr e e aearrrnn——_ 50
25.1 Endmember Identification ... 51
25.2 Feature Selection..........cooooiiiiiiieiee e 52
2.5.3 (@1 F= 15157 o= U1 o o 53
254 UNIMIXING +tttttttttttiee et e ettt s s e e e e e e e e e e e eeeeeesessebn s mmmnnreees 56
2.6 Analysis Used iN thiS StUAY ..........uuuiuiiiiiiie e 59
2.6.1 Endmember Identification ... 59
2.6.2 Feature SeleCHON............uuie s ceeeeee e e 61
2.6.3 Partial UnmiXing.........ooooiiiiiiiiiiiiieeiiiirs e 61
2.6.4 Comparison of Partial Unmixing Methods............cccoovvvvvvvveiiiiiinnn, 67
CHAPTER 3 RESULTS ..ottt sttt a e e 72
G 200 I |1 0T ¥ Tox 1 o o 72
I 1 (o] N g = 1)V ST 81
3.2.1 WESE REU ..o 81
3.2.2 T = o [ 90



3.3 Clay ANAIYSIS ...ttt e e e e e e et e e eane e e e eeearrraaaa 99

3.3.1 WESE ROt rannen 99
3.3.2 EAST REA ..o e 108
LA ValIALION.....coeeiieeeee e ——————— 111
CHAPTER 4 SUMMARY ...ttt 411111ttt e e e e e e e e e e e e seneennes 137
4.1 CONCIUSIONS ...ttt ettt e e e e e e ettt e e et e e e eaeeessbb bbb e neeeees 137
A ©o ] 114 o]0 ] (o] 1= 137
4.3 RECOMMENUALIONS ...ttt e et e e e e e e e e e e e e e e e e e e e e e e ennnne 139
4.4 Recommendations for Further Study ......cccccee oo 139
REFERENCES CITED......cciii ittt e e e e e e e e e e e e eneenssnenees 141
APPENDIX A (Part 1) DAt ......cccceeeeeiiieieieiiieee e DisKpocket)
AVIRIS Data
APPENDIX A (Part 2) DAt .......cccoeeeeiieiiiiieiieee e DigKpocket)
HST Data
ASTER Data
DEM Data
NAIP Data
Digital Geology
APPENDIX B SOUICE COdE......ciiiiiiiieieiiiieeeeeeeeiiiii s DisKpbcket)
APPENDIX C FLAASH Parameters...........c.uuvvcereeeeeeeeiiiiiiiinnneeeeeeeeaens Disk 2 (pocket
APPENDIX D Endmember SPeCHIa .........cooiviicommeeeiieeeee e eeeeeeeeeeiiiinens Disk 2 (potke
APPENDIX E Field and Image SPEeCtra ..........commeeereiiieeeeeeeeeeeerieeeinnnnnns Disk 2 (potke

Vi



Figure 1-1
Figure 1-2
Figure 1-3
Figure 1-4
Figure 1-5
Figure 1-6
Figure 1-7
Figure 1-8
Figure 1-9
Figure 2-1
Figure 2-2
Figure 2-3
Figure 2-4
Figure 2-5
Figure 2-6
Figure 2-7
Figure 2-8
Figure 2-9

Figure 2-10

LIST OF FIGURES

Iron and aluminum mineral precipitation............cccceeevveeeeeeiiiieeeeeiiinne 4..
Alteration zone and acid stream CONFPALL...........cceeerrrrrrrnniiiirreeeeeeeaeeeeee 5
General location of the Grizzly Peakd@ga................ceeeeiiiiiiiiiiiiinnnn 6...
Locations of West Red and East Redadits systems. .........ccccoevveeeeeeennn. 7
Idealized iron mineral zoning in andagenerating system...................... 12
Alteration index from ASTER SWIR image.........cccooveevieieeiiiiiiiiiiiinnns 14
Association between structures andadlo. ..., 20
VNIR spectra of iron Minerals. ...cccoco.ooooooiiiiiiiiiiic e 24
SWIR spectra of clay Minerals. ... .ceeeeeiiiiiiiiieeeeieeeeeeeeiiiieees 25
Raw low altitude AVIRIS data. .....cccccouviiiiiiiiieeiiee 29
Corrected low altitude AVIRIS datai......euueeiiiiiieeieeeeiieeeeeeeiiiiiie 30
AVIRIS data artifacts in high relieBas. ..............ccccoviiiiiiiiiiiiiinnnn. 31
Raw HST data frame..........ooo i 34
HST data geometrically corrected wiHST Georectification v3.4". .....35
AVIRIS spectral plot showing spectroenetrossover effects. ................ 40
HST iMage StHPING. ...eeeeieeee oo 42
HST goniometric effeCtS. ......oovueeeeiiie e 43
HST spectral plot showing spectrometessover effect......................... 44
Long wavelength artifact in HST dat@.......ccoooeeeeeiiiiiiiiiiiiiiiiiiine 45

Vii



Figure 2-11
Figure 2-12
Figure 2-13
Figure 2-14

Figure 2-15

Image, library, and field pyrophyllgpectra..............ccccoviiiiiiiiiiinnnn. 48..

MNF channel 1 of HST data. ... ..o eeeeens 62
Solution space for partial unmixingroh minerals. .............ccccceeeeeeeenn 66
Match Filter results for iron mineemdmembers at West Red........ 68

Mixture Tuned Match Filter results fimm mineral endmembers at

WESE REA... ..t et 69
Figure 2-16  Optimized Cross-Correlation Mixtureulesfor iron mineral

endmembers at WeSt REd.........oooiviiiiiieeeiiie e 70
Figure 3-1 NAIP natural color image of West Red............cccvvvieiiiiiiiiiiiiinnnn, 3.7
Figure 3-2 NAIP natural color image of East Red............cccoeeevviiiiiiiiiiiiiiinnne 74
Figure 3-3 West Red annotated with sample ideatiton numbers.......................... 75
Figure 3-4 East Red annotated with sample ideatibn numbers. ...........cccccceeennnn. 76
Figure 3-5 HST image coverage of West Re.ccuueee oo 77
Figure 3-6 AVIRIS image coverage of WeSt Re.....cc..ccoovviiiiiiiiiiiiiiiiiiiienn 78
Figure 3-7 HST image coverage of East Red. ...........cooovvviiiiiiiiiiiiiiieee e 79
Figure 3-8 AVIRIS image coverage of East Red..............coooviiiiiiiiiiiiiiieeeeeee, Q.8
Figure 3-9 HST partial unmixing analysis of iromerals for West Red.................. 82
Figure 3-10  AVIRIS partial unmixing analysis of ironinerals for West Red............. 83
Figure 3-11  Acid seep at the mouth of Ruby MinédBwwn the west slope of

WESE REA. .. ..ttt et e s annee e 85
Figure 3-12  Acid drainage at Jarosite Slide onethst slopes of West Red................. 86
Figure 3-13  Jarosite/goethite ratio image of Wesdl.R...............ccoovvviiiiiiiiceennnn. 31..

viii



Figure 3-14  Perspective view looking east at thetwkpe of West Red. .................. 88

Figure 3-15 Perspective view looking west at thet slbope of West Red. .................. 89
Figure 3-16 Interpreted and mapped structuredainesn the jarosite/goethite ratio
IMAage Of WESE REM. ....coeeeieiiiiiiiie et e e e e e e e e e e e e e e e e e eeeneeeeeeeennnes 91
Figure 3-17 HST partial unmixing analysis of iromerals for East Red. .................. 92
Figure 3-18 AVIRIS partial unmixing analysis of ironinerals for East Red. ............ 93
Figure 3-19  Jarosite/goethite ratio image of Wesdl.R...............coovvviviiiiiiceennnn. 95..
Figure 3-20 Perspective view looking south at tbegmslope of East Red. ................ 96
Figure 3-21  Perspective view looking north at tbetk slope of East Red. ................ 97

Figure 3-22 Interpreted and mapped structures awveon the jarosite/goethite ratio
IMage Of EASE REM. .....oiiiiiiiiiiiiii s st e ettt 98

Figure 3-23  HST partial unmixing analysis of ctainerals, argillic endmembers,
L0 QA4S L= o P 100

Figure 3-24  AVIRIS partial unmixing analysis oaglminerals, argillic
endmembers, for WesSt Red........c.ooiiiiiiiiii i 101

Figure 3-25 HST partial unmixing analysis of ctainerals, argillic endmembers
greater than 50%, fOr WeSt REd. ..........uuueeeiiiiiiii e e e e e 103

Figure 3-26  HST partial unmixing analysis of ctainerals, illitic endmembers,
FOr WESE REA. .. ...t i ettt e e e e e e e e e e e e e e aeeeaeeeees 104

Figure 3-27  AVIRIS partial unmixing analysis oaglminerals, illitic endmembers
FOr WEBST REA... ... oot ettt et et e e e e e e e e e e e e e e e s s rmnnne e e e aeeas 105

Figure 3-28 HST partial unmixing analysis of ctainerals, argillic endmembers,
for West Red with 1.0 contours of the jarositefbde ratio. .............ceevvvvveiiiiinnnnnns 106

Figure 3-29  HST partial unmixing analysis of ctainerals, illitic endmembers,
for West Red with 1.0 contours of the jarositetde ratio. .............ccccevvvveevvrinnnnnns 107



Figure 3-30 HST partial unmixing analysis of clayarals, argillic endmembers,
L0 G == 1S3 B L= o 109

Figure 3-31  AVIRIS partial unmixing analysis of glminerals, argillic
endmembers, for East Red.........cooo oo 110

Figure 3-32 HST partial unmixing analysis of clayarals, illitic endmembers,
FOr BAST REA... ...ttt e e e e e e s eee e s 112

Figure 3-33  AVIRIS partial unmixing analysis of glminerals, illitic endmembers,
L0 G == ] B =T o F 113

Figure 3-34 HST partial unmixing analysis of clayarals, argillic endmembers,
for East Red with 1.0 contours of the jarositetfite ratio. .............cccceevvvvvvinnnnnnn. 114

Figure 3-35 HST partial unmixing analysis of clayarals, illitic endmembers,
for East Red with 1.0 contours of the jarositetie ratio. .............ccceevviviiniiinnnnn. 115

Figure 3-36  Iron analysis of Ruby Mine Gulch amdund photo of Ruby Mine

C 1T (o o P PP PPPPPPUPPPPP 117
Figure 3-37 Iron analysis of seep area in Peek&doh and ground photo of the

= Tod [0 BT =TT o PP PRUPPPPPRPTI 118
Figure 3-38 Iron analysis of North Bowl and a grdyphotograph of sample

[OCALION SBS-1.... .t i — 119
Figure 3-39 Iron analysis of East Red and a grqamatograph of Sayres Creek......120

Figure 3-40 Iron analysis of a small mine dum@outh Bowl and the NAIP photo
showing the dump and adit l0CatioN. .........commmmiiiieiiiiii e, 121

Figure 3-41 Idealized iron mineral zoning in andagenerating system

(= 0= = 1= ) S 122
Figure 3-42  Jarosite to goethite zoning on thet wiepes of West Red. ................... 123
Figure 3-43  Jarosite to goethite zoning in Nortd South Bowls at East Red. ........ 124
Figure 3-44  Zones of possible primary hematiteast Red.............ccccceeeiieeenenennnn. 125



Figure 3-45 Correlation between ground and imagéR/$pectra for selected
samples at WeSt REd....... ..o e 127

Figure 3-46  Correlation between ground and imagdéRSSpectra for selected
samples at WeSt Red....... oo e 128

Figure 3-47  Correlation between ground and imagéR/$pectra for selected
samples at EaSt Red........ ..o eeeemmme e 129

Figure 3-48 Correlation between ground and imagdéRSSpectra for selected
samples at EaSt Red........ ..o 130

Figure 3-49  Moran’s | autocorrelation for mingpalrtial unmixing results of
WESE REA. ..t e 133

Figure 3-50 Moran’s | autocorrelation for mingpalrtial unmixing results of
BASE REA. ... et et ————————————— 134

Figure 3-51  Z-score of Moran’s | autocorrelation mineral partial unmixing
reSUILS Of WEST REU. ... .ot 135

Figure 3-52  Z-score of Moran’s | autocorrelation mineral partial unmixing
RESUIES Of EASE REU.... ... i sttt 136

Xi



Table 1-1

LIST OF TABLES

The pH stability ranges for minerals fodumacid drainage systems

Xii



ACKNOWLEDGEMENTS

This research was stimulated by a NASA funded 2olo Geological Survey
study of acid drainage in the Grizzly Peak Calderd the Leadville mining district. |
want to thank the other members of that projecntéa their support and
encouragement. Phoebe Hauff, Matt Sares, Dougs?€&ed Henderson, Eric Prosh,
and David Bird have all provided assistance, idaegyments, and lively companionship
in the field.

| also want to thank the numerous faculty and sta€SM who made my
experiences at Mines the most challenging and einguof my career. Special thanks
go to Dr. Terry Young for providing calm, professab advice and Dr. Misac Nabighian
for rattling my chain for many years to pursue alPh

Finally, I want to thank my wife, Clea, for her uavering and enthusiastic

support of my academic pursuits.

Xiii



CHAPTER 1

INTRODUCTION

1.1 Thesis and Impact of the Research

Remote sensing methods are used to identify, axapcharacterize natural acid
drainage (NAD) in the Grizzly Peak Caldera throtigh mapping of hydrothermal and
supergene minerals in the source mineralized &lb@raystems.

At a site specific level, the research providegwa perspective on the
hydrothermal and supergene alteration within théera through high spatial and
spectral resolution remote sensing mapping of tifase mineralogy. Previous work
characterized the hydrothermal alteration from @memic perspective based on
conventional field mapping and alteration clasatfiens whereas this work maps the
mineral content of the entire surface of the attexeeas at a resolution of 2.5 meters.
Thehydrothermalmineral mapping in this research defines mineastigpns and
chemical variations within specific minerals thppear to be related to acid drainage.
This work also extends previous alteration mappiyngharacterizing theupergenearon
mineralogy and its relationship to acid draina@azerall, the results identify the
locations of acid seeps and springs, and explaircdintrols on the spatial distribution of
the drainage.

At a general level, the work builds on and extgm@vious work on remote
sensing of acid drainage systems and charactenizasid system that has been active for
more than 10,000 years. The use of partial unmgixistead of feature based
classification used in much of the previous wotkwat subtle zoning, particularly of iron
minerals, to be revealed and the jarosite/goethtie to be calculated. This ratio is a

single metric that provides a vector to locatiorihhe highest acid source potentials.



In addition, the methodology used in the researak be applied to exploration, pre-
mining site characterization, and State of Colomaatral and anthropogenic acidic
water mapping needs. From an exploration perspedtie methods described can focus
sampling on locations that are the most highly maleed as acid seeps are indicators of
sulfides in the subsurface. From a pre-mining di@acterization perspective, the
spatial distribution and controls on acid seepssprahgs allow mine planning to be
undertaken a manner that efficiently mitigates atalnage hazards. The methods also
allow a spatially complete baseline of pre-miniegladrainage impact to be constructed.
When the instrumentation is available to acquineengpectral imaging data of large
areas at low cost, the methodologies describedrayebe used to map and characterize
acid sources on a state wide basis. Finally, thek\describes a new partial unmixing
method that is relatively immune to illuminatiorriadions and spatially coherent noise.

