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ABSTRACT

Desert varnish on volcanic rock assemblages of southern

Nevada is composed largely of iron, manganese, silica, and

alumina rich amorphous compounds. Thin section and

scanning electron microscope observation reveals that

desert varnish occurs chiefly as thin discontinuous

translucent films that impregnate rock surfaces

intergranularly to depths typically of 0.1-0.3mm. Varnish

encrustations and laminations are less common and tend to

concentrate in minute recesses. Manganese is commonly

concentrated at the coating-air interface and within

coating interlayers. Iron exhibits more consistent

background levels but is often concentrated at the coating-

rock interface. Higher iron/manganese ratios and total

combined iron and manganese in coatings on mafic rocks, and

high cerium levels in coatings on rocks enriched in cerium

and other rare earth elements, suggest a genetic

relationship with underlying host rocks.

Mass balance calculations indicate sufficient

background levels of both iron and manganese in the

substrate of most rocks investigated to provide all

manganese and iron requirements for desert varnish

formation from only a few mm depths. An iron-manganese

depletion zone and secondary layer of cementation near tuff

surfaces point to a possible solution front leach origin

similar to that which forms caliche in aridic soils.
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Desert varnish is absorbent relative to felsic host

rocks at wavelengths below about 0.7 to 1.3um, depending on

mafic affinity of the sample, and less absorbent than mafic

host rocks at higher wavelengths. The thin discontinuous

nature of desert varnish results in dominance of lithologic

spectral response in the longer wavelength Landsat thematic

mapper (TM) bands and high TM 5/2 values over felsic units

that support extensive desert varnish. Portable

spectroradiometer measurements of variably coated felsic

rock surfaces indicate a linear relationship to radiation

absorption by varnish within the TM band 2-4 range, but

about half that at longer wavelengths and a pronounced

reduction in varnish absorption on surfaces with less than

"heavy" varnish development. Reflectance divergence is

pronounced in band 3. Rock-varnish albedo differences

(RVAD) help identify rocks with extensive varnish, using

visible/near infrared imagery.

Highly evolved late magmatic differentiates, enriched

in large ion lithophile and other "incompatible" elements,

exhibit unusually steep spectral curves (positive slopes)

from about 1.5 to 2.2um, leading to anomalously low 5/7

values. A binary decision rule flow-diagram and table of

imagery characteristics for a general igneous rock

classification is presented.
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CHAPTER I

INTRODUCTION AND OBJECTIVES

This dissertation documents results of research into

the nature, composition, morphology, distribution, origin,

spectra, and relationships of Landsat imagery to secondary

mineral coatings (chiefly desert varnish) on a diverse

suite of volcanic host rocks derived from three Tertiary

calderas in southern Nevada. The study included original

mapping at one of the study sites; correlation of volcanic

lithologic, petrochemical, spectral, and Landsat 5 thematic

mapper (TM) data; and extensive laboratory instrumental

analyses. Imagery enhancement and classification

techniques were employed to document the application of

remote sensing data to geologic mapping problems in

volcanic terrain.

STATEMENT OF PROBLEM

This research effort developed out of concern over the

degree to which secondary mineral coatings might affect

remote sensing reflectance measurements. Fundamental to

answering this question was development of an improved

understanding of the nature and origin of secondary mineral

coatings and the degree to which variations in chemical

composition and other properties of coatings correlate with

host lithologies. The study, therefore, was designed to





better understand the nature and origin of desert varnish

and other secondary weathering, cooling, and alteration

products. As such, data and information provided by this

investigation could be important to several geoscience

disciplines and related fields, including geochronology,

geomorphology, and archaeology as well as geologic mapping

and visible/near infrared remote sensing applications.

Detailed evidence is presented in Chapter V to help explain

the source of iron and manganese in desert varnish.

Reflected electromagnetic sensing techniques measure

reflectance from surficial cover only. Cover classes in

most natural Earth circumstances include consolidated rock

outcrop, detritus, vegetation, and soil. Outcrop and rock

detritus surfaces are altered to varying degrees by normal

oxidation weathering processes. Secondary mineral and

amorphous compounds result through complex organic and

inorganic chemical processes that vary with climate,

physiography, topography, sun orientation, and rock type.

These secondary rock and soil surface weathering

considerations bear importantly on interpretations of

reflectance data and spectral information collected over

them. In the case of outcrop and rock detritus, surficial

coatings resulting primarily from secondary weathering

processes are detected to varying degrees depending on

intensity and distribution of secondary coatings and the



wavelength of the measured radiation.

GENERALEXPERIMENTALAPPROACH

A six-phase investigative program was pursued: i) A-

priori imagery analysis without significant familiarity

with the geology of the study sites; 2) field

investigations involving sampling of lithologies and

coatings, portable visible/near-IR spectral measurements,

general observations, and ground based photography; 3)

further imagery analysis based on field experience and

mapping results; 4) laboratory instrumental analysis; 5)

correlation of spectral and imagery data with lithologic,

petrochemical, and desert varnish characteristics and; 6)

final field and imagery correlation and verification.

MAJORSCIENCE QUESTIONSADDRESSED

The following major science questions were addressed by

this study for the volcanic rock assemblages at each of the

3 study sites:

i. What secondary mineral and amorphous phases occur on

the surface of the diverse volcanic rock assemblages?

2. What is the nature, morphology, composition, extent,

distribution, and compositional and morphological zoning

relationships of secondary mineral coatings?



3. What is the origin of desert varnish and other

secondary mineral coatings and the source of component

elements?

4. What correlation exists between variations in desert

varnish and host rock lithologic and petrochemical

properties?

5. Can desert varnish or other secondary mineral coatings

be detected and mapped by Landsat thematic mapper imagery?

6. To what extent does desert varnish and variations in

varnish maturity influence the lithologic discrimination of

Landsat thematic mapper imagery?

7. How are visible/near-infrared spectra of volcanic rock

assemblages affected by variations in rock lithology and

petrochemistry?

8. What thematic mapper imagery processing techniques

could be applied to enhance the discrimination and mapping

of volcanic rock assemblages in diverse global environments

based on the spectral influence of both rock properties and

desert varnish?



RESEARCHACCOMPLISHMENTS

The following points are central to the major

accomplishments resulting from this investigation:

I. Secondary mineral coatings on the various volcanic rock

assemblages were identified and characterized.

2. Desert varnish compositions, morphology, vertical and

horizontal zoning characteristics, and distribution were

observed and documented.

3. A model

formulated.

manganese.

for the origin of

It suggests a likely

desert varnish was

source for iron and

4. Lab and field spectral measurements were collected over

various volcanic rock assemblages with varying degrees of

varnish distribution and intensity.

5. Genetic and spectral relationships were characterized

between desert varnish and host rock lithologies and

petrochemistries.

6. Correlations were documented between rock lithology and

petrochemistry and lab and field spectra.



7. Landsat thematic mapper imagery models, tables, and

binary decision flow diagrams were outlined to aid volcanic

rock discrimination and mapping.

8. Rock-varnish albedo difference was utilized to assist

varnish detection using Landsat thematic mapper product

tape digital data and imagery.

9. The effects of varying degrees of varnish intensity and

distribution on thematic mapper band reflectance values

were outlined.

i0. Imagery-unit maps were correlated with volcanic rock

assemblages at each of the 3 study sites and related to

petrochemistry and desert varnish.

ii. The Stonewall Mountain-Mount Helen calderas area was

mapped to a scale of about 1:60,000 using Landsat imagery

as a base.

12. Results of this investigation were reviewed in context

of potential global and planetary applications.

13. The investigation helps focus attention on areas where

additional research is needed to further both scientific

understanding and remote sensing applications.



STUDY SITES

7

RATIONALE FOR SELECTION

The three study sites selected for investigation

(Figure I) provide superior settings in terms of outcrop

exposure, structural and stratigraphic preservation,

volcanic rock type diversity, and a pre-existing data base

collected by previous researchers at The Mackay School of

Mines, principally Professor Donald C. Noble. These

special attributes are largely a consequence of both

location - the semiarid southwest U.S. - and relatively

youthful origins. Each of the 3 principal study areas is

approximately 14.6 x 14.6km square, encompassed for

convenience exactly within a 512 x 512 pixel Landsat 5 TM

subscene.

These study sites exhibit similarities as well as

diversities. Each site centers on or straddles a well

defined youthful caldera structure with discrete ash flow

tuff deposits and associated lavas, flow domes, and

subvolcanic intrusive bodies. Each center was the source

of multiple outflow ash sheets that extend from the

calderas up to 30 km distally. Some of these major

pyroclastic deposits are distinct petrochemically, mostly

in regard to iron content, both divalent and trivalent

forms. Devitrification, vapor-phase alteration, and

welding history also vary from unit to unit and within
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units. Intracaldera lavas and shallow volcanic intrusive

rocks, moreover, exhibit even greater diversity of chemical

and textural properties. Calc-alkalic suites, ranging from

rhyolite to basalt, occur at both the Stonewall Mountain

site, where they interfinger with more unusual peralkaline

flows from the Stonewall Mountain eruptive event, and at

the Kane Springs Wash volcanic center.

Both the climate (semiarid) and the physical and

chemical diversity of rock types provide an ideal setting

to study desert varnish and other secondary mineral

coatings and their effect on remote sensing measurements.

Vegetation is sparse - typically less than 30% of ground

cover with virtually no overhanging canopy - and soil

development relatively inorganic. Thus spectral response

is largely lithologically driven. Cloud cover is normally

minimal during most of the year, but snow caps mountain

peaks throughout Nevada most of December to April. Desert

varnish is pervasive and well developed. The diverse

physical and chemical properties of the volcanic host rocks

provided an excellent laboratory for study of varnish

formation, its distribution, and its relationship to host

rocks under diverse host rock conditions.

LOCATION AND TOPOGRAPHY

The Kane Springs Wash volcanic center is located in

southern Lincoln County, approximately II0 air km NNE of



I0

Las Vegas in the Delamar Mountain Range (Figure 2). Access

is facilitated by an excellent graded dirt road that

connects the town of Caliente due south with Federal

Highway 93 about 30km south of Alamo. Roads within the

study area are sparse, poor, and unimproved. Topographic

relief is moderate to high. Elevations vary from about

1070 to 1980m.

The Stonewall Mountain study site (Figure 3) is located

in western Nye County 35 air km SE of Goldfield, Nevada.

The project boundary straddles the eastern margin of the

Stonewall Mountain caldera and the western margin of the

Mount Helen caldera. The actual mountain of "Stonewall"

itself lies west of the study site. The property is wholly

within the Nellis Air Force Base bombing range which has

"active" status throughout the year. Access is by prior

arrangement with the Range Commander at Nellis in Las Vegas

subject to security clearance, during brief nonactive times

such as weekends or range clean-up periods. Military

escort is normally required. Topographic relief is modest:

elevation varies mostly within 200m with two isolated

elevation extremes at about 1520 and 1830mfor the low and

the high. The majority of the area is relatively flat.

The NW corner of the Black Mountain study site (Figure

3) lies 8km SE of the Stonewall Mountain project boundary.

The site centers on Black Mountain and the Black Mountain
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FIGURE 2. Location of the Kane Springs Wash Volcanic Center showing Landsat STM subscenes.
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FIGURE 3. Location of the Stonewall Mountain and Black Mountain study sites, showing Landsat -TM

subscenes.
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caldera structure. Access is, again, as with the Stonewall

Mountain site, through the Commander at Nellis Air Force

Base in Las Vegas. The site is a "manned area" not subject

to bombing exercises, so field parties are not restricted

to weekends and other rare isolated "nonactive" periods.

Military escort is, however, normally required. Topography

is more rugged than at Stonewall. Elevation ranges from

about 1830m on the pediment NW of Black Mountain (Gold

Flat) to 2205m at its summit.

CLIMATE, VEGETATION AND SOIL

The climate throughout the Basin and Range province in

which the study areas lie is classified semiarid. High

desert conditions prevail. Annual rainfall varies from

about 7-15cm on average at Stonewall and lower elevations

at Kane Springs Wash to slightly more at higher altitudes

at Kane Springs and Black Mountain. Winter temperature at

the study sites is mild but can reach freezing during the

early morning hours or for a few days at a time. Summer

days are hot - commonly in excess of 32 degrees C and can

exceed 38 degrees C for a few days at a time.

Vegetation types at Stonewall Mountain and Black

Mountain have been identified and compiled by Helen Cannon

of the U.S.G.S. (Noble, et al., 1964). At the Stonewall

Mountain area, which is dominated by alluvial and colluvial

material rather than saltier soils proximal to playas and
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by a dearth of moisture at least within the study scene,

the following xerophytic halophytes dominate: winterfat

(Eurotia lanata), narrowleaf saltbush (Atriplex linearis),

horsebrush (Tetradymia s__), budsage (Artemisia spinescens),

and shadscale (AtripleM confertifolia). At the somewhat

higher elevations of Pahute Mesa which includes Black

Mountain, shrubs include: Mormon tea (Ephedra s___),

rabbitbrush (Chrysothamnus s__), horsebrush (Tetradymia SD),

gooseberry (Ribes montegenum), sagebrush (Artemisia SD),

bitterbrush (Purshia tridentata), Stansburys cliffrose

(Cowania stansburiana), snowberry (Symphoricarpos

parishii), four-wing saltbush (Atriplex canescens),

skunkbush (Rhus trilobata), and mountain mahogany

(Cercocarpus ledifolius). Herbs include: lupine

(Lupinus), cryptantha (Cryp_aDtha), heliotrope (Phacelia),

penstemon (penstemon), paintbrush (Castilleja), sandwort

(Arenaria), groundsel (Senecio), rockcress (Arabis),

primrose (Oenothera) gilia (Gilia), and wild buckwheat

(Eriogonum). At higher elevations on the slopes of Black

Mountain trees include pinyon, juniper, and Gambels oak

(Pinus monophylla, Juniperus osteosperma, and Quercus

gambelli, respectively). Grasses are represented chiefly

by foxtail and cheat grass.

Surface cover at both the Black Mountain and Stonewall

Mountain areas is dominated by soil, rock float, and

rock/mineral detritus, rather than vegetation. Typical
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terrain at the Stonewall site supports sagebrush as the

dominant vegetative type. Proportion of sagebrush cover is

typically 25-30%, rarely greater. At Stonewall sagebrush

is by far the most dominant vegetation component, and of

the 3 study sites, Stonewall is the most barren. At Black

Mountain, where average annual precipitation is greater,

both sagebrush and atriplex are heartier, larger, and

locally more dense. On the slopes of Black Mountain a

sharp line commonly demarks a zone where foxtail and cheat

grasses persist upslope toward the crest of Black Mountain

where rabbitbrush and mormon tea are prevalent. The mesas

immediately west of Black Mountain, which are underlain by

Gold Flat Tuff, sport juniper and pinyon trees at a

proportion of cover up to 10-15% in places.

Relief at Kane Springs Wash is more extreme than at the

other 2 study sites and peaks and mesas attain greater

elevations. The site is "rockier" in general, with more

precipitous slopes and greater outcrop exposure; however,

the remote sensing advantage of greater rock exposure is

countered by shadowing and vegetation. Vegetative types

are dominated by sagebrush, single-leaf pinyon, and

juniper. More alkalic and rocky soils support shadscale,

greasewood, and rabbit brush. Foxtail is a dominant grass.

Lower elevations, particularly the higher alluvial fan

regions at canyon mouths and canyon floors, are populated

by creosote, black brush, agave, yucca, cholla and prickly
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pear cactus.

Imagery over higher elevations (northern portion of the

study scene) at Kane Springs is influenced significantly by

moderately dense groves of pinyon and juniper (30-40%).

Canyon floors and local drainage basins with relatively

high moisture containment and consequent riparian

representatives are also locuses of spectral contamination.

Soils at these study sites are dominantly aridisols.

They are relatively dry, sandy, mineral rich alkalic soils

with low organic accumulations. Soil composition, color,

and spectral characteristics, therefore, are dominated by

rock source material. Variably but typically minor

accumulation of salts and sulfates is characteristic.

Caliche horizons are evident at many sites at Stonewall

Mountain. Azonal soils (entisols) are present in washes

and recent alluvial plains. More organic rich mollisols

correlate with the riparian growth in the washes and other

small localized containment basins at Kane Springs and on

mesas and elevated zones at Black Mountain and Kane Springs

Wash.
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METHOD OF INVESTIGATION
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This section and accompanying appendices detail

research activities and the investigative techniques of

each of the major phases of study: Landsat data

acquisition, field work, imagery processing techniques, and

laboratory analytical methods.

LANDSAT DATA ACQUISITION AND SENSOR DESCRIPTION

The 3 study areas are encompassed within 4 contiguous

Landsat 5 thematic mapper (TM) scenes. Appendix A lists

scene identification data and satellite collection dates

for products acquired for this research. Data for all

bands (i-7) were requested on regular consumer product

computer compatible tapes (CCT's). For the most part,

scenes acquired in mid-summer through fall are of better

quality due to abatement of vegetative activity, clear

skies, and low atmospheric moisture.

Scenes were read onto disk and preliminary examination

was conducted in the winter, 1986, at the Mackay School of

Mines' image processing center. Subscenes, 1024 x 1024

pixels in dimension, were selected over each study site.

Cloud cover in each of these imagery takes is virtually nil

and Rayleigh scatter in the lower wavelength bands is

minimal. Water vapor absorption effects in bands 2, 3, 4,
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5 and 7 appear unimportant for our study objectives.

Both histogram and black body (deep shadow zone)

methods of determining atmospheric scatter were applied.

In each scene, atmospheric scatter was extreme in TM band 1

but was not detected in bands 2 and greater. Although

minor atmospheric scatter is likely in band 2, decreasing

exponentially through higher band numbers, it does not

appear significant. This observation may be due largely to

sensor sensitivity variation within band intervals. Peak

sensor response in band 2 is at the maximum wavelength for

the band interval 0.595um (Markham and Barker, 1985).

Subscenes were further reduced to 512 x 512 pixel

dimensions for most detailed imagery processing to maximize

monitor resolution, data integrity, and field control.

These final subscenes are approximately 14.6km square and

adequately cover the areas of interest.

LANDSAT IMAGERY APPLICATIONS IN TERRAIN ASSESSMENT

Descriptions of the thematic mapper remote sensing

system have been presented by Engel (1980), Engel and

Weinstein (1982), Engel et al. (1983), and Sabins (1987).

Taranik (1978a) and Taranik and Trautwein (1977) describe

in detail geologic remote sensing applications of Landsat

multispectral data. Computer processing techniques were

further outlined by Taranik (1978b). A series of papers by

Hunt (1977), Hunt and Ashley (1979), Hunt and Salisbury
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(1970), and Hunt, Salisbury, and Lenhoff (1973a, 1973c, and

1974), present spectral data and mineral and rock spectral

libraries for visible and near-infrared reflectance.

Earlier work on silicate mineral spectra was published by

Clark (1957).

In general, the thematic mapper instrument, mounted on

the Landsat 4 and 5 satellites launched in 1982 and 1984,

respectively, is an advanced Multispectral Scanner System

(MSS). Sensor details are presented in Appendix B. These

satellites were launched in polar orbit at an altitude of

705km. Fourteen and a half orbits are accomplished each

day with a 7.6% overlap at the equator and overflight at 40

degree latitude at approximately 10:30 local sun time. The

thematic mapper makes solar reflectance measurements over

the 0.45 to 2.35um spectral region in 6 discrete bands.

Another broad thermal band measures emitted radiation

between 10.4 and 2.35um at 120m ground resolution. The

thermal region is not being considered in this study. The

sensor operates by the cross-track scan principle,

utilizing an oscillating scan mirror at a scan angle or

angular field of view of 14.9 degrees, collecting data over

a 185.2km swath. Scenes are truncated at 170km north to

south. The instantaneous field of view is 0.043 mrad

resulting in a ground resolution cell of 30 x 30m. There

is no on-board data recording system. Data is either

transferred to one of several Tracking and Data Relay
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Satellites (TDRS) which relays the data to ground based

antennas, or is directly transmitted to the ground.

Computer processing techniques are used to better

display differences in spectral reflectance thereby

enhancing select lithologies and surface alteration types.

Overall rock reflectivity tends to increase in the visible

and near-IR interval of the electromagnetic spectrum to a

maximum typically at about l. Sum (TM band 5).

Reflectivity of reddish colored iron oxide minerals is

greatest in the red portion of the visible spectrum, .6-

.7um (TM band 3). Secondary clay minerals, which exhibit

relatively intense reflectivities throughout the visible

spectrum, register an absorption peak at about 2.2um (TM

band 7). Other hydrous minerals, sulfates, and carbonates

possess similar spectral properties, with absorption minima

also near 2.2 - 2.3um (Hunt and others, 1970, 1973a, 1979).

By selecting bands positioned at maximum spectral

contrasts for various surface cover types, computer

enhancement techniques can be used to improve tonal

contrast or provide distinctive color contrast on false

color composites (Taranik, 1978b and Trautwein and Taranik,

1978). Lithologic differences detected using visible and

near-infrared spectra are related to iron content (Baird,

1984a and 1984b, and Rowan et al., 1974 and 1977).

Discrimination of hydrothermal and supergene alteration

using narrow band visible and near-infrared reflectance
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data has been reported by Abrams et al. (1977), Farr

(1981), Podwysocki et at. (1983), and Segal (1983). The

intensity, saturation, and hue (ISH) transform has been

successfully applied to TM data for cover type

discrimination recently by Borengasser et al. (1984) and

Haydn et al. (1982).

Manipulation of bands and transform images in various

combinations both by trial and error and by analysis of

spectral bands with unique properties helped identify

certain bands, complex transformations, and hybrid image

combinations that provide superior lithologic enhancement

at the study sites. Reflected electromagnetic remote

sensing techniques detect surficial spectral phenomena

(less than about 50um depths for clay minerals and goethite

at 0.9um radiation, according to Buckingham and Sommer,

1983). Thematic mapper band 3 spectral reflectances of the

iron oxide minerals and reflectance in band 7 are related

to variations in composition of clay and other secondary

hydrous minerals. Band 5 has proven to provide best

spectral separation for most cover types. These 3 bands

provide superior spectral contrast between lithologies of

the 3 project areas for reasons addressed in Chapters VII

and VIII. Hybrid ratio color composites and ratios that

include one or more of these 3 bands enhance spectral

contrast between lithologies and display these differences

as unique colors on images. Principal component (PC)
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analysis is an especially effective means by which to

display spectral variability. The first principal

component (PCl) contains by far the majority (typically 85-

95%) of variance between bands largely as a function of

topographic reflectance effects. It is a very high

contrast single "band" image. Spectral variability

displayed by subsequent PC's is less influenced by

topographic effects and tends to exhibit reflectance

intensities related to surface cover. Because the project

sites are dominated by rock and rock product cover, PC2

largely displays spectral variance associated with

lithology. Spectral variations displayed by PC3 correspond

quite closely with 4/3 ratios, which tend to display

spectral effects related to vegetation. Vegetation is very

bright on 4/3 images.

ISH transformations seem to work well in the project

areas with bands 3, 5 and 7. Combining ISH transformations

with individual bands or band ratios (always contrast

enhanced) results in high contrast images. An intensity

parameter image of bands i-2-4 combines well with bands 3

and 5 or 7 and circumvents redundancy of spectral

information. ISH saturation or hue images with bands 2-4-7

in combination with bands 3 and 5 or 3/1 and 5 is another

effective example.
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ANALYSIS OF IMAGERYDATA

Imagery analysis was conducted on the Mackay School of

Mines' VAX Ii/780 based Electromagnetic Systems

Laboratories (ESL, a subsidiary of TRW Inc.) Interactive

Digital Image Manipulation System (IDIMS) and a compact

personal computer image analysis station (Appendix C). The

IDIMS software package contains over 250 application

functions (Appendix D) implemented by command language or

menu.