1.2 Overview

Acid Mine Drainage (AMD) is a significant problemboth hard and soft rock
mining districts and often contaminates surfaceevgasignificant distances from mine
sites. ldentification and quantification of AMDrelatively straightforward as the
locations of mines are known and regulatory agenaie motivated to establish
ownership provenance to enforce mitigation respmiitg2s. Natural Acid Drainage
(NAD), on the other hand, is often ignored or teelads a curiosity as no commercial
entity can be assigned responsibility for its eeise and the necessity for mitigation of
naturally occurring pollution may be questioned.

The impact of NAD may be as significant as AMD. blsth cases, surface waters
are acidified and metals are mobilized. Waters #iftected are often incompatible with
most aquatic life. Furthermore, toxic metals mayransported into human water

supplies and precipitated in stream channels sogmif distances from the source areas.



This research utilizes high spectral resolutioba@ine optical remote sensing to
identify and map minerals associated with sour¢@®$AD in the Grizzly Peak Caldera in
Colorado. The sources of the NAD are mineralidegtation zones that contain
significant amounts of sulfides. The surface malagy of these zones is a direct
indicator of their ability to generate NAD.

Although streams impacted by NAD in the area as#yealentified visually by
the presence of iron and aluminum precipitates tbgere 1-1) they are often narrow
and may be difficult to map efficiently with rematensing technology. The altered
source areas, on the other hand, are large andenagentified with relatively low cost
methods. Figure 1-2 illustrates the differencedale between an alteration source and
the affected drainage.

The Grizzly Peak Caldera is an Oligocene age eif@oslcanic collapse
structure approximately 20 km by 15 km in size.e Thldera is interpreted to have
formed as the result of a single explosive eveai éxpelled more than 600 Rrof
magma. The resulting volcanic ash was depositéldeasompositionally zoned Grizzly
Peak Tuff. Most of the tuff unit was ponded withive caldera. The main stage eruption
was preceded and succeeded by hydrothermal acindythe deposition of sulfide
minerals. The weathering of the sulfides produbeshatural acid drainage found in the
erosional remnants of the caldera today.

The Grizzly Peak Caldera straddles the Contindditatle in the Colorado Rocky
Mountains (Figure 1-3) and lies within Lake, Chaffeitkin, and Gunnison Counties.
The caldera is bounded east-west by 106° 30’ 15n&/ 106° 42’ 30" W and north-
south by 39° 6’ 45" N and 38° 55’ 30" N (NAD27).

Two alteration zones within the caldera are tleai$oof this research (See Figure
1-4). They are given the informal names East Redmiain (or East Red) and West Red
Mountain (or West Red) following the nomenclatuf&Couson (1973). East Red is
centered at 106° 30" 47" W, 39° 1" 19” N and WRstd is centered at 106° 35’ 43" W,
39° 1' 77 N (NAD27). The alteration zones may beessed from South Fork Creek



Figure 1-1. Iron and aluminum mineral precipitatidron and aluminum minerals are
precipitating in South Fork of Lake Creek at thafiweence of an acidic drainage.
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of the size of an alteration zone to the size stf@am affected by acid drainage.
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Figure 1-4. Locations of West Red and East Rextatlbn systems.



Road (National Forest Service Road 391) which cessed from Highway 82
approximately 13 kilometers west of Twin Lakes &gé. The base of the east side of
West Red is directly accessible from Peekaboo GRludd (National Forest Service
Road 393) which intersects South Fork Creek rogideqmately 7.4 km from Highway
82. The west side of West Red is accessible fromadin Creek Road (National Forest
Service Road 106) which intersects Highway 82 wéstdependence Pass at the
Lincoln Gulch Campground. The summit at East Reaccessible from a gated historic
mining road located near the Sayres Gulch turnefSouth Fork Creek Road. The road
to the top of East Red is closed to vehicles feuahuse but access is normally granted

by the Forest Service for scientific research.

1.3 Conventions

The International System of Units (SI) is usedhis tissertation. In some cases
English units may be used when they are foundnd,cquoted from, previous works.
Distances greater than 1 kilometer are given ionkéters and distances less than 1
kilometer are given in meters. Geographic locatiare given as latitude and longitude
in Degree, Minute, Second format or Universal Tvanse Mercator (UTM) coordinates
as Eastings and Northings in meters. All UTM caweites are in Zone 13. Geographic
locations use the North American Datum of 1927 (NXP All spectroscopic
measurements are given as wavelengths in unitaraimeters (nm). Reflectance values
are unitless relative reflectance that are relatveither internal calibration standards (in

the case of airborne data) or a Spectralon® tiléh@ case of ground measurements).

1.4 Summary of Previous Work

The review of previous work focuses on the follogvit) site geology; 2) NAD in
the study area; 3) remote sensing of acid draisggiems; and 4) partial unmixing

processing methods.



1.4.1 Geology

The first systematic, modern, study of the GriZZgak Caldera was undertaken
by Cruson (1973). This work addresses both themgégeology of the caldera and the
economic geology of mineralized alteration systentkin the caldera. Fridrich et al.
(1991) provide an updated perspective on volcamiccaldera forming processes for the
area but do not discuss the alteration and mirzatadin in detail. Fridrich et al. (1991) is
used for general geology of the caldera whereasdr(1973) is used for details of the
alteration systems. The geologic map of Fridrichle(1998) is used in digital form.

1.4.2 Natural Acid Drainage

Studies of NAD in Colorado were undertaken asyeas11993 by Miller and
McHugh (1994) of the USGS to establish the natbeakground for mine remediation.
This study focuses on the chemical analysis of reck, and water samples from the
Upper Alamosa River basin in the vicinity of thenSuitville Mine. The researchers
found that many of the NAD waters contained meiatlings and acidity that exceeded
water quality standards.

The Colorado Geological Survey began investigatmiNAD in the Grizzly
Peak Caldera in 1994. The original work focuse@adic springs and streams sourced
with the West Red alteration system. A springéelaboo Gulch sampled by CGS in
1994 was found to have concentrations of aluminzadmium, copper, iron, silver,
sulfate, and zinc that were in excess of statevg#mdards and a pH of 2.17 (Neubert et
al. 2000). Further work in 1997 found a streandiieg Lincoln Creek to have aluminum,
cadmium, chromium, copper, iron, manganese, nickefate, and zinc concentrations
that exceed standards and a pH of approximatdieBifert et al. 2000). It was
recognized in these early investigations that and aluminum compounds were being

precipitated extensively within the affected strearit was also determined that mining



activity does not significantly contribute to thé\M as the small mines, “drain no water
and probably do not affect the Peekaboo Gulch ggtifNeubert et al. 2000).

A follow up study of the area was conducted by G&$999. This study
confirmed the low pH and degraded water qualittesfl in the previous work and
identified additional NAD at East Red Mountain (Keut et al. 2000). The entire course
of the South Fork of Lake Creek and the courseaielCreek below the South Fork —
North Fork confluence were identified as being ictpd by NAD.

In 2001, CGS and a number of co-investigators \aer@ded a NASA Broad
Agency Announcement (BAA) Grant (NAG13-02026) todst the area with
hyperspectral remote sensing (Sares et al. in pagpa; Hauff, et al. 2003). This study
focused on the use of low altitude, high spatiabhetion hyperspectral data to map
minerals within the affected streams. Two airbdmgperspectral surveys were flown as
part of the study. A low altitude AVIRIS flight i a nominal ground resolution of 4 m
was flown in September of 2002 over part of thelgtarea and a low altitude
HyperSpecTIR (HST) survey with a nominal groundheon of 2.5 m was flown in
September of 2003 over all of the study area. H&& survey included selective
coverage of some areas at 1.0 and 0.5 m resolutiarexcess of 80 sites were sampled
on the ground in this study. Spectroscopy witlA&D spectrometer was undertaken on
the ground samples as well as water chemical asd[yares et al. in preparation; Hauff,
et al. 2003). The spectroscopic analyses verthedoresence of lepidochrosite,
melanterite, copiapite, jaraosite, schwertmanégjtydrite, maghemite, goethite, and
hematite within the drainages. Of these only jieo$errihydrite, goethite, and hematite
were found in abundances high enough to be idedtliy airborne imaging spectroscopy
(Sares et al. in preparation; Hauff, et al. 2003).
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1.4.3 Remote Sensing of Acid Drainage Systems

The use of hyperspectral data to map minerals egedovith AMD is well
documented in the literature. King et al. (199bisirate that clay and iron minerals can
be mapped in an AMD environment with airborne sstopy and traced to their source
areas. Swayze et al. (1996, 1998, and 2000) shatrbn minerals that are formed in
acidic environments can be differentiated with airte hyperspectral data. They also
found that iron mineral zoning related to pH cobé&mapped in the Leadville Colorado
Mining District and developed a model of minerahirg (See Figure 1-5). Dalton et al.
(1998) found that both acid generating and acidraézing minerals can be mapped
with airborne spectroscopy. Ong et al. (2003) mokéel the previous work to show that
ground spectroscopic measurements may be useddicippH through Partial Least

Squares (PLS) regression.

1.4.4 Unmixing

Unmixing is critical in imaging spectrometry singetually every pixel contains
some macroscopic mixture of materials. The thedrand methods for unmixing of
spectroscopic signatures are found in a numbeowies. Hapke (1993) provides
models for linear and non-linear spectral mixing ardiscussion of the criteria for using
each approach. In Earth remote sensing, a lineangnmodel is typically used. Full
unmixing which assumes that the spectra of alliptesssomponents are known, is
described by van der Meer (2000) and Boardman (198Bnce it is often impossible to
identify, a priori, all possible components, pdrtiamixing is an important tool. Match
Filtering (MF) (Harsanyi and Chang 1994), Constdiftnergy Minimization (CEM —
similar to Match Filtering) (Farrand and Harsan9BZ; Farrand 2001), and Mixture
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Figure 1-5. Idealized iron mineral zoning in andagenerating system (from Swayze et
al. 1996).
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Tuned Match Filtering (MTMIF) (Boardman et al. 1995) are commonly used methods
for partial unmixing. MTME" is probably the most popular unmixing method used

geologic remote sensing.
1.5 Geology

The Oligocene age Grizzly Peak Caldera formeghptaximately 34 to 35
million years ago (Fridrich et al. 1991; Cruson 3p7Potassium — Argon age dates for
rocks associated with the caldera range from 32.9.% Ma to 36.8 +/- 1.4 Ma (Fridrich
et al. 1991). Itis the youngest and most nortlvean alignment of calderas lying
northeast of the San Juan volcanic field (Fridetlal. 1991).

The earliest evidence of volcanic activity assalavith the caldera is cone
sheeted fractures some of which are filled withothi dikes located outside the caldera
(Fridrich et al. 1991 and Fridrich et al. 1998hege are interpreted to have formed as a
result of crustal swelling in response to a risimggmatic body. This early volcanism is
associated with hydrothermally altered zones withencaldera at East Red and east and
south of the caldera itself (Fridrich et al.199These alteration zones are illustrated in
Figure 1-6. Cruson (1973) identified early veinargd dikes outside the caldera that
exhibit a radiating geometry. An early, partigiyeserved, rhyolite flow was identified
by Fridrich et al. (1991) as well as high silicgetite lithic fragments within the Grizzly
Peak Tuff.

There is little discussion in the literature ashte nature of the pre-collapse
volcano or volcanic system. Given that the lithadsgmapped by Cruson (1973), Fridrich
et al. (1991), and Fridrich et al. (1998) rangerfndyolite to dacite in composition, the
volcanic edifice was likely a dome or dome complex.

The climatic eruption that formed the Grizzly P€2dera is interpreted to have
ejected a minimum of 600 Khof magma (Fridrich et al. 1991). This qualifiesam

ultra-plinian eruption with a volcanic explosivitydex (VEI) of 7. For comparison, the
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Figure 1-6. Alteration index from ASTER SWIR imag&he image shows the intensity of the 2200 nnoigi®n.
Faults in blue are from Fridrich et al. (1998). o@inates are UTM Zone 13, NAD27 Datum.




most comparable modern eruption of this intensitfambora, although the Grizzly Peak
eruption was at least four times larger.

The interpretation of the eruptive history haslesd over time. Cruson (1973)
believed that there were at least three eruptiaseh as evidenced by three distinctive
tuff units in the caldera. He informally namedgbéhe Tabor Creek Tuff (which is
rhyolitic to latitic in composition), the PeekabGailch Tuff (which is quartz latite in
composition), and the Graham Gulch Tuff (whichlsajuartz latite in composition). In
remapping the volcanic stratigraphy, Fridrich e{(#991) combined these into a single
compositionally zoned tuff and formally named i Brizzly Peak Tuff. Their
interpretation is that the caldera formed in a lgrjmatic eruption which tapped a
stratified magma chamber. This more felsic (t@pnbre mafic (bottom) magma was
tapped from the top resulting in a tuff that is edrirom more felsic at the bottom to
more mafic at the top (Fridrich et al. 1991). FaH et al. (1991) mapped two areas of
outflow tuffs that compositionally match the GrigReak Tuff but believe that most of
the tuff was ponded within the coevally collapscaidera.

The identification of vents within a caldera iffidult as many ephemeral vents
rapidly form, disappear, and may be consumed iexatosive eruption. Fridrich et al.
(1991) found preserved vents along some of thegsd structures and “likely” vents in a
1 km circular zone near the northeast edge ofalaeca and 3 km fissure structure near
the center of the caldera (close to West Red).

As stated above, the current eruptive historyrpregation is one of a single
climatic eruption. The pattern of ring structupssnts to at least two structural collapse
zones within the caldera (Fridrich et al. 1991 iAner collapse occurs from the
northern rim to approximately the center of thedegh and is nested within the larger
collapse structure. Fridrich et al. (1991) intetghe collapse process as a “double
piston” collapse due to a magma chamber with aleumoshoulder. The total
displacement during caldera formation is estim&bdoe between 3.5 km near the center

to 1.0 km at the edges.
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Megabreccias formed during and following the ceddmllapse (Fridrich et al.
1991 and Cruson 1973). Slump wedges occur neaollaose structure ring faults
greater than 500 m in size (Fridrich et al. 199ithwne mapped by Cruson (1973) with
a size of “1 mile long by 750 feet thick”. Thesedges transition to sheets, tongues, and
finally “scattered boulders” as one moves away ftbmcaldera bounding structures
(Fridrich et al. 1991). The megabreccias are prilgnenade up of Precambrian rocks that
are highly correlated to the lithology of nearbgkse outside the caldera (Fridrich et al.
1991).

Both Fridrich et al. (1991) and Cruson (1973) grure a final resurgent phase of
the volcanic system as evidenced by doming, hydrathl alteration, and late stage
intrusions. Fridrich et al. (1991) place the loofisloming in the northern nested
collapse structure. The primary evidence for igisrittle deformation of tuffs on ring
structures and ring faults with an opposite setsksplacement from a collapse. They
believe that the intrusive responsible for the rgent doming was forcibly emplaced.
Doming is estimated to be at least 2.5 km at tmeceof the caldera and near 0 km at the
edges.