Prior to conducting the field phase, and in advance of

any significant knowledge of the study areas, image

analysis was conducted on each of the 512 x 512 subscenes

described in the section on "Data Acquisition" above. This

a-priori approach was intended to result in delineation of

remote sensing units without bias from field experience.

Subsequent field sampling was then designed, based in part

on units delineated spectrally. Sample sites were selected

to include distinctive remote sensing units in terms of

color, tone, texture, or pattern characteristics. Further

imagery processing was then conducted in the fall of 1986,

after the previous summer's field work. The aim of

subsequent imagery manipulation and assessment was to

refine enhancement techniques and to maximize contrast

between rock units with benefit of direct field experience

with coatings and lithologies.

For each subscene the images presented in Table 1 were
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TABLE i.

LANDSAT 5 THEMATIC MAPPER

IMAGES AND IMAGERY COMPOSITES ROUTINELY

ANALYZED AT THE STUDY SITE

INDIVIDUAL BANDS: 1,2,3,4,5,7

BAND RATIOS: 4/3, 3/1 or 3/2, 5/1 or 5/2, 5/7, 5/4

SIMPLE BAND COMPOSITES: 3-2-1, 3-5-7, 5-3-1, 3/1-5/7-4,

2-4-7, 2-4-7, 5/7-5/4-3/1

ISH: individual intensity (I), saturation (S), hue (H)

on bands 3-5-7 and 1-3-5

ISH COMPOSITES: bands 3-5-7, 1-3-5, 1-2-4, 2-4-5

PRINCIPLE COMPONENTS: individual PC's 1,2,3,4,5,& 6

COMPOSITE PC's: 1-2-3, 2-3-4, 1-2-4, 1-2-5, 2-4-5

COMPLEX COMPOSITES: bands 3-5 or 7-I,S or H (bands 1-2-4;

3/i-7-I, S or H (bands 2-4-5;

3/i-5/7-I, S or H (bands 2-4-5;

3 or 3/1, 5 or 5/7, PC 1 or 2
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produced and photographed with the system's Dunn camera

peripheral on 35mm film. Although image composites other

than those listed in Table 1 were reviewed, these band

relationships and imagery renditions were determined to

represent best contrast relationships between lithologies

and desert varnish. Rationale behind the selection of

these bands and the enhancement techniques will follow in

subsequent chapters. Each individual band image and

composite image was linearly contrast stretched, using the

IDIMS scaling function (Appendix D) usually at a .5

truncation of brightness values at either end of the

brightness range. All composites were color encoded, using

the three primary colors, red, green, and blue. Some of

the more effective images were spacially enhanced by an

edge enhancement technique to sharpen boundaries between

imagery units and to enhance linear features.

FIELD INVESTIGATION

Field work was accomplished during the summers, 1986

and 1987. Approximately 490 samples were collected from

230 sites (Plates i, 2, and 3). Samples included bags of

thin chips hosting desert varnish and other secondary

surface coatings; petrographic samples for character

reference, thin section, scanning electron microscope (SEM)

observation, energy dispersive X-ray analysis (SEM-EDX),

and geochemical analysis; and larger (15xlScm) slabs for
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spectrographic measurements. Most sites were photographed.

An attempt was made to acquire reasonably complete

sample coverage from both imagery and lithologic

perspectives. Thus, distinct imagery units (color and gray

level contrast), discerned from the initial pre-field image

processing phase, were sampled as well as formationally

differentiated units shown on the geologic maps available

for each area. Samples of unmapped units, including ash

flow members, subvolcanic intrusives, vapor-phase altered

zones, densely welded zones, air-fall tuffs, and basal

glasses, were also collected. A 7.5 minute topographic

quadrangle base map was used for sample site notation at

Kane Springs and 15 minute quadrangle maps used at both

Stonewall Mountain and Black Mountain. Scale of the 15

minute quadrangle maps compares well with 8x10 inch

enlargements of 35mm photos taken by the Dunn camera

peripheral.

Ground-based 35mm photographs were "framed" to

encompass representable scenes including outcrop, soil,

regolith, and vegetation to serve primarily as reference

logs to scene spectral compositions. Distance shots were

also collected to show both stratigraphic relationships and

sample locations.

Field spectra were collected during the 1987 field

season from 95 samples at over 50 sites from the Stonewall

Mountain and Black Mountain study areas. Spectral samples
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were collected from some plants as well as rock surfaces

and from surfaces with variably developed desert varnish on

a common host rock. Due to both field and tape retrieval

problems only 81 spectral curves were recovered. A

portable infrared imaging spectroradiometer (IRIS) built by

Geophysical Environmental Research, New York, N.Y. was

used. The sensor head mounts on a tripod. It is a dual

beam system that looks at both reference and sample targets

simultaneously to reduce fluctuation in source energy.

Incoming radiation is modulated in phase by a tuning fork

chopper and directed through the optical system to two

parallel input detector modules. The system operates over

the spectral range from 350nm to 3.0um and alternates

gratings on a motor-driven mount. A CMOS microcomputer

operates and digitizes the measurements and stores them in

CPU memory. Data is output on magnetic tape.

LABORATORY RESEARCH

Analytical investigations of coatings began in the fall

of 1986. Since then 87 thin sections have been cut and

studied to varying degrees of detail and 58 X-ray

diffraction (XRD) analyses completed. Scanning electron

microscope (SEM) studies have been conducted on over 30

samples, most of which were probed compositionally with the

systems energy dispersive X-ray system (EDX). These

analytical probes focused on secondary mineral coating
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compositions and underlying rock compositional zoning

within weathering cortexes. Infrared spectrometric

analyses were performed on 22 samples. Geochemical

analyses including inductively coupled plasma (ICP), X-ray

fluorescence (XRF), neutron activation (NAA), and wet

chemical methods (all performed by Chemex Labs, Inc.,

Vancouver) were run on 69 samples including a complete

profile of 26 for 60 elements, and major and trace element

analyses on weathering rinds and powders of desert varnish.

Specific gravity measurements (picnometer) were taken on 25

samples for mass balance considerations. Beckman lab

spectra (visible and near-IR) were run on 23 samples.

Density slice gray level measurements were collected from 6

coating photographs and SEM images. The suite of samples

selected for these applications represent the major

volcanic units present at each of the 3 study sites as well

as the diverse coating types observed. Detail on the

specific methods employed are presented below.

INSTRUMENTALTECHNIQUES

THIN SECTION PETROGRAPHY. Some 86 thin sections were

prepared. Most were cut perpendicular to the rock surface

and exhibit surface coatings. Sections typically extend

down into the host rock a centimeter or two. In this

geometry boundaries between surface coatings and underlying

host can be observed and relationships noted. Each section
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was prepared by a Nevada Bureau of Mines and Geology

technician with explicit instructions to maintain section

edges and edge thicknesses in order to preserve coatings.

Petrographic investigations were conducted on a standard

binocular petrographic microscope.

X-RAY DIFFRACTION. Coating materials from surface

ships and subsurface zones of 58 representative rock units

were extracted for X-ray diffraction (XRD) analysis. The

extractive technique involved briskly and lightly vibrating

fine powder-size material from the rock surface with an

electric scribe mounted with a carbide steel tip. Some of

the extraction was accomplished under a Baush and Lombe

zoom binocular scope. Although the scribe has both diamond

and tungsten carbide tips available, these harder points

were avoided since they tend to drill deeper beneath the

surface coatings into underlying fresher rock. Still, much

of the coating compositions collected in this manner

contain primary rock contaminants. To improve sample

purity, powders were screened to i00 mesh to exclude

coarser particles likely to involve underlying primary

minerals, then ground in an agate mortar prior to mounting

on a glass slide for X-ray analysis. (Greater than 90% by

volume of the particles extracted from the rocks were less

than i00 mesh, 0.147mm before grinding.) Thus only minor

material beyond this thickness (0.2mm) appears to
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contaminate the samples.

All samples were X-rayed on one of Mackay's Philips

Norelco XRD instruments and 2 theta measurements calibrated

to a known quartz standard. Samples were saved in numbered

glass vials.

SEM. Scanning electron microscope studies were

conducted on a JEOL T300 scanning electron microscope,

equipped with an energy dispersive X-ray system (EDX), at

the U.S. Bureau of Mines Reno Research Center. Over 30

samples were scanned and compositional probes tabulated for

coatings, weathering rinds, subsurface zones of calcium

enrichment, fresh rock interiors, and individual mineral

grains. Both standard polished sections and polished thin

sections were created for sample mounts. Textures were

observed in low KeV mode and photographed. Coating

encrustations were photographed and compositional line

scans and color composition maps plotted. The EDX system

measures the characteristic line spectra emitted from the

sample when the instrument is placed in high KeV mode. The

unit is equipped with a Peak Instruments wavelength

spectrometer for carbon analysis. The imagery processing

peripheral is manufactured by Princeton Gamma Tech.

INFRARED SPECTROPHOTOMETRY. Twenty-two samples

including coating powders, subsurface weathering bands,
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rock interiors, and 2 opal and manganese oxide standards

were scanned on the University of Nevada Chemistry

Department's Perkin-Elmer model 599 Infrared

Spectrophotometer. Samples were mixed with and made into a

KBr pellet and compared to a pure KBr pellet. A 3-minute

scan time was used from 2.5 to 50um (4000-200 wavenumber)

and graphed on a log scale.

DENSITY SLICE. Gray level density slice measurements

of 6 photographs of ash flow tuff surfaces hosting

moderately mature coatings were collected on a Dapple

Systems optical image analysis system at the U.S. Bureau

of Mines. The unit utilizes a Panasonic movie camera and

an Apple IIe image processing peripheral. Gray level

histograms are presented on a scale of 0-255. Gray levels

thought visually to represent coated surfaces were compared

to gray levels of fresh rock surfaces exposed within the

photographic frame.

VISIBLE/NEAR-INFRARED LAB SPECTRA. Visible and near-IR

spectral measurements, comparing coated to uncoated

surfaces, were plotted on the Jet Propulsion Lab's Beckman

UV5240 UV-Visible-NIR spectrophotometer. The instrument

uses a diffraction grating as its dispersion element, a

tungsten source lamp and a halogen reference tube. Twenty-

three samples, representing some of the more variable rock
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types at the study sites were measured for spectral

character between 0.4 and 2.Sum.

CHEMICAL ANALYSES. Inductively coupled plasma (ICP)

analyses of coatings, weathering rinds, rock interiors, and

one carefully prepared subsurface weathering band, were

analyzed for major elements, H20, CO2, S, and selected

trace elements. In addition, 26 whole rock samples were

analyzed by diverse methods (Appendix E) for 60 elements.

Analyses for rare earth elements (REE) were performed by

neutron activation analysis (NAA). Analyses were performed

by Chemex Laboratories in B.C., Canada. ICP is an

especially effective type of atomic spectroscopy in which

samples are "atomized" by a super heated argon gas plasma

and emission spectra analyzed for absorption peaks

representative of the various elements present. NAA is a

relatively new analytical procedure based on production of

radioactive nuclei from stable nuclei subjected to

irradiation by a flux of neutrons of variable energies.

Activation of the sample is followed by direct measurement

of the induced gamma or X-radiation, using a gamma-ray

spectrometer. X-ray fluorescence (XRF) operates through

excitation of atoms by primary X-rays of known continuous

energies. Emitted fluorescent radiations from the sample

are diagnostic for the elements and the intensity directly

related to the elements proportion in the sample.
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CHAPTERII I

GEOLOGYOF THE STUDY SITES

All three study sites are located in southern Nevada in

the center of the Basin and Range province (Figure I).