In summary, the Grizzly Peak Caldera is a classpdosive caldera related to a
felsic to near intermediate volcanic intrusionprbbably was relatively short lived
showing evidence of a single explosive eruptivenevd he climatic eruption was
preceded by local crustal swelling, formation ofegsional cone sheet fractures,
emplacement of high silica rhyolite intrusives, drydirothermal activity. The volcanic
system was likely a dome or dome complex. Volcaeiating during the eruptive phase
occurred through the ring fault structure and gaggrom internal pipes and fissures.
The explosive eruptive phase vented in excess @ka6 of magma making the event at
least a VEI 7 eruption. The tapped magma was tyratratified producing a tuff that is
reverse stratified from rhyolitic (bottom) to lati{top). The caldera collapsed up to 3.5
km during the eruption, ponding most of the ashe €aldera walls slumped and
collapsed during and after the eruption creatingabeeccia facies composed of country
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rock lithologies. The eruptive phase was succebdga@surgent structural doming, late

stage intrusions, and hydrothermal activity. Rgsant doming uplift exceeded 2.5 km.

1.6 Alteration and Mineralization

The hydrothermal alteration events within the @gAeak Caldera were
accompanied by the introduction of metallic minggalimarily in the form of sulfides
(Cruson 1973). The primary alteration mineralggglominated by sericite (illite) and
kaolinite family clay minerals. Pyrite is the darant sulfide mineral with some
molybdenite and chalcopyrite.

1.6.1 Alteration

Hydrothermal alteration occurred prior to the mstimge volcanism and during
the resurgent phase (Fridrich et al. 1991). Cry48ii3) provides the most detailed
description of the alteration based on field obagon and a limited number of XRD
analyses. He defines four types of alteratiothedaldera: quartz-sericite, quartz-
sericite-pyrite, argillic, and propylitic. It isnportant to note that “sericite” is a generic
field term for any fine grained “white” mica integied to be of hydrothermal origin.
Mineralogically, sericite is typically illite or nacovite (Thompson and Thompson 1996).
This nomenclature is complicated by disagreemetitariiterature over the use of the
term illite. CSIRO scientists forgo the term #liand use the more generic term “white
micas” to describe illitic minerals. They furtrerbdivide white micas into muscovite,
paragonite, celadonites, and phengite (Yang, &04l1). In this work, the term illite is
used to describe all of these minerals.

Quartz-sericite alteration in the caldera is dégd as “light tan to brown rocks
with minor pyrite” with intensely altered quartzr®gte zones containing “abundant
secondary quartz” (Cruson 1973). East Red and Riedtare identified as being the

largest areas of quartz-sericite alteration.
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Quartz-sericite-pyrite alteration is identified 6yuson (1973) as being “2 percent
to 15 percent pyrite with quartz and sericite”.sEaed and West Red are again the
largest occurrences of this alteration type alttolug also identifies a significant
occurrence at a plug in Lincoln Gulch (which is novered in this research). This
alteration type is important as it is the sourcéhefsulfides that generate acid waters in
the caldera.

Argillic alteration is described by Cruson (19&3)being dominated by kaolinite
and sericite with minor montmorillonite. He debes the distribution of argillic zones as
“somewhat erratic” and occurring “within or periphB to other alteration zones. He
also recognizes that argillic alteration of oftémsely associated with faults.

Propylitic alteration is characterized in the emltlby the presence of chlorite,
calcite, epidote, and pyrite (Cruson 1973). Héestéhat this style of alteration is

primarily found in a flow breccia.

1.6.2 Mineralization

Mineralization in the form of metallic sulfidestise source of the NAD within the
caldera. Thus, an understanding of the mineragieiwents is essential to an
understanding of the NAD.

The term “mineralization” may be used in eithere@onomic geology sense or a
purely geologic sense. Mineralization in econogeology implies the presence of
potentially economic concentrations of metals aseints or compounds. From a
geologic process perspective, however, the presaramey metallic element or
compound, whether it is ore or gangue constituteralization. The latter, broad
definition of mineralization is used in this worhus pyrite, without any potentially
economic metals is considered mineralization.

The alteration zones within the caldera contaifybaenum and copper as

economic mineralization and iron as gangue mineatiin. These metals occur as
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molybdenite (Mo9), chalcopyrite (CuFe and pyrite (Feg§ (Cruson 1973). The
mineralized zones appear to be structurally coleicdnd lie on caldera related structures
(See Figure 1-7). Mineralization occurs primawiighin quartz stockworks and veins.
Both the mineralization and quartz were depositethbtal-rich volatiles exsolved from
the quartz-rich felsic magma (Cruson 1973). THhaties were likely caustic brines with
a pH in the range of 7 to 10 (Cruson 1973). Algitosubsequent work has not found the
mineralization in the caldera to be economic, tialtsulfide content of the mineralized
zones is very high. Cruson (1973) identified zoméh as much as 15% sulfide content.

1.7 Acid Drainage

The oxidation of sulfide minerals in the weathgraone results in acidic waters
that carry dissolved metallic cations. When tlifisadion occurs in active or historic
mine sites the result is Acid Mine Drainage (AMDiaveas in areas with no mining
activity the result is Acid Rock Drainage (ARD)Natural Acid Drainage (NAD). The
processes involved in the generation of acidicas@fand ground waters whether mining
related or natural, are identical. The necessamyponents are sulfides, water, and
oxygen, although micro-organisms play a significahe as accelerators of the reaction
rates.

The chemical oxidation of pyrite is summarized aribert (1999) and Miller and
McHugh (1994) as follows:

FeS(s) + 7/4Q(g) + HO(aq) => F&'(aq) + 2SQ(aq) + 2H(aq) 11
Fef*(aqg) + 1/4Q(g) + H'(aq) => F&*(aq) + 1/2HO(aq) 1.2

FeS(s) + 14F&'(aq) + 8HO(aq) => 15F&(aq) + 2SG*(aq) + 16H(aq) 1.3

Reaction 1.3 controls the oxidation rate and slasvpH decreases (Miller and McHugh

1994). In natural settings, however, biologicaldaxion by a number of bacteria,
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Figure 1-7. Association between structures andadilten. Alteration zones within the
Grizzly Peak Caldera are mapped from ASTER SWIR.d&tructures are extracted
from Fridrich et al. (1998). Coordinates are UTMn2dl3, NAD27 Datum.
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primarily Thiobaccilus ferrooxidanandFerrobaccilus ferrooxidansnay speed up the
reaction rate by 4 to @rders of magnitude (Herbert 1999; Miller and McHugh 1994).
Taken as an end to end reaction, each mole ofepyeiherates 4 moles of kbns.

In low lying topography the oxidation of pyrite widuapidly progress downward
to the water table and stop as oxygen is not aburimdow the vadose zone. Mining
related acid drainage is caused by changing thervalble level (through excavations or
pumping) or direct removal and exposure of sulfideshe surface (e.g., in mine dumps).
In the case of the natural acid drainage in thdystwea, the high relief of the topography

allows mass wasting to continuously expose freffidss to oxidation.

1.8 Hyperspectral Imaging

Hyperspectral imaging (HSI) systems make manyomawavelength domain
measurements (or samples) of reflected electrontizgagliation (EMR) from the
Earth’s surface. Although it is the subject of goangument, systems with a spectral
resolution of 20 nm or finer per band are generadlysidered hyperspectral. These are
imaging systems because they sample every paredurface within their field of view
(FOV). The spatial size of each individual samplealled the instantaneous ground
field of view (IGFOV) and is a function of an omiacharacteristic of the system called
the instantaneous field of view (IFOV) and thetatte of the platform above the ground
surface. The relationship between the IGFOV (peel size), the IFOV, and the
platform altitude is: IGFOV (in meters) = IFOV (fadians) * Altitude (in meters, AGL).
Thus, each measurement is the average spectramaeea of the surface which is
portrayed as a pixel in the image data. The systgsrd in this study cover

approximately the visible blue (400 nm) to shorteavfrared (2500 nm) range of EMR.
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1.9 Spectroscopy

The interaction between electromagnetic radiagioth matter is wavelength
dependent; some EMR is absorbed through varioutamezms and some is reflected.
Measurements of the reflectance spectra of materéal be used to identify many
materials. This is the foundation of reflectanpeciroscopy and hyperspectral imaging.

The mechanisms that cause EMR to be absorbed teyiais are wavelength
dependent. Electron transition effects are dontinaghort wavelength, lattice vibrations
at intermediate wavelengths, and molecular rotatetiong wavelengths. Electron
transitions may take the form of color centersstalfield effects, charge transfer,
excitons, and interband and impurity transitionaggkk 1993). For the iron minerals that
dominate acid systems, crystal field effects aratgh transfer are the primary
mechanisms of electron transitions (Hapke 1993tti¢e vibrations take the form of
stretching and bending of molecular bonds in whighdipole moment of the bond is
changed (Hapke 1993; King et al. 1995). Electrame#ig radiation may cause a bond
vibration to switch from a lower to higher vibratal energy state and thus absorb energy
(Hapke 1993). The primary absorption bands resyftiom this are centered at thermal
wavelengths but have overtones in the shortwavared (SWIR). For alteration
minerals in the systems studied, AI-OH and Mg-Oldsoare the most important and

produce absorption bands near 2200 nm and 2300 nm.

1.10 Mineral ldentification

Mineral identification and mapping focuses on hiydrothermal alteration
minerals and supergene iron minerals associatddswlifide oxidation. lllite is the
dominant mineral in the quartz-sericite alteratzomes while kaolinite, dickite, and
pyrophyllite occur in the argillic zones. Sulfideneralization occurs within, or close to,

these alteration zones (Cruson 1973). Jarositthde, and hematite are mapped as
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direct indicators of acid generation. In AMD syste a large variety of minerals,
particularly sulfate salts, may be found (Hammarstet al. 2005). The most common
iron minerals, however, are copiapite, jarositbysertmanite, ferrinydrite, goethite, and
hematite. Each of these minerals is stable unukifsc pH conditions and act as pH
indicators (See Table 1-1) (Swayze et al. 2000;fHztwal. 2003; Montero et al. 2005;
Sares et al. in preparation). Within the alterationes, jarosite, goethite, and hematite

dominate.

Table 1-1. The pH stability ranges for mineralsrfdun acid drainage systems (data from
Montero et al. (2005) and Hauff et al. (2003))

pH Mineral Comments

<15 Copiapite
1.5-3.0 Jarosite
3.0-4.5 Schwertmanite

>5 Ferrihydrite
4.5-6.0 | Goethite May form from Jarosite, Schwertmanite, or Ferrihydrite
~7 Hematite May form by dehydration of Goethite or Ferrihydrite

The supergene iron minerals are identified by tblearacteristic visible to near
infrared (VNIR) spectra (See Figure 1-8). Electn@msition absorptions around 900 nm
vary subtly in wavelength and intensity based @ndtystal structure and bonds around
the Fe cations (Montero et al. 2005). These alismgpare manifested as broad,
relatively weak features.

The hydrothermal alteration minerals are identifigdcharacteristic absorption
features in the SWIR (See Figure 1-9). These featare due to molecular vibrations
and are manifested as narrow, relatively strongoadtions. lllite is broken down into
three compositional types: high, medium, and lowmahum. Work by Yang, et al.
(2001) show that cation substitutions change ttsgtipa of the 2200 nm illite absorption
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Figure 1-8. VNIR spectra of iron minerals. (Datanfr Clark et al. 1993)
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Figure 1-9. SWIR spectra of clay minerals. (DatarfrClark et al. 1993)
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minimum. High Al illites have absorption minimawaavelengths less than 2200 nm,
medium Al illites have absorption minima in the 22208 nm range and low Al illites

have absorption minima at greater than 2210 nm.
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CHAPTER 2

METHODS

2.1 Instrumentation

The mineral mapping described here is undertakémsgveral instruments.
Airborne HSI data were acquired with the Airbornisime/Infrared Imaging
Spectrometer (AVIRIS) and HyperSpecTIR (HST). Gmbgpectroscopic data were
acquired with a TerraSpec portable spectrometegidRal alteration mapping was done
with the satellite-borne Advanced Spaceborne TheBEmassion and Reflection
Radiometer (ASTER). In addition, ancillary datahe form of a Digital Elevation
Model (DEM) and digital color aerial photographyreeitilized. The data used for the
analyses may be found in Appendix A.

211 AVIRIS

AVIRIS is an airborne imaging spectrometer opetditg NASA’s Jet Propulsion
Laboratory (JPL). It acquires 224 channels ofle#d radiance data between 380 nm
and 2500 nm wavelengths (Lundeen 2006). Each eh&ais a nominal spectral
bandwidth of 10 nm (Lundeen 2006). It is a whisidm electro-optical sensor with an
IFOV of 1 milliradian. Each scanline consists @i7Gamples across track. Each
flightline is collected as a continuous image beiivetred as multiple images cubes of
512 lines each (Lundeen 2006). The data are edcatdE? bit resolution.

AVIRIS is flown on four different aircraft dependjron the mission
specifications (Lundeen 2006). For this projdug, instrument was flown aboard a
DeHavilland Twin Otter (DHC-6) operated by the atl Oceanic and Atmospheric
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Administration (NOAA) (Sares et al. in preparatiofhe survey was flown at a nominal
ground clearance of 4 km resulting in a nominal @& pixel size) of 4 m. Given the
highly variable relief in the survey area the atpigel sizes vary considerably.

AVIRIS data are “system” radiometrically and georioetly corrected by JPL.
System corrections utilize only parameters thaarpiired by the instrument and
supporting equipment and not location or groundceddpnt characteristics (e.g., local
topography). The data are radiometrically corédb a reflected internal light source
(Optronics Laboratories Inc. Q-1000 lamp). Theection converts the raw instrument
digital numbers to radiance at sensor in microwagtssquare centimeter per nanometer
per steradian, (V / cn? / nm / sr) with an absolute accuracy of 7% anelative
accuracy (during a single flight) of 2% (Lundeer®@)) The radiance data are rescaled
to 16 bit integers with documented biases and gaiken collected at low altitude on
the Twin Otter aircraft AVIRIS data suffer from se distortions due to aircraft motion
(roll, pitch, and yaw) and local topography thatke#he raw data unusable (See Figure
2-1). Geometric correction of the data is accosfty@d by a ray tracing approach
described by Boardman (1999). This method utilem@®nboard integrated Global
Positioning System and Inertial Navigation Syst&RE/INS) that provides the aircraft
position and attitude. The data from the GPS/I8ISsed to remove the aircraft motion
from the raw data (See Figure 2-2). The image daggrojected to a horizontal plane at
an altitude extracted from the GTOPO30 global DEBnce the image data are not fully
orthorectified, the local topography may contribtt@listortions in the processed images.
In addition, the GTOPO30 database has a nominalutsn of 1 km which further
contributes to geometric errors in the images. RI&l operates at a fixed scan rate of 12
KHz which may result in under-sampling (i.e., unsw@ad pixels) when ground
clearance becomes small. In addition, severe tapby can result in an apparent shift in
scanline position. These were a significant pnobie the study area as the aircraft

ground clearance was minimal over the alteratioresqSee Figure 2-3).
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Figure 2-1. Raw low altitude AVIRIS data. The ireaghows geometric distortions from
aircraft motions at low altitude (from Boardman 299
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Figure 2-2. Corrected low altitude AVIRIS data. igts the same image as Figure 2-2
but with the standard JPL geometric correctiondieggfrom Boardman 1999).
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Figure 2-3. AVIRIS data artifacts in high relietas. When the ground clearance is too

low, some areas are unsampled. In areas with stepps scanlines have an apparent
shift.
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2.1.2 HyperSpecTIR

HyperSpecTIR (HST) is an airborne imaging specatmmoperated by SpecTIR
Corporation of Reno, Nevada. It collects 227 cledsof reflected radiance data between
450 nm and 2450 nm wavelengths. The nominal sudzaindwidth of each channel may
be configured between 5 nm and 10 nm. A bandweéfittD nm was used for this survey.
The instrument IFOV is 1 milliradian. The Hyper8p&R instruments are a hybrid
design that can not be easily classified undedstahinstrument designations (i.e.,
whiskbroom or pushbroom). The instrument utili2ed detector arrays and complex
articulated mirrors to image the target. The mgrare controlled by an onboard
GPS/INS system to perform real time compensatiomifaraft motion and attitude.
Motion compensation permits an extended dwell iméhe ground target to increase the
signal collected (Vaughan and Calvin 2004). Th dae collected as a sequence of
frames along each flightline. Each frame consgwdn image cube the size of which is
dependent on the aircraft altitude and speed.h@sltitude is reduced or speed increased
the spatial size of the image cube is reduceddavalomplete image acquisition. For
this study, each frame is 330 samples (along tragl§15 lines (across track). In many
ways the spatial acquisition method is similaréaal photography. Each flightline
acquired by the system must be carefully plannkitigetopography into account so as to
avoid any gaps in data acquisition. Vaughn andi€é004) calculated a signal-to-
noise ratio (SNR) in the VNIR of about 250.