Regional tensional stresses initiated in mid-Tertiary time

are usually invoked to explain the province's

characteristic topography and neotectonic setting. More

than 20 major volcanic ash flow sheets and 8 caldera

collapse structures have been recognized (Eckel, 1968;

Ekren, et al., 1971; and Byers, et al., 1976). A

relatively young (mid to late Miocene), chiefly silicic

volcanic caldera structure with associated intracaldera

lavas and tuffs and outflow sheets of ash flow

characterizes each of the three study sites. Moreover,

these 3 volcanic centers are members of a suite of unusual

peralkaline rhyolitic deposits present in the western U.S.

(Noble and Parker, 1974). Each area is well preserved and

well exposed. Pre-Tertiary rocks consist primarily of mio-

eugeosynclinal Paleozoic rocks.

Inasmuch as this investigation has focused on the

origin of secondary mineral coatings and the relationships

they bear with underlying host rocks and Landsat TM

imagery, this chapter will concentrate on detailed

descriptions of individual volcanic units. Petrochemical

properties of the units will be correlated independently
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with Landsat TM imagery in Chapter VI and VII. Rock

assemblages at each site are described in order of

decreasing age, insofar as relative ages are understood.

STONEWALLMOUNTAINAREA

The study area at Stonewall Mountain actually involves

two separate and independent caldera structures - the

Stonewall Mountain caldera and the slightly older Mount

Helen caldera east of Stonewall. Caldera margin faults are

approximately 6 miles apart and the Landsat work scene

selected for this site overlaps both (Figure 3). The

geology of the area was mapped at a gross scale (Figure 4)

and described by Ekren et al. (1971). Figures 5 and 6 are

ground-based photographs of the area.

Stonewall Mountain itself consists of an intracaldera

complex composed of a complicated sequence of pyroclastics,

volcanic breccias, and flow dome complexes (Foley, 1978).

The eruptive event was quite young, relative to the

southern Nevada volcanic field in general - 6 to 6.3 Ma

(Noble et al., 1984). The study site encompasses a two-

component outflow ash sheet from the Stonewall volcanic

system - the Stonewall Flat Tuff, which consists of a lower

pumice rich ash flow deposit, the Spearhead Member,

overlain by a thinner, typically more densely welded ash

flow member, the Civet Cat Canyon Tuff. The Civet Cat

Canyon Member was auto-oxidized during deposition and is a
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Figure 5. Stonewall Mountain area. Photo taken on outcrop

of Antelope Springs rhyolite, central eastern edge of study

site looking west. Stonewall Mountain is in background.

Note orangy to brown mineral coatings on the rhyolite.

Bright orange patches are lichen.

Figure 6. Stonewall Mountain area. Outcrop of densely

welded Civet Cat Canyon Tuff, showing an example of well

developed but typically discontinuous desert varnish.
Photo taken at western border of study site, looking north.
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distinctive deep reddish maroon brown color which forms a

dark chocolate brown supergene coating. Both ash flow

members are underlain in places by whitish pumice-rich

airfall tuff of varying thickness, and both are composed of

composite intraformational units within one major cooling

unit. More descriptive lithologic detail is presented in

the following section. Outcrops within the Stonewall study

area are subordinated by alluvium and shallow regolith.

Enhanced imagery tends to emphasize rock talus and detritus

adjacent to outcrop as well as outcrops themselves.

Flows from the Mount Helen caldera are dominated by a

felsic suite of tuff and lava ranging in composition from

rhyolitic to latitic. Ekren et al. (1971) named the entire

section the Antelope Springs Formation. The Antelope

Springs appears to be older than the Stonewall Flat tuff of

Stonewall Mountain since the Spearhead Tuff was observed

overlying and onlapping the Antelope Springs Rhyolite at

localities both in the eastern and western parts of the

study area. Younger basalt flows, possibly part of the

Mount Helen eruptive event, are present at two isolated

localities within the work area. The basalt is younger

than the prominent Mount Helen caldera rim fault, which it

overlies at an isolated occurrence recognized on Landsat TM

images.

The collapsed western margin of the Mount Helen caldera

is delineated by a normal fault distinctly shown on Landsat
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images. The fault is bound on the west by quartzite

pebble/cobble gravel, probably old pre-caldera alluvial

deposits and on the east by the felsic Mount Helen flows.

Table 2 lists the important volcano-tectonic events in

chronological order thought to have occurred at the

Stonewall site.

The Stonewall study site is covered with sparse (25-30%

average), low plant growth, chiefly sagebrush. The area is

unique among the 3 in monotony and dearth of vegetative

cover. Bright orange lichen does, however, populate the

felsic deposits of the Mount Helen center.

ANTELOPESPRINGS FORMATION

Rhyolitic to latitic tuffs and lavas, whose source is

believed to be the Mount Helen caldera since unit

distribution centers on that volcanic center, occur over

much of the Stonewall study area. Ekren et al. (1971)

assigned these rhyolitic to rhyodacitic rocks to Tuffs of

Antelope Springs. The usual sequence within the project

area is dense quartz porphyry rhyolite lava capping

friable, poorly welded, fine grained tuff which overlies

reddish ferruginous crystal rich latitic flows. Shallow,

subvolcanic intrusive varieties are also present. These

two lithologies are distinct and mappable; however, their

designation as upper and lower Antelope Springs is project

oriented and not intended as a formal stratigraphic
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SEQUENCE OF VOLCANO-TECTONIC EVENTS AT

THE STONEWALL I¢OUNTAIN STUOY SITE

Intracatdera Deposits of Stonewall 14ountain

Complex sequence of intracaldera extrusive and subvolcanic rhyolitic to tatitic flows

and breccia bodies.

STONEWALL I4OUNTAIN CALDERA COLLAPS E

Civet Cat Canyon Tuff of Stone_atl Flat Tuff

Slightlyperatkatinetrachyteto high sit|ca rhyolite ash flow tuff with a glassy cap

rock.

Spearhead Tuff member of Stonewall Flat Tuff

Slightlyperatkatine, highly evolved rhyolite ash flow tuff.

Late Basalt

Vesicular, olivine basalt flows, intra and extracaldera, possibly sourced from Mount

Helen catdera from a later structure.

NOUNT HELEN CALDERA COLLAPSE

Rhyolite Porphyry of Antelope Springs Formation

Densely welded ash flow turfs and quartz porphyry lavas,

altered, underlain by less dense tuffs.

Quartz Latite Porphyry of Antetope Spr|ngs Formation

Crystal rich extrusive and subvotcanic tatitic lavas and tuffs.

commonly hydrothermally

TABLE 2. Volcanic and structural evolution of the Stonewall and Mount Helen study site

{compiied with help from Ekren et at., 1971, and Noble et at., 1984).



43

assignment. The section is typically faulted, fractured,

and often hydrothermally altered.

QUARTZ LATITE PORPHYRY. In the project area the

lowermost Antelope Springs unit forms latitic crystal rich

lava and shallow subvolcanic intrusive bodies. The

formation is a mottled cream color with lacy dark to pastel

red iron oxide staining. From thin section, albitic

plagioclase phenocrysts (An=apx.5% by a-normal method)

comprise about 15-30% of the rock. Rounded quartz

phenocrysts make up approximately 5-10%, set in a very fine

aphanitic groundmass. In some parts of the unit resorption

is displayed by abundant cellularly textured plagioclase

and heavily embayed quartz phenocrysts. The groundmass

exhibits devitrification spherules and radiating fans of

feldspar. Resorbed, fragmented biotite crystals at about

1% proportions were observed. The weathering surface is

unstable and secondary mineral coatings poorly developed.

The unit forms low hummocky hills and weathers to a friable

to moderately dense pebble to cobble size float. Sagebrush

is the dominant vegetative cover with some grasses. Whole

rock and trace element geochemistry for units from the

Mount Helen caldera are given in Table 3 and general

comparisons among all major Stonewall site units tabulated

in Table 4. This basal (within the project site) Antelope

Springs deposit is a high silica, potassium rich latite to
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TABLE 3. 14AJO_AMD TRACEELENENTANALYSES* FROM
THE 14GUI4THELENCALDERA

(S_p(e location in parenthesis)

(41) (52) (10) (94) (39) (89) (12) (93)

_ _ _ _ _ hsalt Basalt
68.00 74.70 75.47 73.16 68.00 66.00 48.00 47.80

sio 7At 7._ 5.S2 13.07 13.66 7.SZ 7.0S 8.09 7.89
Fe2._ * 2.60 0.58 0.77 0.55 1.98 2.75 8.00 8.02

Ca__ 0.89 1.19 0.32 0.63 O. 75 2.12 6.01 5.92
0.10 0.17 0.07 0.12 0.24 .70 3.6/. 3.33

TiO. 0.33 0.07 0.30 0.32 0.27 0.35 1.00 1.34
Nn _ 663 110 <.01Z O.01Y, 300 437 1330 1285

0.35 1.23 0.99 0.97 0.75 2.50 2.07 2.68Ne.O

_ 4.89 4.52 9.31 10.10 5,36 2.27 0.83 1.01........ 0.23 ........ " ....... °'" °

p 960 220 0.12"/, 0.21¢ 850 940 1700 2680
Le 58 41 .... _ 61 51 33 30
Ce 96 74 .... 72 107 M 70 68
Sam 7.2 7.0 .... 3.6 4.3 6.6 7.2 15.1
Eu 1.0 0.6 .... 0.4 1.1 1.1 2.1 1.9
Tb 0.3 0.2 .... 0.1 0.4 0.1 1.4 1.3
Yb 0.8 0.9 .... t.7 1.1 0.7 3.1 2.9
Lu 0.3 0.4 .... 0.3 0.3 0.3 0.9 0.8
Nd 22 21 .... 22 29 28 26 25
Sc 6.2 2.9 ........ 4.7 6.8 25.9 24.9

Ts <.2 <2 ........ <.2 <2 <.2 <2
Th 14.0 19.0 .... 24 15.0 12.0 2 2.0
U 5.2 3.8 .... 10 3.8 2.9 1 0.6

Ng PI_ 120 280 ........ 30 30 _,0 30
I_o 6 6 ........ 6 7 4 1
Ni 3 <1 ........ 1 2 84 51
Nb 14 14 ........ 13 14 16 19
Rb 140 210 ........ 190 100 10 16
Se 0.2 0.2 ........ 0.2 0.2 0.2 0.2
Ag O.S 0.5 ........ 0.5 0.5 0.5 0.5
Sr 206 182 ........ 354 785 485 765
SlQ 0.09 <.001 0.057 .... 0.37 0.34 0.26 <.001
Te <.05 <.05 ........ <.OS <.05 0.20 <.05
T( 0.4 0.7 ........ 0.6 0.4 0.10 0.10
Sn 1.0 1.0 ........ 1 1 1 1
W 7 4 ........ 3 4 2 2
V 62. 6 ........ 56 78 176 223
y 33 58 ........ 42 35 25 37
Zn 28 11 ........ 25 58 77 101
Zr 220 110 ........ 170 215 180 225

........ <.01 ....................
(:02% ....
• H_O'/. ........ 0.34 ................

 .pz ........ o.20 ........................ ,53o
Sb 1.2 0.8 ........ 0.8 O. 1 0.2 1.4
An 27 16 ........ 3 ,5 3 3
BI 1460 240 ........ 1230 1660 710 670
Se 1.3 1.2 ........ 1.3 2.0 1.3 1.4
8i 0.1 0.1 ........ 0.1 0.1 0.1 0.1
B 20 40 ........ 20 20 <10 <10
Br <1.0 2.0 ........ <1.0 1.0 <1.0 1.0
Ca 0.1 0.3 ........ 0.2 0.2 0.1 0.1

CZ 0.26 0.61 ........ 0.22 0.35 0.06 0.06
Ce 8.0 12.0 ........ 9.0 25.0 <2.0 <2.0
Cr 16 13 ........ 19 16 82

Co 7 1 ........ 3 7 35 35
Cu 1 2 ........ 2 3 28 2.5

Oy ,5 6 ........ 4 /. 7 6
_m 13 12 ........ 14 14 11 12
Ge '5 .5 ........ '5 5 5 .5

ku _ <5 <5 ........ <5 <5 <S <5
Nf '5 6 ........ 6 6 6 4
Pb 40 28 ........ 24 22 14 12
Li 36 29 ........ 32 30 6 9

• Oxides reported in percent arcl elemmti in _ unless noted otherwise. Jvlalytical methods are
in apT:x.'_'_dix. Rhyolite a¢¢1 latite are from the Ailtelope Springs Fonl_ation. Fe203 represents

total iron.
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subalkaline rhyolite.

cesium and barium.
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The unit contains slightly high

RHYOLITE PORPHYRY. Capping latite of Tuffs of Antelope

Springs is a distinctively light colored rhyolite sequence

consisting of friable white pumice lapilli tuffs commonly

overlain by densely welded quartz porphyry tuff (Figure 5).