HST may be flown in any aircraft that is equippéth a standard aerial
photography belly port. Glass covering the porstre removed to avoid signal
attenuation and wavelength depended artifactsarsiWIR. For this study the
instrument was flown in a Cessna 310 twin enginerait. The alteration zones were
flown at a nominal ground clearance of 2.5 km podag a nominal pixel size of 2.5 m.
Given the highly variable relief in the survey atka actual pixel sizes vary
considerably.
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HST system radiometric and geometric correctioegparformed by the
instrument during flight and post flight by SpecT@®rporation. The details of on board
calibration are proprietary to SpecTIR Corporatidine apparent reflectance calibration
is calculated with a modified version of Modtraardd includes some proprietary
“spectral polishing” (LaVeigne personal communicatiSmailbegovich personal
communication). Geometric correction of the datadgcomplished by both the
instrument and through use of a SpecTIR softwackage (“HST Georectification
v3.4”). The HST instrument utilizes an “optica¢sting” approach to compensate for
some aircraft motion (pitch and roll) resultingraw image frames that are relatively
undistorted (See Figure 2-4). The image cubesghiery are not automatically corrected
for the yaw (crab) of the aircraft. This resutismages that are skewed in relation to the
ground. The skew is removed with the HST georieetibn package which was
provided by SpecTIR Corporation for this study.isT$patially corrects the image cubes
for aircraft crab as well as approximate frame agefor the nominal ground clearance.
The software requires multiple iterations througfedent crab angles and ground
clearances to achieve a best possible, albeiper®ct, result (See Figure 2-5).

2.1.3 Terraspec

The Terraspec spectroradiometer is a field pastedflectance spectrometer that
is commonly used in the mineral exploration indystfhe instrument utilizes an internal
controlled light source to illuminate a small sammpMeasurements are made between
350 nm and 2500 nm. The spectral bandwidth isaleéei 3 nm @ 700 nm, 6 nm @ 1400
nm, and 7 nm @ 2150 nm (ASD 2006). The entiretsple@nge is sampled every 100
milliseconds but multiple samples are normally ectéd and averaged to reduce the
instrument noise. A one-dimensional 512-elemditiosi photodiode array is used for
measurements in the VNIR and two cooled indiumhgaarsenide photodiodes are

used for measurements in the SWIR (ASD 2006). SR wavelengths are measured
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Figure 2-4. Raw HST data frame. Each data franaeitismatically corrected for aircraft
motion.
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Figure 2-5. HST data geometrically corrected WHIST Georectification v3.4”. This
automated correction produces a best fit but ineg@smetric correction that requires
additional manual correction.
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sequentially during the 100 ms sample period witbtating mirror and diffraction

grating assembly.

2.1.4 ASTER

ASTER is a multispectral, satellite-borne imagsaygtem that is installed aboard
the Terra platform. It collects images in the VNEIRVIR, and TIR ranges from an
orbital altitude of 705 km. ASTER is a moderateofation system with pixels sizes of
15 m in the VNIR, 30 m in the SWIR and 90 m in TR (Abrams and Hook 2002).
Image data acquired by the system are used to eragra regional alteration
mineralogy. ASTER does not have high enough sple@solution to identify and map

specific minerals but may be used to differentiatead mineral families

2.1.5 Digital Elevation Model

A Digital Elevation Model (DEM) is an important ahary dataset in this study
as the locations of natural acid seeps are oftatrated by topography. The DEM used
here is extracted from the National Elevation DettdIED) (USGS 1999). The data
have a posting interval (i.e., ground resolutioin}/@ arc second which is approximately
10 m at middle latitudes. The data are resampddtm resolution and cast into the
UTM projection in NAD27 datum.

2.1.6 Color Digital Aerial Photography

Natural color digital aerial photography from tdational Agricultural Imagery
Program (NAIP) is utilized as a high resolutiondasage. This imagery was collected
during the summer of 2005 under contract with tingédl States Department of
Agriculture (USDA 2005). The imagery is correctedtopographic relief
(orthorectified) and tied to existing black and tetdigital orthophoto quadrangles
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(USDA 2005). The imagery has a ground resolubioh m and a positional accuracy of

+/- 3 m. Imagery from this dataset is recast taMjdrojection in NAD27 datum.

2.2 HSI| Data Acquisition

HSI data were collected as part of a NASA studf@13-02026) over a two year
period. AVIRIS data were acquired in late Septenad@002 and HST data were
acquired in September of 2003 (Sares et al. ingoetion). The late fall time frame was

selected to coincide with low water flow in theestms.

221 AVIRIS

The AVIRIS data were acquired on Septembét 28d 24 of 2002. The ground
conditions for data acquisition were acceptablenmitoptimal. Light snow cover and
clouds are present in some of the imagery. The aequisition planning and execution
resulted in a number of coverage gaps (Peters m@Ersommunication). At the time of
the survey, a low altitude AVIRIS mission had neth flown in an area of extremely
high relief. In the planning stage, assumptionseweade about the flight specifications
that turned out to be incorrect. The mission ekeaueam at JPL also made a number of
transcription errors that resulted in misplaced améhcquired flight lines (Peters
personal communication). Problems were exaceailiatean inability of the project
science team to communicate easily with the NOAdghtlcrew and on-board JPL
representative.

Because of security policies, AVIRIS was flown franbase at Denver
International Airport rather than Leadville AirporThis resulted in very long transit
times, minimal survey time, and very long missiaysl The distance to the survey area
and the short project window eliminated the posigytf the flight crew undertaking a
ground based reconnaissance of the survey arda.réBulted in a lack of appreciation

on the part of the flight crew of the severity oétterrain. In some cases the crew
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aborted flightlines because they approached thaitein an unsafe manner (e.g., flying
up canyons instead of down). These factors, coeabivith turbulent conditions
exhausted the flight crew and they were, thus, ait@ve for planned daily pre-flight
and post-flight briefings (Hauff personal commutizca).

Regardless of gaps in the AVIRIS coverage, theesuwas important as a
baseline study for flying high resolution, low altie surveys in high relief terrain. All of
the shortcomings of the AVIRIS survey were addréssehe HST survey. Most
importantly, overlap between the AVIRIS and HSTveys permit the AVIRIS data to be

used as a radiometric standard for the HST data.

222 HST

An initial attempt was made on SeptembBr 03 to acquire HST data of the
NASA project area. This was aborted due to aryemiriter storm. The flight crew
returned and continued operations on Septemb&t®35". Ground conditions were
acceptable with some residual snow cover from #nly September storm. Flight
planning for the HST mission was undertaken inelosoperation with personnel at
SpecTIR Corporation. The entire NASA study area e@vered with overlapping
flightlines at 2.5 m nominal resolution. Criticatid drainages within the Grizzly Peak
Caldera were covered with flightlines at 1.0 m heBon. A few test flightlines were
planned at 0.5 m resolution to be flown on an adltasis as time and safety allowed.
The entire survey was successfully executed. Theess of the survey was largely due
to close communication between the project sci¢eae and the flight operations team.
The survey was flown out of Leadville Airport allowg local conditions to be monitored
closely. The flight operations team provided daitg-flight briefings on planned
acquisition and post-flight reviews of daily acdqtis. Post flight reviews included
“quicklook” imagery of the data acquired allowing-site quality assessment to be
performed. The flight crew also spent time ondgh@und reviewing the location of
critical targets and potentially hazardous terrain.
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2.3 Data Quality

The hyperspectral data suffer from a number cd daglity issues. These fall
into two general classes of quality degradatiomrpurvey conditions and instrument
artifacts. The instruments were equally affectgdidn-optimal survey conditions.
Whereas the AVIRIS instrument is well characteriaaed largely free of significant

defects, the HST instrument exhibits a number objams.

2.3.1 Survey Conditions

Both the AVIRIS and HST surveys were flown undeceptable, but not ideal,
seasonal, ground, and terrain conditions. In or@@roduce the highest possible signal
during data acquisition, hyperspectral data shbeldollected close to the summer
solstice when solar elevation is at a maximum.sTime period, unfortunately, coincides
with the maximum snowmelt and runoff in the sureega. Since the NASA project
focused on remote sensing of mineral precipitatébe stream channels, a late fall image
acquisition date was selected. This coincided wighannual snowpack and runoff
minimum. Both surveys were timed to “thread thedie” between the summer
thunderstorm season which is accompanied by deilydccover, and the winter storm
season. In both cases some snow had already alatachin the survey area. This
resulted in sub-optimal ground conditions for reene¢nsing. Finally, the rugged, high

relief, terrain of the survey area resulted in urectable geometric distortions.

2.3.2 Instrument Defects

The AVIRIS instrument is well characterized anekfof significant defects. Itis
subject to regular quality control test flightsvierify data quality. AVIRIS does,
however, have spectrometer crossover artifact@sd lare artifacts that occur where
different physical spectrometers in the instrunraaet or overlap (See Figure 2-6). In
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Figure 2-6. AVIRIS spectral plot showing spectroenetrossover effects.
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AVIRIS these artifacts occur between channels 2D3(645 nm and 654 nm) and
channels 95 and 97 (1248 nm and 1253 nm).

The HST instrument, while innovative, had a numifetata quality issues. The
most significant of these is data striping (Seaifeg2-7). The hybrid pushbroom design
of HST is inherently subject to striping. Each gaacolumn is detected by a different
detector column in a 2-D solid state array. Tlsubtle sensitivity differences between
detector columns result in image striping. Thgstg is non-periodic and impossible to
remove by conventional image filtering techniqueétheut introducing artifacts that are
more problematic than the striping itself. It wderefore, not removed. A second
defect that affects the data is the goniometrieatff This is a wavelength and look-
direction-dependent change in signal. The effeatanifested as an increase in the
signal of shorter wavelengths at both edges of ek&himage frame (See Figure 2-8).
While this type of artifact is normally relativetymple to remove from most datasets, it
proved impossible to correct in HST data. The radmmethod of correcting goniometric
effects is to fit a curve to the average of thegmaolumns as each column has a
consistent goniometric effect (Landgrebe 2003) foctanately, the “optical steering”
motion compensation used by HST decouples the gaetiic effect from the image
geometry. Thus, the goniometric effect varies gleach column and can not be
corrected by any simple approach. A spectromet@s$sover” artifact is found in some
pixels at the boundary of channels 42 and 43 (94%nd 923 nm) (See Figure 2-9).
This was removed by selectively shifting part af #pectrum. The code to perform this
may be found in Appendix B. The final artifact see the HST data is an increase in
radiance at long wavelengths (See Figure 2-10)s Whs recognized by the instrument
engineers at SpecTIR but not fully understood (Repprsonal communication). This
artifact was corrected by calibrating the HST datthe AVIRIS data through the

empirical line method as described in the nextisect
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Figure 2-7. HST image striping. The image is higitretched to show horizontal and
vertical striping and banding.
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oniometric
Eﬁects

Figure 2-8. HST goniometric effects. The off-nadiage columns have goniometric
effects that are particularly evident in the visiblue region.
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Figure 2-9. HST spectral plot showing spectrometessover effect.
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Figure 2-10. Long wavelength artifact in HST data.
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2.4 Data-specific Corrections

As discussed previously, the hyperspectral dageovided with basic
systematic corrections applied. Further correstiare needed, however, to
radiometrically calibrate the data to reflectancd geometrically tie the data accurately

to the ground.

2.4.1 Radiometric Corrections

The identification and mapping of minerals wittpbyspectral data require that
the image data be corrected to relative reflectaondbat direct comparison with field
and library spectra can be undertaken. The rawRAYIldata were delivered as radiance
at sensor while the HST data were delivered as taaliance at sensor and reflectance.
The HST reflectance is calculated by SpecTIR Carth a modified version of the
MODerate spectral resolution atmospheric TRANSmdéalgorithm (MODTRAN
V4R1) and includes some proprietary “spectral patig” (LaVeigne, personal
communication; Smailbegovich, personal communicatio

The AVIRIS data used in this study are considéhed‘gold standard” for
radiometric accuracy. AVIRIS data have a signaldcse ratio of approximately 500:1
in the VNIR while HST data are approximately 25@tthe VNIR (Vaughn and Calvin
2004). Therefore the AVIRIS data are carefullylmalted and used as a calibration base
for the HST data.

A number of approaches were tested for calibraticthe AVIRIS data. Data
dependent internal average reflectance (IAR) aauefittld approaches were found to be
inadequate due to extensive vegetation cover akdofalarge spectrally flat areas. A
calibration site on the shore of Twin Lakes Resgmmas used to perform empirical line
calibration with good results. The empirical lsy@roach was, however, considered

risky given the variable ground clearances presetite survey. Thus, it was felt that it
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may not produce adequate results over the entivegu For comparison, a model-based
calibration was carried out using the Fast Linesight Atmospheric Analysis of Spectral
Hypercubes (FLAASH) software versions 1.0 and Z:@e results from the FLAASH
calibration produced results at least as goodeeitipirical line calibration. FLAASH
also permits local variations in ground clearamcbhd taken into account so that it can be
applied to any location in the survey area. Altted AVIRIS data analyzed were
calibrated with FLAASH. The FLAASH parameters usedcalibration are given in
Appendix C.

As a quality check on the FLAASH calibration, amgmarison was made between
the AVIRIS results and a known outcrop of pyropitglat West Red. Pyrophyllite has
very sharp absorptions in the SWIR. The positibthese absorptions was compared
among the calibrated AVIRIS data, the spectra obplyyllite from the USGS spectral
library of Clark et al. (1993), and the spectrunacfample collected in the field. The
correlations among the AVIRIS spectrum and the UaG&ground spectra are excellent
(See Figure 2-11).

An attempt was made to calibrate the HST radiaate to reflectance using
FLAASH. This produced marginal results. The FLAABackage is designed to
process a variety of common sensors but does aloidi@ the HST instrument. Although
it may be adapted to an unknown sensor, it didvook well with the HST instrument.
The reflectance HST data provided by SpecTIR Campacceptable but contained a
number of residual sensor and atmospheric artitgiptsal of those described by Clark et
al. (2002). Fortunately, there is significant daprbetween the AVIRIS data and HST
data in many areas. The final approach to caldmmaif the HST is to select common
pixels in AVIRIS and HST and use an empirical lawgrection to correct the HST
reflectance data to the AVIRIS reflectance dathis produces results that correlate well
with the AVIRIS data and ground spectroscopy. HIES data have a lower signal-to-
noise ratio than the AVIRIS data, particularly etSWIR. The noise is reduced in the
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Figure 2-11. Image, library, and field pyrophylgpectra. Comparison of an AVIRIS
pyrophyllite spectrum from West Red with a USGSgpyyllite spectrum from USGS
Spectral Library (Clarke et al. 1993) and a spewtoollected in the field (pyg-10a.003).
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images by performing a 3x3 low pass filter on thead This sacrifices some image
sharpness but significantly reduces noise.
All of the calibrated data are scaled from two-hytieger to floating point

relative reflectance values (0.0 — 1.0) by simpéstbn by the documented sensor gain.

2.4.2 Geometric Corrections

Both the AVIRIS and HST data are geometrically eoted by the data suppliers
for aircraft motion. Low altitude AVIRIS data acerrected by the method described by
Boardman (1999). The HST data are internally,aaitr corrected by the instrument
(Watts et al. 2001). In addition, the HST data@eected for aircraft altitude and crab
with a proprietary SpecTIR Corporation package (THZeorectification v3.4”). Both
datasets are uncorrected for terrain displacementthe data are not orthorectified).
Since comprehensive camera models or rational patyed models are not available for
AVIRIS or HST, orthorectification was not performed these data. Instead, the data are
manually tied to the NAIP natural color image wigiound control points (GCP’s).

The approach to correction of the images with GGRries depending on the
local relief. In low relief areas such as streamgalley floors, a first order polynomial
warp is used. In high relief areas where signifidapographic distortion exists, a
triangulation warp is used. All data are resampltl nearest neighbor interpolation. It
is important to note that high order polynomial piag is not used as the terrain effects
can not be modeled with polynomials and polynomoélsrder greater than one
introduce unrealistic distortions. The AVIRIS datguire additional processing to fill in
zones of null data introduced by the aircraft motorrections. This is accomplished
using a surface fitting routine designed for refpigdoad or undefined values in
topographic data (“Replace Bad Values” functiofeMVI). This processing is primarily

undertaken to make the images aesthetically plgasin
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The image corrections may be summarized as follows:

AVIRIS

o0 ®»

T

Calibrate AVIRIS to reflectance using FLAASH

Replace internal null data with ENVI “Replace Badlies”

Select GCP’s between AVIRIS and NAIP image

Warp AVIRIS using first-order-polynomial and nedraesighbor interpolation
(or triangulation, depending on the setting)

T

o w >

o

Build HST flightlines using SpecTIR “HST Georeatdition v3.4”

Select GCP’s between HST and NAIP image

Warp AVIRIS using first-order-polynomial and nedrasighbor interpolation
(or triangulation, depending on the setting)

Calibrate HST to reflectance using empirical linethod with AVIRIS data
as the target spectrum

2.5 Data Analysis

Many geologic remote sensing studies follow dyatandard sequence of

analyses that are largely dependent on tools amhigues developed by the USGS or

that are available in the ENVI software packagethls study, a different approach is

taken for data analysis. This is due to both thigue issues with HST data and the

experiences of the author. That being the casegdmmonly used approaches are

described with the goal of justifying the methodgdiin this study.

Remote sensing data analysis involves the inveisidine (usually) calibrated

HSI data (or other data) into mineral classes opertions. In all cases, the minerals of

interest need to be identified through a procesdcandmember identification. Two

50



general types of inversion may be utilized: minetaksification or mineral unmixing.
Classification methods assign a single, unique ralrendmember identification (or a so
called “nonesuch” class) to each pixel in an imagamixing methods are more
sophisticated and assign a proportional amounaci enineral endmember to each pixel
(or the unmixing equivalent of “nonesuch” whictcaled “background”). To simplify
the analysis, a subset of the image feature sgamftein used to speed up calculations,
focus the problem, or resolve ill-conditioned matralculations. This feature selection
process may involve selecting a subset of imagds$anre-projection and pruning of the

feature space.

2.5.1 Endmember Identification

The identification of mineral endmembers in HStadia the starting point
for data analysis. An endmember may be a purenalispectrum or a mixture of spectra
of materials of interest. Endmembers may be ifledtthrough automated or manual
data mining techniques, by direct measurementsitekkthe field, or a combination of
these techniques. Regardless of which approaehdmember selection is undertaken, it
is generally considered best to use spectra egttdodtm the image data as endmembers
for further data analysis. Image derived endmembsx viewed as being superior to
spectral library or laboratory endmembers becausg ¢ontain any residual atmospheric
and instrumental characteristics (van der Meer 2000

A common data mining method used for endmembetiftsation is described in
Boardman et al. (1995) and has been given the raxeé Purity Index (PPI). This is
implemented in the ENVI software package. TherRethod involves iterative
identification of image pixels that are outlierghim the multidimensional data vector
space. “The Pixel Purity Index is computed by egpély projecting n-dimensional
scatterplots onto a random unit vector. The extrpixels in each projection-those pixels

that fall onto the ends of the unit vector-are rded and the total number of times each
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pixel is marked as extreme is noted.” (RSI 200B#&hough the technique identifies
“mathematically” good endmembers, it is unconsteiby any a priori knowledge of the
field occurrences of minerals or minerals thatadrmterest in the study.

A second school of thought on endmember selectitmased on building a large
body of a priori knowledge of the field mineral acences. This approach involves the
development and/or research of geologic modelthstudied systems, manual data
mining of the spectral response of image pixeld, @illection and spectroscopic analysis
of field samples. The approach does not lendfitsed rote sequence of activities, but
follows an iterative paradigm of building a knowgdbase of endmember minerals
through a number of activities. The easiest (drehpest) activity is a review of the
literature to get a basic understanding of theaggolsystems in the study area. From
this, general ideas may be developed about the typminerals that will be found in the
field. If imagery data have already been acquitted,often useful to manually inspect
the spectra of image pixels. This activity, a twal field trip”, helps to determine if the
image spectroscopy makes sense in light of theogenimodel and provides some
guidance for field work. Direct field inspectiohtbe ground is the most critical aspect
of endmember selection. Sample locations areedditised on the literature, the
preliminary image analysis, and geologic experieribee sampled materials are
subjected to field or laboratory spectroscopic ysialto determine the suite of minerals
that is present and important to the study. Tlaesgities are repeated and may continue
through-out the study as the detailed geologic hedeaves. In most cases, however,

the most abundant and important endmember minaralguickly identified.

2.5.2 Feature Selection

Feature space is the name given to the vector speceall of the HSI bands.
Feature selection and feature extraction are metfwdselecting or extracting a subset of

the feature space for processing. Imaging speet®ndata are, in general,
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overdetermined with high band-to-band correlatioa Backer et al. 2005). Samples
extracted from HSI data almost universally possasgular covariance matrices making
direct inversion of the data impossible.

The feature selection problem may be approachadcouple of ways. The
simplest approach is to apply knowledge of whatspairthe spectra are important for a
specific problem and use only those selected regidine more general approach
involves orthogonalization of the vector space treduse of sub-space projections. This
technique allows the data to determine the optimuimogonal sub-space for a specific
problem. While technically elegant, orthogonali@atcan propagate noise through the
vector space. While it may be used for noise redngcthis is only feasible in the case of
a random noise model. For instruments such asw8dh contain coherent, non-

periodic, noise this approach seriously degradegtbjected data.

2.5.3 Classification

Classification methods assign each pixel in an grtaga group or class based on
similarity criteria. Classifications may be handsoft. Hard classifications assign a
single class to each pixel whereas soft classifinatassign a similarity metric to each
pixel for each class (Schowengerdt 1997).

A number of classification methods are commonlyduee geologic remote
sensing. These are: Spectral Feature Fitting (S¥#octral Angle Mapper (SAM), and
Spectral Correlation Mapper (SCM). Each of thgge@aches has benefits and
limitations and is briefly described below.

Spectral Feature Fitting is used by the USGS asaliaiplemented in the ENVI
package. The USGS calls their version of SFF ‘datrder” which is described in Clark
(1990) and Clark et al. (1999). Tetracorder ineludome expert-system heuristics in
addition to the basic SFF methodology. The SFFotkinvolves analysis of each

spectral absorption feature and comparison of thgaast absorption features in

53



endmember spectra. Each feature is extractedtiierrmage spectrum and endmember
spectra (the endmember spectra are resampled iimalge spectra resolution if needed).
The absorption features are subjected to a comamemoval (hull correction) and the
depth and shape of the image and endmember featre®mpared. The result of the
analysis is a feature depth metric and a goodniessroetric (in the case of ENVI an
RMS error image). These are typically combinegrmuce a soft classification image.

Spectral Angle Mapper was first described in Kresal. (1992) and was
implemented within the Spectral Image Processirggedy (SIPS) software package (this
evolved into the ENVI software). SAM is a simpéafure space calculation that
provides a similarity metric between each imagelpspectrum and endmember spectra.
In descriptive terms, SAM is the angle betweenittege spectrum vector and the
endmember spectrum vector. It is defined mathexalltias follows:

(Modified from Carvalho and Meneses 2000)

Where:
S is the spectral angle
X is the endmember spectrum

U is the unknown (image) spectrum

The SAM calculation results in a value of zerodood matches between the
image spectrum and the endmember spectrum. Ihaiasl by Carvalho and Meneses
(2000) that SAM is actually a variant of the moenegral Pearson Correlation Coefficient
and that the SAM approach is actually a “foldedfsien of the correlation coefficient.
Thus perfect mirror images between the image adchember spectrum also produce a

SAM angle of zero. They propose use of the caiiprlacoefficient as a better
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classification than SAM and call the method thec$ad Correlation Mapper (SCM).
Landgrebe (2003) refers to this as simply the Qatign Classifier (CC).

Classification using a correlation (more correetlgross-correlation) approach
has a distinct advantage in that it provides actlimeasurement of the similarity between
the shapes of two spectra. Furthermore, Carvalddvieneses (2000) show that the
SCM calculation is relatively immune to amplitud&etences between the image and
endmember spectra making the method relativelysiolmder different image shadow

conditions. The SCM method is defined mathemayice follows:
[(X;- X)(U;-U)]

- izl
R \/ n n (Modified from Carvalho and Meneses 2000)

(Xi- X)? (U;-U)?
i=1 i=1

Where:
R is the correlation coefficient
X is the endmember spectrum
X is the mean of the endmember spectrum
U

is the unknown (image) spectrum

Cl

is the mean of the unknown (image) spectrum

This results in a correlation coefficient imagenhich each pixel is assigned a
value between -1.0 and 1.0 for each endmember atigpectrum. A value of 1.0
denotes an exact match between the endmembergpesitape and the image spectrum
shape whereas a value of -1.0 is an exact inveasehn(although this never occurs in
hyperspectral data). The source code to perfori 8&€imagery is provided in

Appendix B.
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2.5.4 Unmixing

In most geologic settings, imaging remote sengisfuments measure a mixture
of earth materials. The nature of the mixturerisoal for determining how the unmixing
model is developed. Intimate mixtures occur atgfan size level while areal mixtures
occur at a large scale and represent patchesfefidg material within a single pixel
(Hapke 1993). It has been shown by Clark (1988)rapke (1993) that the spectra of
intimate mixtures are nonlinear with respect tatige concentrations. Although the
non-linear behavior may be modeled analyticallgueber of optical and geometric
parameters are needed, making the method very ¢sorbhe (Hapke 1993). Empirical
models may also be developed but this requires sopm®ri knowledge of the materials
in the mixtures and time consuming constructiomahy different mixtures in the
laboratory. Because of the complexity of utilizimgn-linear mixing models, remote
sensing scientists rely almost exclusively on limeadels. In the linear model we
assume that the image spectrum is the concentnagarhted sum of the component

spectra. Thatis:

Where:

| is the image spectrum

W is the "weight

S is the I"component spectrum

Full linear unmixing is often a difficult probleto solve particularly if pure
mineral spectra are the desired endmembers. Roiixing requires that all of the
endmembers in an image be identified and thatata¢ number of endmembers must be
less than the total number of bands (RSI 2005aaRdr2001). Full unmixing is

normally implemented as an inversion of the miximgtrix problem. The method
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described by Boardman (1989) that uses Singulane/Blecomposition (SVD) is a
common implementation. Full unmixing is usuallypmct to “physical” mixing
constraints: all weights must be between zero ayeg and the weights must sum to one.
The assumption that all image endmembers are kmoakes the use of full unmixing
unwieldy to apply when pure mineral endmembergdasired. The inversion works well
when mathematical endmembers are derived frormtlhge data. Unfortunately, these
derived endmembers may actually represent mixthiesselves and not pure mineral
spectra. Partial unmixing methods are used whsslezted but incomplete set of
endmembers are used.

Partial unmixing methods allow a subset of thegenandmembers to be used to
solve the unmixing problem. The desired endmempectra are unmixed from a
“background” spectrum that can be modeled as né@eand 2001). Since the goal is to
enhance the desired endmember spectra and sufipedsackground “noise” an
approach that maximizes signal to noise (SNR)pgally used to solve the problem.

The Match Filter (MF) used in signal processingesigned to solve this type of
problem and is basis for most partial unmixingamote sensing (Farrand 2001). The
Match Filter algorithm is almost identical to therStrained Energy Minimization
(CEM) algorithm discussed in Farrand and Harsab§®97), van der Meer (2000), and
Farrand (2001). The approach is to find a vecparator that suppresses the background
spectrum and enhances the endmember spectrumopéhator is constrained to have
minimum energy across all pixels and have an ouipitO for the endmember spectrum
(Farrand 2001; van der Meer 2000). Farrand (2@efipes a solution as:

[l
AT

r is the full image correlation matrix
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d is the endmember spectrum

The operatorX is applied for each endmember producing an imége o
endmember weights or proportions. It is importantote that the correlation matrix is
nearly always singular for hyperspectral data.sThguires that an approximation be
used (Farrand 2001). Although the technique ipkmand rapid, it may in some cases
produce false positive results (RSI 2005a).

In order to deal with the ill-conditioned corraetat matrix and false positive
problems inherent in the CEM/MF method, a technigjugartial unmixing was
developed by Boardman et al. (1995). This has donbe known as Mixture Tuned
Match Filtering (MTMEM).

Mixture Tuned Match Filtering (MTMF) is a partial unmixing method that is
used extensively for mineral exploration remotesgen(Farrand 2001). It was
developed by Boardman et al. (1995) and involvesraber of processing steps. Prior to
processing, the image data are assumed to beataliio apparent reflectance. The first
step is a vector space rotation using the Minimums&l Fraction (MNF) method. This
method, developed by Green et al. (1988), is apatcomponent-type
orthogonalization rotation that results in compdeeandered in increasing rank of
random noise. Thus, a subset of components maglbeted that contains most of the
image information and minimum noise. Effectivelye higher order MNF components
are pruned from the data. It is important to nbeemethod assumes a random noise
model and does not work on images containing colh@reperiodic noise. The MNF
rotation and pruning solves two critical problemgwihyperspectral data: it reduces
dimensionality and it results in well-conditionetw(-singular) covariance and
correlation matrices. After pruning, mineral endnters may be found using the PPI
method or predetermined endmembers may be usguedétermined endmembers are
utilized from the original image data or a speditairy, their spectra must be subjected
to the same MNF rotation and pruning as the imaga.dThe CEM/MF method is then
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applied to the image using the transformed endmesnbeMNF space. The ENVI
implementation of MTME" produces an “infeasibility” image for each endmemb
component image. This image is used to threshai@duoy false positive results produced
by the CEM/MF technique.