The lava sequence contains abundant (50%) medium grained

quartz-eye phenocrysts, sanidine, and alkali feldspar.

Breccia textures are present in places. Coatings on the

felsic rocks are immature and very poorly developed. They

are yellowish orange, cream to buff in color with rare

patches of thin gray to very dark gray patina. The lavas

are quite dense and tend to develop a thin (l-2mm)

porcelaneous rind in the immediate subsurface (few mm)

below weathered surfaces. Bleached rinds indicate

depletion of ferromagnesian constituents. One of the more

conspicuous features of the felsic deposits in outcrop is

the presence of abundant rosettes of orange lichen. In

places they blanket outcrop and float to greater than 30%

areally and must contribute somewhat to the spectral

composition. Another feature significant to remote sensing

is the common presence of shallow alluvial outwash detritus

adjacent to felsic rock outcrops. These unconsolidated

deposits can be spectrally identical to adjacent outcrop.

The unit forms steep slopes, cliffs and knobs where it is
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either densely welded tuff or intrusive in origin. Float

from the unit tends to be joint-bound and blocky.

Vegetation is typical for the Stonewall site in general -

mostly sagebrush - and indistinct (Table 4).

Petrochemically, Antelope Springs rhyolite is a somewhat

alkaline rhyolite with slightly high mercury, thallium, and

thorium (Table 3).

LATE BASALT

Alkali olivine basalt, probably derived from the Mount

Helen caldera, occurs at three sites in the Stonewall study

area. Each is a relatively small exposure (less than 2km

in any dimension), but the unit stands out in stark

spectral contrast to surrounding rock types. The basalt is

very dark gray, aphanitic and vesicular. It forms thin

gently dipping flows that onlap the flanks of two ridges

supported by Tuff of Antelope Springs. The basalt overlies

and is younger than the prominent Mount Helen caldera

margin fault that transects, north-south, the eastern half

of the study area. In thin section the basalt is

characterized by thin laths of plagioclase in a trachytic

texture with some biotite and other mafic minerals in a

microcrystalline groundmass. Desert varnish tends to form

very thin shiny coatings with a characteristic conspicuous

silvery sheen. The basalt is dense and massive and occurs

as salient cliffs along mesa ledges and rough "mal pais"
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flats strewn with subangular boulders. This unit is

relatively low in silica with high amounts of phosphorous,

scandium, vanadium and low amounts of uranium and thorium

relative to other deposits at the Stonewall site (Table 3

and 4).

STONEWALLFLAT TUFF

The Stonewall Flat Tuff is the outflow sheet from the

Stonewall Mountain caldera. The formation was

characterized stratigraphically by Noble and others (1984)

and includes two members: Spearhead Tuff and younger Civet

Cat Canyon Tuff. Each member is a separate cooling unit

composed of several subflows. Whole rock, minor, and trace

element analyses for Stonewall Flat Tuff are compiled in

Table 5 and Appendix F.

SPEARHEAD MEMBER. The Spearhead Tuff is the lowermost

member of the Stonewall Flat Tuff. In the project area the

member is composed of moderate to densely welded flows of

rhyolitic ash flow tuff (Figure 7). Outcrops are typically

grayish brown to grayish tan, occurring either as densely

welded prominent mesa top ledges or less welded, less

resistant slope formers. The unit consists of moderate to

abundant and variously deformed pumice fragments up to

several inches in length and contains 5 to 10% phenocrysts

of sanidine with minor quartz and albitic plagioclase
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T_LE S. MAJOR_ TtI,ACE ELEME)IT _tLYSES*
FROI¢THE ST(_,IENALLNOUNTAIll r.,,ALDERA

(Sample location in parenthesis)

(81) (20) (81) (50) (86) (27) (82) (91)
Civet Cat Civet Cat Civet Cat Civet Cat Spearhead $pearheld Spearhead Spearhead

C_ CaD _anyon Tuff _ _anyon Tuff Tuff Tuf..__f Glass Base Dense gase
sio_ 65.44 70.87 68.90 7236 72.84 75.6] 66.80 73.70

At.2_'_0_ 16.06 14.41 6.64 16.04 12J,1 13.14 6.63 5.79Fe " 2,42 2.71 1.53 2.55 2.59 2.51 1.48 2.56
c,_ 2.12 1.87 1.31 1.90 2.17 0.51 1.91 1.08

Mgo 0.42 1.00 O.17 0.37 033 O. 14 0.48 O. 16

TiO2 0.32 0.33 O. 19 0.30 0.34 O. 16 O. 16 O. 17
_o O. 12 O. 10 707 O. 10 0.02 0.09 659 1265
Na_O 6.31 6.20 3.17 6.16 2.21 4.30 2.75 2.86,,o ,31 ,oo ,,o ,75 ,2o
F_O .... 0.12 .... 0.23 .... 0.08 ........
P 0.217, 0.224 310 O.26_, O.2.3_ 0.27'4 610 670
LI 76 .... ?9 ............ 77 104
Ce %2 .... %6 ............ 1;,8 210
Sa 8.8 .... 8.8 ............ 9.3 20.5
Eu 0.4 .... 1.0 ............ 0.8 0.5
Tb 1.2 .... 0.9 ............ 0.9 2.7
Yb 4.3 .... 3.2 ............ 3.3 5.8
Lu 0.6 .... 0.7 ............ 0.8 0.9
Md 58 .... 35 ............ 37 67
Sc ........ 6.0 ............ S. 1 5.4
Te ........ 2 ............ 2 2
Th lb .... 15.0 ............ 17.0 "_4.0
u 6 .... 4.5 ............ 3.7 4.1
.g p;_ ........ 40 ............ 30 30
No ........ 4 ............ S 9
Ni ........ <1 ............ <1 <1
Nb ........ 35 ............ ]8 64

Rb ........ 140 ............ 150 120
Se ........ 0.2 ............ 0.2 0.2
Ag ........ 0.5 ............ 0.5 0..5
Sr ........ 81 ............ 120 63
S_ .... <.001 <.001 <.001 .... <.001 0.0.36 .001
Te ........ <.05 ............ <.05 <.05
TL ........ 0.5 ............ 0.4 0.4

Sn ........ 1 ............ 1 1
W ........ I ............ I 5
V ........ <1 ............ (1 8
Y ........ (>8 ............ 72 91
Zn ........ 7] ............ 77 16_
Zr ........ 460 ............ 385 545

CO_ .... 0.63 .... 0.56 .... (.01 ........
+_i_-O .... 0..52 .... 0.26 .... O.11 ........

-.;o .... 03, .... 02, .... OlO ........
Sb ........ 0.2 ............ 0.2 0.3
Aa ........ 3 ............ 3 23
Ba ........ 620 ............ 500 190
Se ........ 2.8 ............ 3.7 4.0

ii ........ 0.1 ............ 0.1 0.1
I ........ 20 ............. 50 40

lit ........ 1.0 ............ 2.0 <I.0
Cd ........ 0.2 ............ 0.2 0.3
C'h ........ 0.31 ............ 0.60 0.39
Cs ........ 16.0 ............ 16.0 5.0
Cr ........ 3 ............ 7 16

Co ........ <1 ............ <1 1
Cu ........ <1 ............ 6 4

Oy ........ 11 ............ 10 15

C,a ........ 15 ............ 15 21
Ge ........ 5 ............ 5 5

Au ppb ........ (S ............ <5 <S
Nf ........ 11 ............ 12 14

Wo ........ 36 ............ 26 30
L( ........ 16 ............ 26 18

* Oxides reloorte<l(n percent and elements in _ untess noted otherwise. Anatyticat methoc_s

are in _ix. Fe2% represents total iron.
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Figure 7. Stonewall Mountain study area. Outcrop of

welded Spearhead Tuff. Welded zone forms ledge overlying

glassy base. Photo taken at northern boundary of study

site, looking north.

Figure 8. Photomicrograph of Spearhead Tuff from Stonewall
Mountain. Crossed nichols at 10x. Light colored

birefringent mass in lower half of photo is secondary

calcite. Note vaguely darker fringe of desert varnish at

the top of the sample.
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(Figure 8). Rare clinopyroxene, olivine (fayalitic), sodic

amphibole, and Fe-Ti oxides are reported by Noble and

others (1984). Geochemical investigations by Noble and

Parker (1974) and Noble (1979) indicate the tuff is

slightly peralkaline, very highly evolved, with low

europium/europium*, extremely low strontium, magnesium,

barium, cobalt, and nickel and relatively high in the rare

earth elements, zinc, zirconium, beryllium, and cerium

(Table 5 and Appendix F). Hafnium content is exceptionally

high. Coatings are grayish tan on moderate to poorly

welded zones, very dark chocolate brown on densely welded

zones. The unit sheds thick, rough slabby float and is

dominated by sagebrush growth (20-30% of cover).

CIVET CAT CANYON MEMBER. The Civet Cat Canyon Tuff is

the uppermost member of the Stonewall Flat Tuff and

overlies the Spearhead Member (Figure 6). The unit was the

subject of a focused investigation by Weiss (1987), who

conducted detailed mapping west of the project boundary.

Civet Cat Canyon Tuff is separated from Spearhead Tuff by

basal vitrophyre and locally by white pumice-rich airfall

tuff. In outcrop and hand specimen the Civet Cat Canyon

Tuff is a distinctive brick-red brown to reddish chocolate

in color due to microscopic secondary amorphous iron oxide

that is believed to have formed during auto-oxidation of

the unit during or immediately after deposition (Figure 9).
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Figure 9. Photomicrograph of Civet Cat Canyon Tuff cut
normal to and including the weathered surface. Plane light

at 10x. Dark reddish brown patches at top of photo are

desert varnish. Dark irregular streaks in lower third of

photo are interstitial primary (autooxidation) hematite,

characteristic of Civet Cat Canyon Tuff.
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The unit is very densely welded and granophyrically

crystallized. It occurs primarily as mesa caps in the

study area. Thicknesses range from about 2 to 5m. Civet

Cat Canyon Tuff is a slightly peralkaline crystal ash flow

rhyolite tuff with about 10-15% phenocrysts of sanidine-

anorthoclase and is distinctive from the Spearhead Tuff

Member in hand specimen most reliably by the presence of

biotite phenocrysts. Clinopyroxene, monazite, and Fe-Ti

oxides are accessory minerals. Coatings are usually well

developed and very dark chocolate brown to dark gray

chocolate. A thin glassy cap rock, dark gray brown to a

striking pastel red in color occurs at several localities.

This unit was differentiated as the cap rock of Civet Cat

Canyon by Hausback and Frizzell (1986) and where red or

orange in color it produces striking imagery contrast with

surrounding cover. Civet Cat Canyon Tuff discards thin

platy float a few inches to a few feet across. It supports

sagebrush and grasses, and vegetation is indistinct for the

unit. The unit contains slightly high amounts of thorium,

barium, and rare earth elements, and low amounts of

strontium, vanadium, and magnesium relative to other rock

assemblages at the site (Table 5). The cap rock subunit

contains slightly higher fluorine.