2.6 Analysis Used in this Study

Overall, the analysis procedures undertaken sighidy are similar to the
standard procedures discussed above. Mineral entders are identified based on
research, manual data mining, and field measuremndriie feature space is manually
divided to focus on spectral ranges appropriateéaninerals being analyzed. And, the
image data are partially unmixed to highlight th@enal compositions indicative of acid

drainage.

2.6.1 Endmember Identification

The primary philosophy for endmember selectionons of constraining the
problem so as to produce reasonable results. Ungof spectral signatures is an ill-
posed problem in that virtually any spectrum maygdestructed from linear
combinations of many endmember spectra. Thugydheis to select theinimum set
of endmembers that adequately represents minexegemt in the data to be analyzed.
The two criteria for endmember selection are abnoe@f the endmember and
uniqueness of the spectra. For an endmemberwsdfal in an unmixing problem it
must be abundant. Mineral occurrences that anedfounly in a few pixels are best
mapped by target identification techniques rathantunmixing techniques.
Furthermore, endmembers must posses a unique amiifi@ble spectrum. Minerals
with poorly defined or weak spectra result in pand ambiguous unmixing analyses.

Endmember selection is undertaken using informdtiom the literature, the
field, and the hyperspectral imaging data itséfftevious mapping and interpretation of
the alteration systems by Cruson (1973) were use@vtelop an understanding of the
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hydrothermal alteration minerals likely to be founmdthe ground and their spatial
distributions. Work by Swayze et al. (2000) wapariant for developing an
understanding of the acid drainage iron miner&ksyito be encountered on the ground.
Prior to HSI data acquisition, a number of fieldits were undertaken and samples were
collected and spectroscopically analyzed. Thiskwesulted in a short list of known and
potential minerals. Hydrothermal alteration mitgfaund in the field through
spectroscopic analysis were primarily illites, witlnor kaolinite and dickite. The iron
minerals associated with acid drainage identifiegart of the NASA study were
dominated by jarosite, goethite, hematite, andHgdrite with minor occurrences of
schwertmanite, copiapite, and lepidochrosite. Af8I data acquisition, the images
were manually checked in ENVI (using the spectrefife tool) for spectra that matched
the target endmember mineral spectra. Mineraltsp&om the USGS Spectral Library
(Clark et al. 1993) and spectra collected in te&lfivere used for comparison. This
resulted in confirmation of the expected minerald alentified a significant occurrence
of pyrophyllite on a high ridge at West Red. Farthore, the image data showed that the
illite absorption minima shifted between about 21@2 and 2212 nm. As discussed
above, this variation in the wavelength positioryrna equated with variations in the
illite chemistry indicative of substitutions of ntagsium and/or iron for aluminum in the
crystal lattice (Yang et al. 2001). It is impoitém note that the process of endmember
identification described above was iterative andined a number of field visits and
reevaluation of the image data over time.

The final step in the endmember identification @sxis the extraction of image-
derived endmembers. This was accomplished by stigethe image data to single
endmember correlation analysis using SCM. Endmesyectra from field
measurements and the USGS Spectral Library resdrtpldST spectral resolution were
used. Each potential endmember is independerdfsarorrelated with every pixel in the
image. The pixels that have the highest corretatmefficient and show spatial
coherence are selected as the best image deridateemnbers. This exercise resulted in
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some endmembers being pruned as they did not ocdid not occur in adequate
abundances in the alteration zones to be usefthé&final analysis. The final list of
endmembers used for further analysis are: pyropdytickite, kaolinite, low Al illite,
medium Al illite, high Al illite, jarosite, goethet and hematite. In addition to the target
minerals a soil endmember is used. The soil spéttthe area have a muted clay
signature similar to montmorillonite and the usét @ls an endmember allows areas of
unaltered soil to be differentiated from alteratidfurthermore, only the endmembers
found in each alteration zone are used for analyst3Vest Red pyrophyllite, kaolinite,
dickite, medium Al illite, high Al illite, hematitegoethite, and jarosite are used. At East
Red kaolinite, medium Al illite, low Al illite, hemtite, goethite, and jarosite are used.

Theses endmember spectra may be found in Appendix D

2.6.2 Feature Selection

For this study, the spectra are divided into tegions for analysis: the
VNIR (446 nm to 1100 nm) for iron mineral analyarsd the SWIR (2002 nm to 2441
nm) for clay mineral analysis. The region betw&&f00 nm and 2002 nm is discarded as
it is dominated by atmospheric absorptions wheveny little signal is measured by the

instrument.

2.6.3 Partial Unmixing

While the standard partial unmixing techniquesuaésed above are powerful,
they were primarily developed and tested on AVIR#a. HST data have problems of
coherent, non-periodic noise and goniometric e$fdtat are different than AVIRIS. In

addition, the study area has very high relief anslibject to relatively strong illumination

variations. Finally, the physical and chemical theang in the area results in significant
mixing of minerals at the surface. Thus, the MTMiRethod is problematic in that the
non-white noise is propagated throughout the MNE&teal space (See Figure 2-12) and
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Figure 2-12. MNF Channel 1 of HST data. This cleushould have the lowest noise
component. Striping is clearly evident in the irmag

62



seriously degrades the final results. Furthermamegnalysis method is needed that is
relatively immune from illumination variations. rally, the surface mixing requires that
a partial unmixing approach be employed.

The instrument characteristics, field conditiond gesulting analysis
requirements strongly suggest that a differentymmaimethod be developed. The new
method is called Optimized Cross Correlation Migt(®@ CCM) analysis and is used to
perform a partial unmixing that is relatively imnauto illumination and does not require
re-projection of the feature space. The methdxhsed on calculation of the cross-
correlation coefficient. It is an extension of tB€M/CC classification technique in that
it incorporates mixtures of mineral spectra.

For each image pixel the maximum cross-correlasatetermined between the
image spectrum and linearly mixed spectra of trdsrembers of interest. The
philosophy behind the approach is that, for an engigel spectrum to be considered a
“good fit” to a target mixture spectrum, the imageectrum must closely match the shape
of the spectrum of the target mixture. Thus, tfuss-correlation between the image
pixel spectrum and the target mixture spectrum rbestlose to one. This is
implemented as a constrained, non-analytic, opation problem. The method is defined
as follows:

Find the vector of weights [J\Mhat maximizes:

(Wl E W ), - 0]
R - i=1l

\/ (Wl T ) ©,-0)°

i=1
Where:
R is the correlation coefficient

[W] is the weight vector

[E] is the endmember spectra matrix
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[V_V]E] is the mean of the synthetic (mixed) spectra
U is the unknown (image) spectrum
U is the mean of the unknown (image) spectrum
n is the number of channels in the spectrum
Subject to:
W land O W; 1foralli

This optimization finds the weighting factors the endmember spectra that
produce the highest cross correlation betweeneb@ting mixture spectrum and the
unknown image spectrum. Each weighting factooisstrained to be between zero and
one and the sum of all the weighting factors isst@ined to be less than or equal to one.
Thus the optimization identifies the mixture spectrthat most closely matches the
shape of the image spectrum.

Since the correlation coefficient between the fiestixture spectrum and
the image spectrum is calculated, it may be preseand used as a threshold to reject
poorly fitting results. These rejected pixels egeiivalent to the partial unmixing
background pixels in other partial unmixing algoniis. Optimization is solved using the
Generalized Reduced Gradient (GRG) approach deschibMurtagh and Saunders
(1978) as implemented in the IDL function “CONSTRD_MIN” (RSI 2005b). The
IDL source code for OCCM may be found in Appendix B

The GRG approach is gradient based and does nessexrily identify the global
maximum in the solution space. In optimizationipeons the question arises as to
whether a global optimization method, such as @gealgorithm, is needed to
adequately solve the problem. The reliabilitylod tesults for a gradient-based
optimization depends on the problem being “welldadd” (i.e., there are not a large
number of local maxima) and the selection of reabtminitial values.

In order to determine the behavior of the problenumber of tests were run to

allow the solution space to be visualized. In ¢éhests, an image pixel is selected and
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gualitatively, interpreted for the mineral compwmsit The cross-correlation solution
space is then calculated (quantized to ten pemm@npositional increments). An
example of a solution space for an iron minerdlitedisplayed in Figure 2-13 as a
ternary diagram with the correlation coefficientaaacoded. The results show that the
problem is well behaved. The solution space isacgmand contains a single maximum
and no significant local maxima. These resultdiomnthat a gradient approach to the
optimization problem is adequate for at least lie¢ component case.

The selection of initial values is made in a wasttstarts the problem close to the
solution maxima in most cases. The cross-cormlatbetween the unknown image
spectra and each of the endmember spectra arecindieqtly calculated and the
endmember that has the highest cross-correlatimerified. The initial values are set
to 100% of this endmember and 0% of all the others.

The CONSTRAINED_MIN algorithm in IDL provides anfarmational code
each time it is called that indicates how the peabterminated. Two conditions are
considered acceptable terminations: the Kuhn-Tuc&editions are satisfied; or the
improvement between iterations falls below a thoésh If these conditions are not met a
different initial value is selected and the optiatian is attempted a second time. If the
conditions are not met a second time the programsgip and moves on to the next
pixel. The termination code is preserved as amgenayer so that the quality of the
optimization results may be checked.

Optimization problems are iterative and the nundfeterations needed to find
the maxima are unknown and unpredictable a pribhius, pixel by pixel optimization
may take a significant amount of computer resouacetime. This is mitigated for the
analysis conducted here by intelligently maskirgjithage data. Since we have no
interest in the vegetated areas of the image, enbllared Difference Vegetation Index
(NDVI) is calculated and used to mask out all pxelth a significant vegetation

component. Deeply shaded pixels are also of kttlee to unmix since the pixel spectra
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Figure 2-13. Solution space for partial unmixirigron minerals.
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have little signal and are dominated by noise. sEhae masked by calculating and
thresholding antnorm image. These masks remove most of the pinele images

that are irrelevant to the problem. Other maskg beaconceived for different situations.
Cloud and snow masks are two that might be commuaseyl.

The OCCM analysis program produces a multi-banatifhg point image that
contains a component band for each endmember kétproportion encoded between
0.0 and 1.0. In addition bands encoded with theszcorrelation coefficient between the
image pixel and the solution spectra and the CONGNED_MIN termination code are
included. The correlation image provides a direeasurement of the goodness of fit of

the solution.

2.6.4 Comparison of Partial Unmixing Methods

Comparisons of the Match Filter, Mixture Tuned bhaFilter, and Optimized
Cross Correlation Mixture methods are shown inrgg2-14 through 2-16. The results
of each analysis are linearly scaled between zedamae. All of the analyses produce
similar mineral distributions. The Match Filtesstdts are relatively noisy and posses low
values indicating relatively poor matches to thdreambers (See Figure 2-14). The
Mixture Tuned Match Filter analysis is performedhgshe first twenty bands of the
Minimum Noise Fraction image. The results are reddiy manually selecting the pixels
with high Match Filter scores and low infeasibilggores in two-dimensional scatter-
plots. The MTME" results possess higher values than the MF resdisating better
matches to the endmembers (See Figure 2-15). @uheoise in the form of vertical
striping is, however, significant in the MTMFEmage. This is due to propagation of the
striping by the MNF rotation. Both the MF and MTRifnethods introduce false results
north and south of the alteration system (See Eg)Ar14 and 2-15, Locations A and B).
Results from the Optimized Cross-Correlation Migtanalysis are shown in Figure 2-16.

The results are masked to allow pixels with a dati@n coefficient greater than .995 to
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Figure 2-14. Match Filter results for iron mineemdmembers at West Red. Calculations are pertbrmENVI
4.2.
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Figure 2-15. Mixture Tuned Match Filter results iimn mineral endmembers at West Red. Calculatare
performed in ENVI 4.2.
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Figure 2-16. Optimized Cross-Correlation Mixtuesults for iron mineral endmembers at West Redculaions
are performed with code found in Appendix B.



be visible. The OCCM analysis produces resulth Witjh spatial coherence and low
noise. The image striping is not enhanced byrttethod. The false results seen in the
MF and MTME™ analyses are not found in the OCCM results.

Overall, the OCCM analysis produces spatially ceheresults that are less noisy
than the MF and MTME results. In addition, it is less susceptible toduicing false

results.
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CHAPTER 3

RESULTS

3.1 Introduction

The results of the data analysis for the HST datgoresented as well as a
comparison with AVIRIS results. Acid sources afated to the remote sensing
mineralogy, topography, precipitation patterns, arapped and interpreted geologic
structures. The results are validated through @ispn of image spectra with ground
spectra, comparison of the results with field obagons, and spatial statistical analysis.

The HSI data for the East Red and West Red ataraystems are processed by
the methods described in Chapter 2. The datanaapparent reflectance scaled between
zero and one in floating point format. Wavelengpibsets of the images are used for the
processing. A VNIR image is used for unmixinglod iron minerals and a SWIR image
is used for unmixing of the clay minerals. Jamsjoethite, and hematite are used as the
iron mineral endmembers. Pyrophyllite, dickitepkaite, high aluminum illite, medium
aluminum illite, and low aluminum illite are usesl the clay mineral endmembers.

Figures 3-1 through 3-8 provide overviews of thesand East Red targets.
Figures 3-1 and 3-2 are natural color NAIP image#/est and East Red. The informal
locality names and field sample locations are aatedton these images. Figures 3-3 and
3-4 are enlargements of the areas with the sardptdification numbers annotated.
Figures 3-5 and 3-6 show the HST and AVIRIS dateecage for West Red. It is
important to note that the AVIRIS data covers ahly east slopes of West Red. Finally,
Figures 3-7 and 3-8 show the HST and AVIRIS covemigEast Red.
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Figure 3-1. NAIP natural color image of West Ré&bordinates are UTM Zone 13, NAD27 Datum.



Figure 3-2. NAIP natural color image of East R&bordinates are UTM Zone 13,
NAD27 Datum.
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Figure 3-3. West Red annotated with sample ideation numbers.



Figure 3-4. East Red annotated with sample ideatibbn numbers.
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Figure 3-5. HST image coverage of West Red.
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Figure 3-6. AVIRIS image coverage of West Red.



Figure 3-7 HST image coverage of East Red.
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Figure 3-8. AVIRIS image coverage of East Red.
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3.2 Iron Analysis

The iron mineralogy is the most direct indicatadracid generation processes. In
particular, the presence of jarosite is an indacabf active acid generation as it is stable
at low pH (< pH 3). Except at very low pH, goeghiibrms in association with jarosite
(Zolotov and Shock 2004). The formation of heneastmore complicated. Hematite
may be directly re-crystallized from goethite ahpeerature in excess of 250°C, formed
by dehydration of goethite, or precipitated fronrifeydrite (Gualtieri and Venturelli
1999). Ferrihydrite is common in the acidic streadmelow the alteration zones but is not
found in abundance in the acid seep zones. Hematihe alteration zones is most likely
either primary hematite formed during hydrothera&lvity or secondary hematite
formed by dehydration of goethite on relatively doyfaces. The dehydration
phenomenon is seen in the lower reaches of thesgsiem where the stream course is
dominantly goethite whereas the exposed boulddtseadriest edges of the channel are
coated in hematite.

The iron mineral results for the alteration zoaespresented as hematite,
goethite, jarosite mixture images and jarosite/gitetratio index images. The results for
AVIRIS data are presented for comparison as aigatibn of the reliability of the HST

results.

3.2.1 WestRed

Figures 3-9 and 3-10 show the iron mineral unngxesults for HST and
AVIRIS data. In general there is good agreemetwéen the HST and AVIRIS results.
The AVIRIS data tends to show more hematite tharHB8T data. This is most evident

at the southern end of the alteration zone.
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Figure 3-9. HST partial unmixing analysis of iromerals for West Red.
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Figure 3-10. AVIRIS partial unmixing analysis obir minerals for West Red.



The western slopes of the West Red alteration syate dominated by jarosite
and goethite (See Figure 3-9). South of PyropteyHulch a nearly continuous zone of
acid seepage occurs at a subtle break in slope¢lsiv the ridge crest (See Figure 3-9,
Location A). This locus of seepage may be duectly to the topographic break or due
to the presence of more persistent snow cover athevireak in slope. Jarosite occurs
further down the drainage channels than the uredised slopes. Jarosite-goethite zoning
is clearly exhibited downslope and laterally in ti@nnels. Within Pyrophyllite Gulch,
jarosite is concentrated within the drainage chh(®ee Figure 3-9, Location B). This is
likely due to the availability of water from snowgk sheltered within the steep sided
gulch. Summer NAIP imagery shows a persistent go@aek in this area (See Figure 3-
1). The upper reaches of Ruby Mine Gulch are datgie alteration zone and devoid of
jarosite. A field verified acid seep (See Figur®,3.ocation C and Figure 3-11) near the
mouth of the gulch is highlighted by jarosite tlsatightly zoned with goethite. A
hematite zone at the top of the ridge north of RMinye Gulch appears to be primary in
nature.

The eastern slopes of West Red show significahtfgrent iron mineral
distributions than the western slopes. The uploges are dominated by goethite and
hematite with small jarosite zones at the north souath ends and at the ridge crest near
the center. The strongest jarosite zone liessoisth of a mapped inter-caldera collapse
structure. This corresponds to a field verifieddaszep (See 3-9, Location D and Figure
3-12).

The jarosite/goethite ratio index image is showfigure 3-13. This provides a
direct indication of the most likely locations afid seeps. The ratio image verifies the
seep locations interpreted from the mixture imalgeaddition, a possible acid seep is
highlighted at the edge of a hematite zone on #iséeen slope (See Figure 3-13, location
A).

Perspective views of West Red with overlays ofj#inesite/goethite ratio are
shown in Figures 3-14 and 3-15. The east lookimage (See Figure 3-14) highlights the
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Figure 3-11. Acid seep at the mouth of Ruby MingdB on the west slope of West Red.
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Figure 3-12. Acid drainage at Jarosite Slide onetdt slopes of West Red.
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Figure 3-13. Jarosite/goethite ratio image of Wrssd.
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Figure 3-14. Perspective view looking east at tlestvglope of West Red. The base image is NAIPralatolor and
the overlay is the jarosite/goethite ratio.
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Figure 3-15. Perspective view looking west at tast slope of West Red. The base image is NAIPralatolor and
the overlay is the jarosite/goethite ratio.



topographic control of the seep locations. Th@sege focused just below the ridge
crest at a subtle break in slope. The west lookimage (See Figure 3-15) highlights the
seep on the lower flank of the system. The diffees in the iron mineralogy between
the east and west slopes of West Red are likely@aecombination of precipitation
patterns and geologic structure. The west slopeas to receive more precipitation
than the east slope which follows the general ditnzattern in the Rocky Mountains.
This may allow more dehydration of goethite to hetaean the east slope of the system.
An interpretation of geologic structures is showirrigure 3-16. These are interpreted
from alteration contacts and photo lineamentsmdrst cases the acid seeps are
associated with the interpreted structures. Oftrsiggificance on the east slope is the
intersection between an interpreted structure amagped inter-caldera collapse
structure (See Figure 3-16, Location A). Thisliséetion likely creates a highly porous

zone that drains much of the ground water frometdnst slope of the system.

3.2.2 East Red

Figures 3-17 and 3-18 show the iron mineral unngxesults for HST and
AVIRIS data for East Red. In general there is gagteement between the HST and
AVIRIS results. The AVIRIS data results do notwtany iron minerals on the upper,
steep slopes of North Bowl. This is attributeghadowing of the area in the AVIRIS
data (See Figure 3-8) resulting in very low signal.

North Bowl is dominated by zoned jarosite and gibetlith some areas of
hematite (See Figure 3-17, Location A). Jarogitels to occur on the upper slopes and
grade into goethite on the lower slopes. The higenadnes likely represent drier areas
where some goethite dehydration occurs. The zoné¢ise upper slopes that show no
iron minerals were covered in snow at the timenefHIST survey. The linear feature

(See Figure 3-17, Location B) is a data glitch ahduld be ignored. The acid seeps
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Figure 3-16. Interpreted and mapped structuredaimeon the jarosite/goethite ratio image of WResd.



Figure 3-17. HST partial unmixing analysis of inmmerals for East Red.

92



Figure 3-18. AVIRIS partial unmixing analysis obir minerals for East Red.
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within North Bowl feed one of the lowest pH draieadgSayres Bowl Stream) feeding
into the South Fork of Lake Creek (Sares et gbra@paration).

The area just south of the ridge crest is dominajegoethite. Some of this south
facing slope is lightly vegetated which masks tio@ iminerals. The intense zone of
hematite and jarosite (See Figure 3-17, Locatioafpears to be the most significant
acid seep within South Bowl. A small jarosite ateuce (See Figure 3-17, Location D)
is a field verified mine dump. The adit that s@dc¢his material is collapsed and does
not show evidence of acid drainage. The strongatiégrzone appears to be primary
hematite related to a structure or lithologic wedge

The jarosite/goethite ratio index image is showhigure 3-19 and provides a
direct indication of the most likely locations afid seeps. The ratio image verifies the
seep locations interpreted from the mixture ima8eid drainage also appears to be
associated with the strong hematite zone. (Sea¢-@1l19, location A).

Perspective views of East Red with overlays ofjsinesite/goethite ratio are
shown in Figures 3-20 and 3-21. The south lookimgge (See Figure 3-20) highlights
the seeps within North Bowl. The north looking gegSee Figure 3-21) highlights the
seeps within South Bowl.

Controls on the iron mineralogy and acid seepsaat Red appear to be related to
topography, geologic structures, and possibly lagg. The north-facing slopes in North
Bowl have more persistent snow cover than soutimfeslopes. This allows for a longer
seasonal period of seepage and drainage withirhNBmnivl that results in the broad area
of jarosite and acid seepage. There are fewer stazctures at East Red than West Red.
Structures appear to focus acid seepage at leadbbations (See Figure 3-22, Locations
A and B). The interpreted structure that crossesrapped caldera bounding fault
appears to be post collapse and may be relategtogence (See Figure 3-22, Location
B). Itis also possible that the structural wedhewn in Figure 3-22, Location A is

bounded by contacts rather than structures.
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Figure 3-19. Jarosite/goethite ratio image of Wresd.
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Figure 3-20. Perspeace view looking south at the north slope of EastiR The base image is NAIP natural color
the overlay is the jarosite/goethite ratio.
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Figure 321. Perspective view looking north at the soutipslof East Red. The base image is NAIP naturak aoid
the overlay is the jarosite/goethite ratio.



Figure 3-22. Interpreted and mapped structuredaesn the jarosite/goethite ratio
image of East Red.
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3.3 Clay Analysis

The relationship between clay minerals and acahdige is potentially more
subtle and complex than iron minerals. Clays areéd during hydrothermal activity,
and thus predate the acid generation processe®tg/tiran 30 million years. The clays
mapped are pyrophyllite, kaolinite, dickite andell Furthermore, illite is mapped as
high, medium, and low aluminum variants. Theseltesre presented as kaolinite,
dickite, pyrophyllite mixture images which repres#re argillic alteration and high,
medium, low Al mixture images which represent thigd (“sericitic”) alteration. These
images are subsets of a multi-component mixturésisahat also includes a soil
endmember. The weathering of igneous rocks pradsoigs with a weak montmorillite
spectral signature. Thus, the soil endmembercisded to differentiate alteration clays

from weathering clays.

3.3.1 West Red

The West Red alteration systems shows both argitid illitic alteration. Based
on interrogation of the images, single endmembeetaiion analysis, and ground
measurements the West Red data were analyzedarkgdlinite, dickite, pyrophyllite,
high aluminum illite, medium aluminum illite, andis Low aluminum illite was not
found on the ground or in the image. Figures 228 3-24 show the argillic alteration
from HST and AVIRIS. The argillic images showrsigcant differences between the
HST and AVIRIS results. The pyrophyllite zone ($égures 3-23 and 3-24, Location
A) is well characterized in both datasets (keepmignind that it is at the edge of the
AVIRIS image). The eastern slope below the pyrdigbyutcrop (See Figures 3-23 and
3-24, Location B) is, however, mapped as dickitthenHST image and a mixture

containing some pyrophyllite and kaolinite in th®IRIS image. This is due to the non-
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Figure 3-23. HST partial unmixing analysis of ctainerals, argillic endmembers, for West Red.
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Figure 3-24. AVIRIS partial unmixing analysis ¢&g minerals, argillic endmembers, for West Red.



uniqueness of mixture modelling in the SWIR. Efifegly, a dickite spectral signature
may be constructed from mixtures of pyrophyllitétd, and kaolinite. The relatively
dark color of the area is an indication that th&tore analysis has included small
amounts of each endmember. The eastern middle sfoy/est Red also shows a
discrepancy between HST and AVIRIS with the HSTgmahowing a relatively weak
kaolinite signature whereas the AVIRIS image shawkaolinite (See Figures 3-23 and
3-24, Location C). This is more difficult to egpt but is likely due to a 5 nm shift
between the HST and AVIRIS data in the area ok#dwinite “shoulder” at 2175 nm.
HST has a channel at the center of the should&tZ nm whereas AVIRIS has
channels at the edges of the shoulder at 2171 Wn2E811 nm. Visual analysis of HST
spectra from the area shows a subtle asymmetheddtisorption feature that may be
indicative of a small amount of kaolinite. A fieldmple from the bottom of the slope
(WR-07E) also shows a weak kaolinite signaturethwhe exception of the pyrophyllite
zone, the argillic signatures for West Red ardyfaieak. Figure 3-25 illustrates the
areas with the highest argillic concentrations lbgveing only the pixels with mixture
contributions greater than 50 percent. The itigsults for HST and AVIRIS are very
similar (See Figures 3-26 and 3-27).

The argillic image shows a minimal correlationwatcid seep locations
highlighted in the jarosite/goethite ratio imageé3-igure 3-28). Although there appears
to be some association between dickite and acjossége dickite concentration is very
low as shown in Figure 3-25. Kaolinite appearshow a reverse correlation with the
acid seeps. The argillic mineral distribution ismnindicative of the temperature of the
hydrothermal fluids. Kaolinite, dickite, and pytoglite form at increasingly higher
temperatures under consistent eH-pH conditionse presence of pyrophyllite at the
northern end of the West Red system indicatesthiatvas the hottest part of the system
during the hydrothermal activity.

The illitic mineral distribution shows good comgbn with acidic seeps (See
Figure 3-29). In particular, acid seeps occur noften in areas with medium aluminum
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Figure 3-25. HST partial unmixing analysis of ctainerals, argillic endmembers greater than 50%\WWest Red.
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Figure 3-26. HST partial unmixing analysis of ctainerals, illitic endmembers, for West Red.
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Figure 3-27. AVIRIS partial unmixing analysis ¢&g minerals, illitic endmembers for West Red.
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Figure 3-28. HST partial unmixing analysis of ctainerals, argillic endmembers, for West Red with dontours of
the jarosite/goethite ratio.
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Figure 3-29. HST partial unmixing analysis of ctainerals, illitic endmembers, for West Red with &ontours of
the jarosite/goethite ratio.



illite and least often in areas with high aluminiliite. The reverse association is not
true in that some areas with medium aluminum itlitenot have active seeps. These
areas may have had active seeps in the past. Ifilostacomplete lack of acid seeps
within zones of high aluminum illite is noteworthfhere are two possible explanations
for this phenomenon. Firstly, the aluminum cheryisf the illites is determined by the
chemistry of the hydrothermal fluids. In this saga the medium aluminum illite zones
represent areas subjected to alteration by fluitls lvgher iron concentrations than the
areas with high aluminum illite. Thus, the medialuminum zones are more likely to
contain pyrite needed for acid generation. Thesee&xplanation is that the illites have
been subjected to secondary, supergene alteratirelacidic surface and ground
waters. These waters often carry high concentratid iron (Sares et al. in preparation).
lllites that are subjected to continuous exposaracidic, iron rich, fluids may have
aluminum replaced by iron. This may also explampresence of high aluminum

content of some surface waters measured by SaatS(iet preparation).

3.3.2 East Red

The East Red alteration system has weak argltécadion and is dominated by
illitic alteration. Based on manual inspectiortlod images, single endmember
correlation analysis, and ground measurement&dlseRed data were analyzed only for
kaolinite, medium aluminum illite, low aluminumitk, and soil. High aluminum illite
was not found on the ground or in the image. Pyybipe and dickite were found at a
single location on the ground (ER-9-11) in a roat cThis appeared to be in a narrow
structure far below the HST spatial resolution. digificant occurrences of these
minerals were found by single endmember correlamalysis. Figures 3-30 and 3-31
show the HST and AVIRIS results for argillic alteoa. HST shows more kaolinite than
AVIRIS although the general spatial distributiorsisilar (See Figures 3-30 and 3-31).

108



Figure 3-30. HST partial unmixing analysis of ctaynerals, argillic endmembers, for
East Red.
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Figure 3-31. AVIRIS partial unmixing analysis oaglminerals, argillic endmembers,
for East Red.
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As with the iron images, the AVIRIS data in Nortbvid are shaded and have inadequate
signal for reliable analysis. The illite results HST and AVIRIS are very similar (See
Figures 3-32 and 3-33).

The kaolinite signatures at East Red, althoughkw&zow a general negative
correlation with the acid seeps interpreted fromitbn imagery (See Figure 3-34). This
is similar to West Red but more pronounced. Tk & significant occurrences of
dickite and pyrophyllite indicate that East Red wabjected to different hydrothermal
processes than West Red. The difference in thii@gadteration at East and West Red
lends support to the interpretation by Fridriclalei{1991) that places the East Red
alteration during early intrusive activity and Weest Red alteration during resurgence.
Their main reasoning for the timing of the East R&dration is that the main caldera
bounding fault truncates the alteration. This @ppé¢o be contradicted in Figure 3-34
which clearly shows argillic alteration outside agast of the caldera bounding fault.
This is likely a mapping accuracy issue whereinféudt location is actually further east
than shown in the 1:100,000 scale geologic magidfiEh et al. (1998).