BLACK MOUNTAIN CALDERA

The Black Mountain study site consists of a concise
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well exposed, relatively small caldera complex, the margin

of which is completely encompassed within the work area

(Figure I0). The geology has been described by Cornwall

(1972), Noble et al., (1964, 1968, and 1984), and Noble

and Christiansen (1968 and 1974). Volcanic units are more

numerous and diverse than at the Stonewall Mountain study

area and were apparently produced in part by multi-collapse

events. The center is believed to have been active between

about 6.5 to 8.5 Ma ago. Ground-based photographs of the

Black Mountain area are exhibited in Figure ii and 12.

The Black Mountain eruptive sequence overlies older

lavas and tuffs, felsic in composition. The only other

non-Black Mountain unit at the site is a small isolated

outcrop of Paleozoic limestone. The Black Mountain

volcanic pile consists of intracaldera lavas and tuffs and

an outflow ash sheet - The Thirsty Canyon Tuff (Noble,

et al., 1964). Table 6 tabulates volcanic and structural

events at Black Mountain, taken from Noble and Christiansen

(1974). Four collapse events appear to be represented at

the caldera, each preceded by major ash flow eruptions.

The flows alternated initially between subalkaline and

comenditic (light colored peralkaline volcanics)

compositions with a general trend toward greater

peralkalinity upsection. Intracaldera and outer rim lava

flows followed caldera collapse. Compositions of lavas

vary, but often resemble those of preceding ash flow
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Figure ii. Black Mountain study site. Photo taken from

the SE border of the study scene looking west at stratified

Gold Flat ash flow beds in the foreground and the summit

of Black Mountain underlain by Trachyte of Hidden Cliff in

the background.

Figure 12. Photograph of the Black Mountain study site

showing outcrop of vapor phase altered Gold Flat Tuff.

Photo taken in west central part of study site, looking

north.
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TABLE 6. OUTLINE OF THE VOLCANIC AND STRUCTURAL EVOLUTION

OF THE BLACK MOUNTAIN VOLCANIC CENTER, SOUTHERN NEVADA.

ARRANGED IN ASCENDING ORDER OF AGE.

(From Nobte and Christiansen, 1974)

Basalt of Basalt Ridge

K-rich hypersthenenormative

Labyrinth Canyon Tuff (Distal Spearhead Tuff from the Stonewall Catdera)

Comendite; probably erupted from central vent of Hidden Cliff volcano.

Trachyte of Hidden CLiff

Trachyte and mafic trachyte with peralkattne potential; forms central volcano within

post-Gold Flat catdera.

CALDERA COLLAPSE

Gold Flat Member of the Thirsty Canyon Tuff

Pantetterite prockJcedby extreme fractionationof comenditemagma.

Laves of Pillar Springs

Trachyte with peraLkatine potential; subaLkatine and peraLkaline silicic laves; forms

central votcano within catdera.

PROBABLE CALDERA COLLAPSE

Trail Ridge Member of the Thirsty Canyon Tuff

Compositionatty zoned from subatkatinerhyolite to quartz tatite.

POSSIBLE CENTRAL RESURGENCE

Rocks of Yelto_Cteft and Unnamed Laves

Trachyte and syenite with peralkaline potential to comendite; mafic trachyte; forms

central volcanic complex within catdera.

MAJOR CALDERA COLLAPSE

Pahute Mesa Member of the Thirsty Canyon Tuff

Vertically zoned upwards from comendite to quartz tatite.

UnnamdComndite Laves

Found as lithic fragments in the Spearhead Member.

PROBABLE CALDERA COLLAPSE

Rocket Wash Member of the Thirsty Canyon Tuff

SubatkaLine and/or transitional rhyolite and Low-silica rhyolite.

Lavas of Ribbon Cliff

Subalkaline trachyte to quartz latite; forms a tow volcanic edifice centered where

catdera later formed,
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eruptions suggesting cogenetic magmas. Two to three

generations of scalloped caldera margin scarps and

associated talus were recognized by Noble and Christiansen

(1968), indicating repeated instability of the caldera

margin in some places.

In brief, the depositional history of Black Mountain

can be represented by alternating sequences of lava and ash

flow eruptions. Prior to the initial caldera formation,

Lavas of Ribbon Cliff extruded to form a low volcanic

edifice (Noble and Christiansen, 1974). The unit is

present in the western half of the study area. After Lava

of Ribbon Cliff was deposited, the lowermost member of the

Thirsty Canyon Tuff, the Rocket Wash Tuff, was extruded,

then minor lava flows and Pahute Mesa Tuff, then the first

definite caldera collapse. These units are represented by

minor exposures in the study area. They are spectrally

indistinct and undifferentiated for our purposes. These

tectono-volcanic activities were followed by intracaldera

lava eruption (Rocks of Yellow Cleft), then deposition of

the Trail Ridge Member of Thirsty Canyon Tuff, which was

likely followed by caldera collapse. After Trail Ridge

Tuff deposition, a chemically and spectrally similar lava

flow, Lavas of Pillar Springs, were erupted. They form a

significant portion of surface cover along the north and

the eastern portions of the study area. Finally, the Gold

Flat Member of Thirsty Canyon Tuff was deposited. Gold
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Flat Tuff is the youngest ash flow at the volcanic center.

It postdates final caldera collapse and is a rare unit

compositionally (pantellerite, Noble, 1965). The formation

is a highly evolved peralkaline comendite end-member with

greater than 4% iron content.

The final event at Black Mountain was central volcano

fill by dark trachyte and mafic trachyte lavas with

peralkaline affinities. The Labyrinth Canyon ash flow

deposit which occurs in isolated intracaldera patches on

the flank of the central volcano was later reassigned on

the basis of both geochemical and paleomagnetic deduction

(Noble, et al., 1984) to distal Spearhead Member of the

Stonewall Flat Tuff. Ash flow members of Stonewall Flat

Tuff tend to have lower concentrations of hafnium, thorium,

ytterbium, lanthanum, and rare earth elements. Hafnium is

thought by Noble and others (1984) to be especially

diagnostic of Spearhead Tuff.

The ash flow deposits at Black Mountain exhibit

vertical zoning indicative of a chemically zoned magma

chamber. The Pahute Mesa Member for example grades upward

from high silica, high ytterbium, and high heavy rare earth

elements and low light rare earth elements to low silica,

low ytterbium, and both low heavy and low light rare earth

elements. The lower zone would seem therefore to represent

more evolved magma.

Vegetative cover is greater at Black Mountain than at
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Stonewall and exerts a greater influence on Landsat

radiance measurements. There are three general mappable

vegetative cover classes at Black Mountain: sagebrush and

atriplex dominant, grass dominant (chiefly foxtail and

cheat grass), and mixed zones with juniper and pinyon.

Vegetation will be discussed in more detail below as it

influences spectral response over individual units. Since

some of the lavas and tuffs at Black Mountain are

indistinct in terms of imagery character, they are grouped

together in the categories that follow. In general,

however, units are described in order of decreasing age.

Geochemical analyses are tabulated in Tables 7, 8, and 9

and Appendix G. General characteristics of units are

compared in Table i0.

OLDER LAVAS AND TUFFS

Deposits of the Black Mount Caldera overlie older lavas

and tuffs, which are exposed in the western portion of the

study area (underlying Quartz Ridge). These units are

distinctive in outcrop and hand specimen. They are

relatively silicic, leucocratic, and coarsely granular as a

result of abundant phenocrysts of quartz and alkali

feldspar. They are more heavily fractured and tend to host

more yellowish limonitic coatings than other units at the

Black Mountain site. Breccia textures and hydrothermal

alteration occur locally. The older lavas and tuffs
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TABLE 7. KAJOI_AMD TRACEELENENT ANALYSES* OF LAVAS
FRONTHE BLACKNOUMTAIMCALDERA

(SampLe tocat_ot_ fn parenthesis)

(1)
Pre-Black
_lountain

SiO:_ 74.90
AL
Fe20..O3. 5.960.91
c_ _ 0.50

0.08

TiO2 0.09

_a.O 2.15

P 18o
La 51
Ce 84
Sm 27.7
Eu 0.5
Tb 0.5
Yb 1.6
tu 0.4
Nd 27
Sc 1.8
Tm <2
Th 21

u 3.2
HQ ppb 80
No 6
Hi 2
Nb 20
Rb 80

Se O.2
k9 0.5
Sr 154
S_ 0.05

Te <.05
TL 1.2
Sn 1
W 6
V 0
Y 53
Zn 14
Zr 185
CO ....

+N20 ....

Sb 2.4
Aa 14

k 2.4
0t 0.1
II 20
Dr <1
Cd 0.2
C_ 0.32
Cm <1

Cr 18
Co 1
Cu 6

Oy 3
Ga 15
Ge 5

ku _ <5
Nf 4
Fro 22
Li 15
t Oxides

are in

(2) (13) (11) (17) (35)

Pre-Black Trl_:hyte Trm:h_e Llvl of Lava of
Mountain Hidden Nidd¢,¢I Pillar Yeltow

Vo( cani c..! _tiff CLiff _ Ctef_
?0.90 _.21 59.50 70.40 _.50
7.18 17.37 7.97 6.80 5.35
1.45 7.38 4._ 2.4J5 0.81
I. 11 5.28 2.18 0.42 0.49

0.23 1.96 0.85 0,11 0.07
0.18 1.07 0.55 0.19 0.06

497 O. 16X 1505 959 383
3.15 6.97 3 . d_9 3.63 2.32
3.66 4.06 3.78 4.29 3.47
.... 3.59 ............

310 O.?SX 2?30 150 300
77 .... 112 215 47

124 .... 206 367 83
3.8 .... 5.2 10.1 19.7
0.9 .... 1.4 <0.5 <.05
1.4 .... 1.6 3.7 1.4

2.1 .... 4.4 10.6 3.0
O.k .... 0.7 1.5 0.4

36 .... 63 121 22
2.3 .... 8.1 4.8 0.9
2 .... 2 5 <2

17 .... 18 48 15
3.5 .... 2.0 4.1 4.1

40 .... 50 40 20
6 .... 7 7 7

<I .... <I <I 4

25 .... 55 120 28
?"2 .... 36 97 120
0.2 .... 0.2 0.2 0.2
0.5 .... 0.5 0.5 0.5

317 .... 355 29 87
.001 .... .007 <.001 .052

<.05 .005 <.05 <.05 <.05
0.5 .... 0.1 0.6 0.1

1 .... 1 3 1
1 .... 2 4 5

11 .... 34 <1 2
51 .... 71 155 55
62 .... 112 166 36

255 .... 590 830 140

.... 1.09 ............

.... 0.20 ............

.... 0.32 ............

500 .... 1200 1950 160
0.2 .... 0.2 0.6 0.1
3 .... 3 4 3

1060 .... 1160 110 290
2.5 .... 3.4 11.0 3.0
0.1 .... 0.1 0.1 0.1
10 .... <10 10 30
<1 .... <1 <1 <1
0.2 .... 0.1 0.2 0.2
0.08 .... 0.22 0.{_, 0.13
3.0 .... 1.0 4.0 3.0

14 .... 2 15 25
2 .... 7 1 1
2 .... 7 <1 3
4 .... 7 9 6

16 .... 17 22 15
5 .... 5 5 5
5 .... <5 <5 <5
5 .... 8 18 3

28 .... 34 54 30
9 .... 14 26 7

reported in percent and elements in ppm unless noted otherwise. Anatyt

appendix. Fe20] represents totat iron.

(];8)
Lavm of

Yet Low

65.70
6.88
1.64
1.19
0.43
0.19

656
2.46
3.94

59O
?8

141
3.7
1.1
1.1
3.4
0.5

41
5.3

<2
11
2.3

4O
3
1

29
24
0.2
0.5

348
<.001
<.OS
0.3
1
2
2

46
S_

45O

52O
0.2
3

?3O
2.8
0.1

10
<1

0.2
0.21
2.0

14
1

<1
6

16
5

<5
6

24
11
ica[ methods
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TABLE 8. I_lkJCRANO TRAC_ ELEMENTA)LkLYSESt OF
ASH FLO_ TUFFS FRC_ITHE BLACKMOUNTAIMCALDERA

(Sample Location in perenthesis)

(67) (643) (65) (/,6) (I/*) (15) (16)
Trmi t Gold Gold Rocket

Ridge Flat Flat _msh Labyrinth GLassy Base Labyrinth
Tuf..__F Tuf___f Tuf_._ff Tuff C_yon Labyrinth ¢.

sio_ 62.70 ?0.43 62.60 71.72 73.10 72.30 72.60

A 12/]'0_ 7.62 11.92 4.B0 12.52 6.31 6.40 5.23Fe * 2.24 6.54 3.22 3.78 1.5;' 1.52 1.27
Ca_ 2.52 O.M 4.96 0._ 0.51 0.35 1.27
NgO 0.46 0.25 .... 0.77 0.31 0.34 0.54

TiO 2 0.30 0.31 0.15 0.22 0.09 0.09 0.07
Nn 1114 O.I?I& .... 0.1M& _ 478 5?9

Na.O 3.91 5.00 3.27 5.02 3.20 2.52 2.69
K._ 4.70 4.75 3.23 4.55 3.80 4.12 3.33
F_O .... 0.93 .... 0.57 ............
P 810 0.17 670 0.13 1260 110 710
La 88 .... 287 .... 76 74 68
Ce 159 .... 548 .... 143 138 131

30.5 .... 8.0 .... 10.8 10.9 11.0

Eu 1.7 .... 0.6 .... <0.5 <0.5 (0.5
Tb 1.1 .... 8.3 .... 2.1 2.2 2.0
Yb 3.0 .... 26.5 .... 5.3 5.4 4.4
Lu 0.6 .... 3.8 .... 0.8 0.9 0.6

I_1 48 .... 139 .... 11 49 49
Sc 8.2 .... 2.0 .... 1.5 1.4 1.4
TS <2 .... 14 .... 3 3 3
Th 10.0 .... 110 .... 19 19 18
u 2.9 .... 22.0 .... 5.1 4.8 10
He _ 30 .... 30 .... 120 60
Mo 5 .... 4 .... 6 7 4

Hi 3 .... 5 .... ? <1 3

Nb 32 .... 325 .... 52 59 51
Rb 28 .... 170 .... 130 170 120
Se 0.2 .... 0.2 .... 0.2 0.2 0.2

AQ 0.5 .... 0.5 .... 0.5 0.5 0.5
Sr 53 .... 194 .... 51 3_ 53
S_ .022 <.001 0.23 .... .021 <.001 .054
Te <.05 .... <.05 .008 <.05 <.05 <.05
TL 0.2 .... 1.3 .... 0.4 1.8 0.6
Sn 1 .... 1 .... 1 1 2
_1 3 .... 6 .... 5 1 4
V <1 .... 31 .... 14 <I 10

Y 52 .... 370 .... 105 105 86
Zn 92 .... 361 .... 111 137 102
Zr 520 .... 2950 .... 375 395 360

co_ .... 0.42 .... 0.39 ............
÷N_O .... 0.20 .... O. 25
-.:o" .... .... o.45 ............
FZ 460 .... 2100 .... 290 1040 290
St> 0.2 .... 0.5 .... 0.8 0.2 0.3
As 4 .... 17 .... 5 3 ?
Ba 630 .... 290 .... 260 60 140

Be 3.0 .... 21.0 .... 5.1 5.1 4.8
Bi 0.1 .... 0.1 .... 0.1 0.1 0.1
B 30 .... 60 .... 40 30 30
Sr <1 .... <I .... <1 <1 <I
Cd 0.1 .... 0.5 .... 0.3 0.2 0.3
C 0.6q .... 1.87 .... 0.30 0.08 0.6
Cs 1.0 .... 4.0 .... 3.0 3.0 2.0
Cr 14 .... 14 .... 13 <1 7

Co 2 .... 2 .... 3 <1 I
Cu 2 .... 10 .... 5 1 4

Oy 10 .... 35 .... 5 13 5
Ga 15 .... 22 .... 19 21 19

Ge 5 .... 5 .... 5 5 5
Au ppb <5 .... <5 .... <5 <5 <5
Hf 11 .... 76 .... 7 8 7
Pb 24 .... 100 .... 48 48 32
L i I0 .... 84 .... 22 27 27

" Oxides reported in percent e_l elements in PI_ unless noted otherwise. Analytical nethods

are in lq:T)enclix. Fe203 represents total iron.
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weather like granite, forming rounded sloping outcrops and

large exfoliated boulders. They are responsible for the

rugged, mountainous terrain of Quartz Mountain in the

western project area. Vegetation is largely grasses with

some low evergreens. The section is basically subalkaline

with slightly high arsenic and antimony and low manganese

and magnesium where altered by hydrothermal solutions

(Table 7).

LAVAS OF RIBBON CLIFF AND PILLAR SPRINGS. Two major

extrusions of lava preceded ash flow sheets between each of

the 3 or 4 caldera collapse events. (Noble and Weiss,

1986, now believe there were 3.) They are, from older to

younger, Lavas of Ribbon Cliff and Lavas of Pillar Springs.

Each unit is composed chiefly of trachyte. Lavas of Ribbon

Cliff include latitic flows (Noble and Christiansen, 1974).

Lavas of Pillar Springs tend toward peralkaline character

(Nobel and Christiansen, 1974) and are similar to Trail

Ridge Tuff geochemically (Tables 7 and 8) and spectrally.

They form "beehive" mounds in outcrop due to exfoliation-

like weathering parallel to viscous contorted flow

structure. Coarse granitic textures are a consequence of

abundant alkali feldspar phenocrysts with minor quartz and

biotite. Coatings are generally poorly developed on these

flows whose surfaces are unstable, subject to rapid,

mechanical degradation. Desert varnish, where present, is
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dull brown to dull reddish brown in color. Lavas of Pillar

Springs form rugged terrain with a labyrinth of short

canyons and a fortress-like geomorphology (Figure 13). The

unit can contain slightly high thorium, tin, zinc,

zirconium, beryllium, fluorine, hafnium, and rare earth

elements (Table 7).

ROCKSOF YELLOWCLEFT. The latites of Yellow Cleft are

intracaldera flows, conspicuously dense and light in color.

They contain quartz and alkali feldspar phenocrysts and are

brecciated and recemented locally. Coatings are very thin,

yellowish to orangy, discontinuous and poorly developed.

The unit occurs in one coherent arcuate depression in the

eastern caldera moat. It probably erupted after Pahute

Mesa Tuff, preceding Trail Ridge Tuff deposition. Outcrops

are angular, jointed, and blocky, present only in one broad

depression. Float is mostly cobble to small boulder size

and very angular. Grasses dominate vegetative growth over

the unit with subordinate sagebrush. The unit is a latite

to high silica rhyolite with high amounts of samarium, and

chromium and low thallium, titanium, zirconium, antimony,

cerium, fluorine, and hafnium (Table 7).

TRAIL RIDGE TUFF. Trail Ridge Tuff is the middle

member of the Thirsty Canyon Tuff Formation - the outflow

sheet from the Black Mountain caldera. The unit occurs in
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Figure 13. Black Mountain study site. Rugged outcrop area

of Pillar Springs Lava. Photograph taken just southwest of
the outer caldera rim, looking west.

Figure 14. Photomicrograph of basal glass of the Gold Flat

Tuff from Black Mountain. Plane light at 10x. Note dark

reddish layer of desert varnish at the sample's upper

surface.
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a few small isolated patches in the study area, commonly

overlain by Gold Flat Tuff. It overlies the Rocket Wash

and Pahute Mesa members, which are represented even more

sparsely in the study area, and where they are present they

are quite thin in outcrop and virtually indistinguishable

on imagery from the lavas. The Trail Ridge member is a

subalkaline rhyolite to quartz latite ash flow tuff. It

tends to be moderately to densely welded. It is a brownish

gray tuff with pumice fragments and alkali feldspar

phenocrysts. Coatings are brownish to gray brown and

darker and more maturely developed in general than those on

the lavas. Trail Ridge Tuff forms short, stepped ledges on

low hills and ridges.

within the study area.

with some platy slabs.

It is bedded and slightly welded

It weathers mostly to a fine scree

The formation supports sagebrush,

atriplex, grasses, and indistinct canopy. Scandium,

europium, and manganese are slightly higher relative to

other units at Black Mountain (Appendix G).

GOLD FLAT TUFF. The Gold Flat Tuff is the uppermost

ash flow sheet of the Thirsty Canyon Tuff and the most

thoroughly studied formation in the project area. Noble

(1965) identified the unit as pantellerite and a highly

evolved differentiate of the Black Mountain magmatic

system. It is a thin, moderately welded outflow sheet that

caps mesas west and south of Black Mountain summit and the
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inner caldera rim (Figure 12). A thin basal vitrophyre

(Figure 14) separates it from Trail Ridge Member.

Lithologically the unit exhibits eutaxitic structure and

contains 10-20% broken phenocrysts of anorthoclase, quartz,

and sodic plagioclase with minor phenocrysts of

clinopyroxene, aegirine-augite, amphibole, and olivine

(fayalitic). Density slice imagery on an SEM image

indicated 7.5-9.5% aegirine-augite content. Cerium- and

lanthanum-rich monazite, cerianite, and zircon were

identified by SEM-EDX probes. Groundmass is devitrified,

presently composed largely of very fine alkali feldspar and

cristobalite. Whole rock and minor and trace element

analyses are given in Table 8 and 9 and Appendix G. The

iron/magnesium ratio of olivine and amphibole is high.

Concentrations of beryllium, niobium, lead, tin, thorium,

and the rare earth elements are also anomalously high, up

to I0 times that of comenditic glass from the Spearhead

Tuff (Noble, 1965). Alkali/alumina and Na20/K20 ratios are

elevated as well. The unit is very pale olive gray in hand

specimen. Coatings are gray brown to dark grayish

chocolate and moderately well developed. The unit is

moderately welded throughout the study site, is the latest

deposit of any volume and areal extent at the site, and

caps mesas and ridges, forming ledges and short cliff faces

at their fringes. It produces blocky slabs of float.

South of Black Mountain summit, the Gold Flat Tuff is host
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to about 25% sagebrush cover. West of the caldera rim, a

mixed growth of grasses merging into juniper and pinyon and

sagebrush are present.

TRACHYTE OF HIDDEN CLIFF. After final collapse and

extrusion of the Gold Flat ash tuff, mafic trachytic lavas

filled the volcano and formed what is now the high edifice

over Black Mountain. Mafic trachyte is dark gray, variably

vesicular, largely aphyric with 5% plagioclase and alkali

feldspar phenocrysts with some fayalitic olivine,

clinopyroxene, and ilmenite (SEM-EDX probes). The unit

exhibits peralkaline trends geochemically (Tables 7 and 9

and Appendix G). Outcrops on Black Mountain host about 10%

dusty moss green to greenish gray lichen. Coatings are

distinctively gray - light to medium - and moderately well

developed. Trachyte of Hidden Cliff forms rough, hummocky,

boulder strewn surfaces (Figure 15). There is a diverse

floral association with the formation of Black Mountain

where grasses dominate with rabbit brush and other low

shrubs including sagebrush and scattered evergreens. Trace

element geochemistry is typically mafic - low rubidium and

boron for example (Table 7).

LABYRINTH CANYON TUFF (DISTAL SPEARHEAD). The

Labyrinth Canyon Tuff was reassigned (Noble, et al., 1984)
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Figure 15. Black Mountain study site. Photograph taken
on the flank of Black Mountain, looking north and showing

outcrop of Trachyte of Hidden Cliff.
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to distal Spearhead Tuff of Stonewall Flat Tuff based on

geochemical and paleomagnetic data. Trace element

signatures are consistent with Spearhead, particularly

hafnium content. (The name Labyrinth Canyon is retained

here to save confusion over imagery descriptions between

the two calderas and to conform with normal practice which

is to retain first-assigned formal formational names.) The

Labyrinth Canyon Tuff is a thin somewhat platy ash flow.