Acid seeps at East Red are associated with theggst zones of medium and low
aluminum illite (See Figure 3-35). As at West Ribe reverse association does not hold
— some zones of medium and low aluminum illite dbhmave active acid seeps. Itis
interesting to note that the areas of strongestdmminum illite (See Figure 3-35,
Location A) correspond to zones of high hematitais may indicate that primary
hematite was present during hydrothermal alteratimoh substituted for aluminum in the

illite.
3.4 Validation

The results of the analysis are validated thrayggditative field observations,
comparison with the theoretical model of acid dagie mineral distribution, comparisons

between image and ground spectral measurementspatidl statistical analyses.
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Figure 3-32. HST partial unmixing analysis of ctajnerals, illitic endmembers, for
East Red.
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Figure 3-33. AVIRIS partial unmixing analysis oaglminerals, illitic endmembers,
for East Red.
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Figure 3-34. HST partial unmixing analysis of ctaynerals, argillic endmembers, for
East Red with 1.0 contours of the jarosite/goettati.
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Figure 3-35. HST partial unmixing analysis of ctajnerals, illitic endmembers, for
East Red with 1.0 contours of the jarosite/goettati.
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Field observations of acid seeps and one mine dronfirm the iron mineralogy
mapped by the remote sensing data. At West Rédealocalized natural seeps in Ruby
Mine Gulch (See Figure 3-36) and the Jarosite Stidegeekaboo Gulch (See Figure 3-
37) are highlighted by the analysis. Although sese not as localized at East Red, the
broad area of acid generation identified in NordwB(See Figure 3-38) feeds into a
stream identified in Sares et al. (in preparatempeing highly acidic. In addition,
identified zones of acid generation in North Bosgd€ Figure 3-39) lie within the
watershed that feeds Sayres Bowl Creek (SBS) whialso acidic (Sares et al. in
preparation). Finally, a small mine dump in SoBtwl is identified (See Figure 3-40)
which is a strong jarosite zone.

The iron mineral zoning patterns highlighted by éimalyses fit the theoretical model
reasonably well. The model of acid drainage ironemalogy presented in Swayze et al.
(2000) (See Figure 3-41) predicts zoning from jaeo® goethite to hematite in active
acid systems. The jarosite-goethite zoning isrblezvident on the west slopes of West
Red (See Figure 3-42) and North Bowl and South Bavidast Red (See Figure 3-43).
The small mine dump in South Bowl also exhibitsingr{See Figure 3-40). Jarosite
Slide in Peekaboo Gulch exhibits very narrow zor{idge Figure 3-37). This is likely
due to the localized nature of this seep. The rairmning is highly telescoped at the
edges of the drainage. In addition, the seep slidinectly into vegetated iron bogs and is
hidden from the airborne imagery. These bogs ntasklownstream goethite signature.
The hematite occurrences in the analysis are nwrplex but predicted by the model.
This is explained by the local precipitation patteand topography and the presence of
both NAD related hematite and primary hematiteeasrthat are relatively dry are
conducive to goethite dehydration and hematite &bion while wetter areas contain
goethite. A number of hematite occurrences algeapto be due to primary hematite,
particularly in South Bowl at East Red (see Figaw#4).

A number of samples were collected and are usgdrtfy the image spectra.

The sample locations were located with a Magellatd@VAAS enabled GPS. This
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Figure 3-36. Iron analysis of Ruby Mine Gulch gndund photo of Ruby Mine Gulch. Location A is titive acid
seep, location B is a jarosite zone below the ,saeg location C is a hematitic zone above the.seep
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Figure 3-37. Iron analysis of seep area in Peek&adch and ground photo of the acid seep. Lonaias the
area of the seep in the image and photograph.
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Figure 3-38. Iron analysis of North Bowl and awgrd photograph of sample location SBS-1 (From Setres in
preparation).
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Figure 3-39. Iron analysis of East Red and a grqamatograph of Sayres Creek.
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Figure 3-40. Iron analysis of a small mine dum@outh Bowl and the NAIP photo showing the dump autidl
location.



Figure 3-41. Idealized iron mineral zoning in amdagenerating system (repeat of Figure
1-5 from Swayze et al. 1996).
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Figure 3-42. Jarosite to goethite zoning on thetwmpes of West Red.

123



Figure 3-43. Jarosite to goethite zoning in Norld &outh Bowls at East Red.
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Figure 3-44. Zones of possible primary hematitEast Red.
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provides a location accuracy of approximately 3Mmeteen of the samples are used for
the spectral validation. Each sample was analydttdan ASD Terraspec spectrometer.
Care is taken to measure the rock surfaces that egrosed in the field. The spectra are
resampled to match the HST instrument and spbt\YIIR and SWIR subsets matching
the wavelengths used in the iron and clay minaralyges. The spectra of pixels at the
sample sites are extracted from the imagery amnssaorrelated with the sample spectra.
This results in a correlation coefficient for eaample which provides a measurement of
the similarity of the sample and image spectraselaon comparison of randomly
selected pixel spectra and manual interpretatjpectsal pairs with correlations less than
0.95 are considered “dissimilar” and spectral paith correlations greater than 0.99 are
considered “nearly identical”. The correlatiosults for West and East Red are shown
in Figures 3-45 through 3-48. Comparison plotthefspectra pair for each sample are
provided in Appendix E. The correlation analyssults for the West Red VNIR
samples exhibit strong similarities between thaugtband image pixels (See Figure 3-
45). All of the spectra have correlation coefinteegreater than 0.95 and seven of the
eleven samples have correlation coefficients greass 0.99. The SWIR results are
more variable with eight of the samples having @atrons greater than 0.95 and none
exceeding 0.99 (See Figure 3-46). The East RedR\&dimples also have good
correlation with all samples exceeding 0.95 and Samples greater than 0.99 (See
Figure 3-47). The SWIR samples for East Red ($ger€ 3-48) show stronger
correlation than those for West Red. Six of thegas have correlations greater than
0.95 and three samples are greater than 0.99.

Data validation from ground samples is an exeritiaehas the potential for two
errors: scaling and positioning. The image dageaaqguired over an area several meters
in size while the ground spectra are measureceéat ith a Terraspec) over a spot less
than one centimeter in size. Thus scaling is ansurce of potential error. While an
attempt is made to collect a representative saimpbe a pixel-sized area, there is no
certainty that ground spectra are truly represemtatAs discussed in a previous section,
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Correlation Between Ground and Image Spectra for We st Red VNIR

0.9

Correlation Coefficient

0.8

pyg-006 pyg-007 pyg-008 pyg-009 wr-03 wr-07a wr-07b  wr-07c  wr-07d wr-07e  wr-07f
Sample ID

Figure 3-45. Correlation between ground and imalyéRvspectra for selected samples at
West Red.
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Correlation Between Ground and Image Spectra for We st Red SWIR

0.9

Correlation Coefficient

0.8

pyg-006 pyg-007 pyg-008 pyg-009 wr-03 wr-07a wr-07b wr-07c wr-07d wr-07e  wr-07f
Sample ID

Figure 3-46. Correlation between ground and imag@RSspectra for selected samples at
West Red.
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Correlation Between Ground and Image Spectra for Ea st Red VNIR

Correlation Coefficient

er-9-03 er-9-04 er-9-05 er-9-06 er-9-08 erm-01 erm-02 erm-03
Sample ID

Figure 3-47. Correlation between ground and imalyéR/spectra for selected samples at
East Red.
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Correlation Beween Ground and Image Spectra for Eas  t Red SWIR

Correlation Coefficient

er-9-03 er-9-04 er-9-05 er-9-06 er-9-08 erm-01 erm-02 erm-03
Sample ID

Figure 3-48. Correlation between ground and imag@RSspectra for selected samples at
East Red.
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the high relief of the survey area resulted in gigant, uncorrectable, geometric
distortions. Thus, the location of pixels in theagery is subject to error. The local
terrain may also affect the accuracy of the GPSsorements. GPS measurements made
with poor sky visibility due to terrain may haveghierrors. Scaling errors likely explain
the lower correlations in the West Red SWIR datgest Red is a complex alteration
system with illitic and argillic alteration. Althigh a sample may be dominated by illite,
argillic minerals may be found in small fracturéhus a pixel may show an illitic
signature whereas a hand specimen may be argilhe. East Red SWIR data has high
correlation values because the system is domirmtddtic alteration and argillic
“contamination” of field samples is rare. The loarrelation of sample erm-03 is
explained by the fact that it was collected ondbetact between altered rocks and fresh
volcanic rocks. Positional errors likely expléie low correlations of samples from
Pyrophyllite Gulch (pyg-006 to pyg-008). These phen were collected in a narrow
gulch on the west side of West Red and had very @&$5 constellation geometry.

The final data validation approach is an analg$ithe spatial statistics of the
mineral mixture images. The assumption is thatepkat fault and lithologic contacts,
changes in the mineralogy of the surface occurugiylover distance. Thus, the
mineral analyses should show spatial coherenceh e exceptions of data defects, the
results appear to be spatially coherent by visusdection. However, the spatial
coherence of the results may be quantified by ¢aticun of the spatial statistics. This is
accomplished by the calculation of Moran’s | statssfor the mineral mixture images.
The statistics were calculated using “Global Sp&iatistics” in ENVI 4.2. The
Moran’s | method calculates the autocorrelatioro{lan image over a sequence of spatial
shifts (lags) (RSI 2005a). An autocorrelation eati 1 indicates perfect autocorrelation
(i.e., the value of a pixel at one location presligipixel with the same value at another
location), a value of 0 indicated no autocorrelafjioe., perfect randomness), and a value
of -1 indicated perfect negative autocorrelatioa.(ithe value of a pixel at one location
predicts a pixel with the negative value at anotbeation). In addition, the Z score for
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each lag is calculated to allow hypothesis testifilge results of the mineral analysis
were subjected to Moran’s | using a lag value di pxels and “Queens Move” topology
(i.e., horizontal, vertical, and diagonal lags).déta mask was applied to limit the
calculations to valid data. The results of Mordrcslculations are shown in Figures 3-
49 through 3-52. The raw autocorrelations for Waest East Red shown in figures 3-49
and 3-50 indicate that the mineral distributiores spatially coherent. At West Red the
spatial coherence of kaolinite, dickite, and gdetdiegrades over somewhat shorter
distances than the remaining minerals with goegtitaving a slight negative spatial
autocorrelation. At East Red, hematite is slighds spatially coherent than the
remaining minerals. The Z Scores of Moran’s | pttdly provide some additional
information about the spatial coherency and arevaha figures 3-51 and 3-52. In this
case the Z-scores largely follow the patterns efahitocorrelation. This indicated that

the standard deviation is well behaved at diffefags.
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Moran's | Autocorrelation - West Red

= Hematite
= Goethite
Jarosite

Kaolinte
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== High Al lllite
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Figure 3-49. Moran’s | autocorrelation for minepalrtial unmixing results of West Red.
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Moran's | Autocorrelation - East Red
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Figure 3-50. Moran’s | autocorrelation for minepalrtial unmixing results of East Red.

134



Moran's | Autocorrelation Z(l) - West Red
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Figure 3-51. Z-score of Moran’s | autocorrelatfonmineral partial unmixing results of
West Red.
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Moran's | Autocorrelation Z(l) - East Red
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Figure 3-52. Z-score of Moran’s | autocorrelatfonmineral partial unmixing results of
East Red.
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CHAPTER 4

SUMMARY

4.1 Conclusions

The hyperspectral imaging data clearly show cotragons of jarosite and
goethite in areas of known and suspected acid sedps altered and mineralized
systems within the caldera. The geometry, distigioy and nature of the seeps are also
revealed. Some seeps are point sources and e@@ntidy from the ground, such as the
seeps in Ruby Mine Gulch and Jarosite Slide at \Wedt Other seeps are more
distributed and less obvious from the ground, sagcbeneral seepage in North Bow! at
East Red and the western slopes of West Red. othédns of seeps are primarily
controlled by topography, structure, and precitapatterns. Seeps occur where water
is present, whether it is on persistently wet, segslopes or through a draining
plumbing system caused by faults and fractures ré&lationship between the argillic
and illitic alteration minerals and acid drainagéess clear cut but intriguing. Acid seeps
appear less likely to occur in areas of kaolinitd high aluminum illite and are
concentrated in areas with medium and low alumiillit®. The relationship is not one
to one but is significant enough to warrant furtbterdy.

4.2 Contributions

This research contributes to site specific knogéedf the alteration systems in
the Grizzly Peak Caldera and general knowledgeathodologies for mapping acid
drainage systems.

137



This work provides a high resolution, spatially qoete, mineralogical map of
the alteration systems at East and West Red whprea®usly mapping was done
through conventional field traverses. The previeosk classified alteration on the basis
of general economic geology alteration categomesitz-sericitic, argillic, etc.) and did
not map variations in iron mineralogy. The hypexdpal mapping of the iron and clay
mineralogy reveals variations and zoning that &teal to a complete picture of the acid
sources in the systems. When this is combined awithilary data, the controls and
mechanisms of the acid seeps and springs are eglve@lverall, the results are useful to
regulatory and monitoring agencies by providingomprehensive map of the sources of
acid drainage that impact the Lake Creek watershed.

In a general sense, the methodology for charaet&siz of acid drainage with
hyperspectral imaging data presented here hasaatigns for water quality monitoring,
exploration, and pre-mining baseline studies. U$eof a partial unmixing analysis
highlights subtle zoning of iron minerals that des the specific channels affected by
acid drainage. This allows water quality monitgrio be focused on the most
significantly affected channels. Since acid watgesgenerated by sulfides, the location
of the most intense acid drainage will likely codewith the most intense mineralized
zones. Whereas hematite is obvious in the fibkelniore subtle zones of jarosite and
high jarosite/goethite are more likely to mark arbagh in sulfides. Thus, these locations
are important exploration targets. Pre-mining basestudies of acid drainage are
important for both mine planning and documentatibpreexisting environmental
degradation. An understanding of the acid drairsggéem permits mine planning to be
conducted in a way that anticipates and mitigate¢ergial acid drainage during and after
mine development. The research provides a reaboteabplate for pre-mining site
characterization of acid drainage.

The methods and processing used and developba@iwaork provide a template
for the efficient analysis of hyperspectral datadoid drainage problems. The use of
field data, geologic models, iterative manual daspection, and correlation
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classification allow the selection of endmembereréh spectra that are appropriate to the
problem. The OCCM partial unmixing method produeesilts that make sense from a
spectroscopic perspective in that the solution tsp@tosely match the synthetic model
spectra. The partial unmixing results allow subtipergene iron mineral zoning to be

mapped and acid seeps and springs to be identified.

4.3 Recommendations

The acid drainage systems in the Grizzly Peak&aldre a natural phenomenon.
As such, it is inadvisable to recommend any mitayaof the effects of the systems.
Furthermore, the study by Sares et al. (in prefmarpfound the systems to be relatively
benign from a metal loading and water supply impecspective (although distinctly
toxic to aquatic life for several kilometers beltdve sources). These systems, in fact,
provide a natural laboratory for the effects ofigleél oxidation in an alpine environment
over a long time period. Thus, the recommendatiaghat the systems be protected from

disruption to allow future studies to be undertaken

4.4 Recommendations for Further Study

A number of issues are highlighted in this resed#nat warrant further study.
The relationship between argillic and illitic miaés and acid seeps is intriguing and
should be researched further. In particular, tltoegsses responsible for the illite
chemistry should be studied and resolved. Thetgutisn of (presumed) iron for
aluminum in areas of acid drainage may be causehlebgcidic waters or may be an
indicator of acid generating potential. This qi@sis not answered by the current
research. Although originally envisioned to betpdtthis research, the development of a
theoretical model of instrumentation optimized roapping of acid drainage systems is
left for future work. ldeally, such a design woualtbw the discrimination of hematite,
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goethite, and jarosite — the critical indicatorsaoid drainage. Finally, the OCCM
analysis method should be tested using a globahmation approach to determine if

better results can be achieved.
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