It is a fine grained, very pale orangy buff peralkaline

rhyolite with sparse granule to pebble sized pumice

fragments and alkali feldspar crystals (Figure 16). Basal

vitrophyre separates it from underlying mafic trachyte

lava. Coatings on the unit tend to be weak to moderately

well developed and pale orangy buff to dull gray brown

(Figure 17). In the project area, the Labyrinth Canyon

Tuff caps a group of small mesas on the west flank of Black

Mountain. The unit forms short cliff faces along the mesa

margins. It weathers to thin, platy cobble sized float and

supports grasses and sagebrush, dominantly. Relatively

high hafnium, mercury, rubidium, thallium, and boron and

low strontium and barium characterize the formation (Table

8).

KANE SPRINGS WASH

The Kane Springs Wash volcanic center was described in
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Figure 16. Photomicrograph of the Labyrinth Canyon Tuff

(distal Spearhead Tuff). Plane light, 10x. Thin section

is cut normal to and including the weathered surface. Dark

reddish desert varnish occurs sporadically on and near the

rock-air (balsam) interface.

Figure 17. Black Mountain study site. Outcrop of the

Labyrinth Canyon Tuff (distal Spearhead Tuff) with Black

Mountain in the background. The unit is moderately welded

with well develped desert varnish. The rock hammer is

hanging on light gray basal glass.
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a general way by Cook (1966) and Noble (1968). Detailed

mapping and geochemical studies were conducted by Novak

(1984 and 1985). Figure 18 from Novak (1984) shows area

geology; ground-based photographs of the Kane Springs Wash

area are displayed in Figures 19 and 20; and major volcano-

tectonic events are outlined in Table ii.

The Kane Springs Wash volcanic center consists of a

well defined central caldera collapse structure filled with

a complex sequence of diverse intracaldera lavas, tuffs,

and flow dome deposits that straddle the collapse event in

time. The outflow sheet within the study area comprises at

least 3 distinct ash flow cooling units, ranging in

composition from subalkaline to peralkaline rhyolite with a

pantelleritic trend. K-Ar ages (Novak, 1984) place the

eruptive event between about 14 and ii Ma. Volcanism may

have been controlled by the Pahranagat left-lateral strike-

slip shear system to the west. Basin and Range faulting in

the area appears younger.

The caldera rim fault is quite pronounced on the west

and south edge of the caldera, and a prominent scarp

demarks striking contrast between intracaldera lithologies

and outflow deposits. Intracaldera deposits consist of

dark trachyandesite flows overlain primarily by white

pumice-rich air fall tuff. Dark late basalt caps the

intracaldera mesas. Intrusive through this sequence but

pre-basalt are flow dome complexes of topaz bearing
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Figure 19. Kane Springs Wash study site. Photo shows

stratigraphic section with Hiko Tuff (H) at base overlain

by lower Kane Wash Tuff members 0 and W, capped by upper
Kane Wash Tuff V member ash flows.

Figure 20. Kane Springs Wash volcanic center. Photo shows
intracaldera units within the caldera looking west. R -

topaz rhyolite, B - late basalt, T - trachyandesite lava, A
- air fall tuff.
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SEQUENCE OF VOLC.._-TECTON1C EVENTS AT THE

1CANE SPR%I,IGS '=;ASH VOt.C..ANLC CENTER

Late hsatt

Intre and extrRcetders olivine basalt flows.

RhyoLite F Low- Ocies

Farroedenite _ topaz-bearing exogencul intr|cetdera flew-domes.

Trachyat_desi te Laves

SLiB_tty vesicular to dense basalt to trachyar, desite.

Rhyot ite Laves and Pyroc tsst ics

Hi_ silica ferroedenite moat rhyolites and msh-flo_ Luffs.

Central Syenite CompLex

Subcircutar intrecaldera extrusive to su_votcenic syenite.

Trachyte Lavas

Vesicutsr coarsely porphyritic intracatder= trachyte.

CALDERA COLLAPS E

Member V3

Densety welded comenditic ash-flow tuff with e vitrophyricbase grading upward to vapor

phase altered tuff.

Member V2 of KaneWesh Tuff

V_etc_,d vmpor-phase.alteredcrystat-poor, ash-rich comer=ditic esh-flou tuff zoned upward

to more Ific tuff.

Nembar Vl of KaneWash Tuff

Norv_eldedesh-rich rhyolitic base zoned upuard to de?Leery welded tr_chytic tuff.

Nembers 0 _d W of Kane Wash Tuff

Feyatite-bearing rhyolite esh-fLou tuff, possibly sourced from sep4rste caldera SIW of

the Kane Springs Wash center.

PR_-ICAN_ WASH VOLCAN;C$

Hiko Tuff

Subetketinedacitic to tatitic crystaL-rich ssh-ftou tuff.

TABLE 11. VoLcanic and structural evotutiot_ of the Kane Swings Wash VoLcanic Center

arranged in ascending order of age (compiLed LargeLy from Novak, 1984).
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rhyolite. In the NE portion of the caldera is a sequence

of complexly emplaced silica-poor tuffs and syenite domes

which formed late in the depositional history, but which do

not appear to have caused resurgent doming. The outflow

sheet is a comenditic ash flow deposit with typical

welding, vapor phase, and vitric zonal relationships. It

has been named the Kane Wash Tuff and includes three

members: VI, V2, and V3 from base to top, each a separate

cooling unit. Noble (1968) included underlying ash flow

deposits, designated O and W, with the Kane Wash Formation

as part of the Kane Wash sheet. Novak (1984), however,

disputes the inclusion of the O and W cooling units with

Kane Wash Formation on the basis of unit thicknesses and

clast size, which he observed increasing away from the Kane

Spring Wash Center. The established stratigraphic

subdivision of Noble was, nevertheless, retained by Novak.

The Kane Wash deposits and the O and W ash flow units

overlie older Hiko tuff. White air fall tuff occurs

interstratified between some of the ash flow formations.

Although the Kane Springs Wash Formation includes

several outflow sheets with distinctive chemistry, varying

from subalkaline rhyolite to peralkaline iron-enriched

rhyolite (Noble, 1968), these units do not seem to differ

enough petrochemically to cause significant spectral

variation. Rather, imagery characteristics appear to

depend more on coating development and perhaps vegetation
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diversity as a function, partially, of welding intensities

within individual sheets. Moreover, remote sensing

differentiation is facilitated by the presence of

conspicuous high albedo inter-sheet air fall tuffs. The

Kane Springs volcanic center is unique among the 3 study

areas inasmuch as post caldera flows are abundant at Kane

Springs Wash and confined to the intracaldera basin.

HIKO FORMATION. The Kane Wash Formation overlies an

older felsic tuff. This pre-Kane Springs Wash basement is

a crystal-rich ash flow deposit. It weathers and

exfoliates like granite and forms mounds or "beehives" in

places. Hiko Tuff contains about 50% broken sanidine-

anorthoclase crystals with some plagioclase, quartz,

biotite, and amphibole (Figure 21). Pumice and other

lithics are sparse. The unit contains densely welded zones

sequenced stratigraphically between less densely welded

interzones. Coatings are more pronounced on densely welded

portions of the tuff. They tend to be dull brown with

variable tints of orange and gray, but mostly very pale

orangy buff. Whole rock, minor, and trace element

analyses for Kane Springs Wash units are presented in Table

12, 13, and 14 and Appendix H. Where sampled, Hiko Tuff is

subalkaline and latitic in composition (Table 12). It

contains slightly high strontium and barium and slightly

low boron relative to other units at Kane Springs. The
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Figure 21. Photomicrograph of Hiko Tuff. Crossed nichols
at 10x. Hiko Tuff is coarse rand granular. Photo shows

broken crystals of plagioclase, alkali feldspar, quartz and

biotite with opaque magnetite in a mesostasis of

devitrified glass.

Figure 22. Kane Springs Wash study site.
Wash Tuff Vl Member, moderately welded.

east side of study area, looking north.

about im high.)

Outcrop of Kane
Photo taken on

(Cholla cactus is
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TABLE 12. NAJOR ANO TRACEELEMENTANALYSIES*OF
ASH FLOWTUFFS FRON THE KANE SPRINGS WASHCENTER

(S_le Locati_ in parenthesis)

(19) (50) (18) (26a) (26_)
Hiko Miko Kar_ Syeni te Syeni te

Tuf._._f Tuf.._._f .Wash Vl C_

sio_ 65.30 63.50 7_._ 69.58 68.,50

i_ _ 6.34 6.76 11._ 15.12 7.13" 2.03 2.22 Z.10 ,5.14 2.95
2.36 2.67 0.66 0.77 0.36

Wgo 0.72 0.68 0.14 0.14 0.08

TiO 2 0.26 0.30 O. 14 0.50 0.22
40;' 441 0.042 O.05Z 10,55

Wa-o 2.25 2.42 3.67 4.90 3.63
K.6 2.36 2.47 4.53 5.38 4.39
F_O ........ 0,31 0.33 ....
P 800 920 0.25X 0.20_ 520
La 61 .52 ........ 131
Ce 104 96 ........ 280
Sm 3.9 10.8 ........ 22.7
Eu 1.3 1.3 ........ 0..5
Tb 1.8 0.4 ........ 1.4
Yb 2.0 1.2 ........ 6.6
Lu 0.3 0._, ........ 1.2
_cl 28 24 ........ 68
Sc 5.9 5.9 ........ 4.0

Ta ,c2 <2 ........ 3
Th 13.0 12.0 ........ 13.0

u 3.6 3.0 ........ 3.7
Me _ .50 30 ........ 60
No ,5 6 ........ 8
Ni 6 ,5 ........ <1

Wb 14 19 ........ 58
Rb 68 68 ........ 110
Se 0.2 0.2 ........ .02

Ag 0.5 1.0 ........ 0.5
Sr 543 581 ........ 38

SS[ .015 .003 <.001 ._7 (.001
Te ,05 <.05 ........ 0.10
TL 0.3 0.2 ........ 0.3
S_ 1 1 ........ 1
u 3 3 ........ 6

V 41 4.5 ........ <1
y 34 35 ........ 80
Zn 48 51 ........ 101
Zr 2.30 230 ........ 565

CO ........ 0.14 <.01 ....
+W20 ........ 0.26 0.33 ....
-W__O ........ 0.25 0.31 ....
F" 620 560 ........ 1250
Sb 0.2 0.1 ........ 0.2
As 3 3 ........ 9
Be 1140 1260 ........ 430
Be 1.6 1.8 ........ 2.8
iH 0.1 0.1 ........ 0.6
B <10 10 ........ 20
llr <I .0 <1.0 ........ 2.0
Cd 0.1 0.2 ........ 0.3
C_ 0.43 o.,r_ ........ 0.05
Cl 2.0 7.0 ........ 10.0
Cr ;_ 22 ........ 14

Co 7 7 ........ 1
Cu 8 8 ........ <1

Oy 2 2 ........ 18
Ga 13 12 ........ 22
Ge '5 ,5 ........ 5

Au I_ <5 <.5 ........ <S
Hf 4 6 ........ lt.

Pb 28 24 ........ 30
Li 11 7 ........ 12
* Oxides reported in percent and ele_m_ts in ppm unless noted otherwise.

are in appendix. Fe203 represents total iron.

Analytical methods
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TABLE 13.
FRON THE IU_A£ SPttlNGS dASH VOLCk_llC C£NTEII

(Sample t_ati_ in parenthesis)

MAJORAND TIIACE ELEMENTJUIALYS_ES*OF LAVAS

(7) (lOs) (10t)) (24a) (24b) (25) (32) (21)

Rhyolite Rhyolite Rhyolite Syenite Syenite Syenite
oome Dome Oome _ _ oome _ SasaLt

sto. _.20 7'5.40 76.43 _.so 67._s _.70 48.00 s4.s9
At2(33 5.98 6.43 13.38 7.05 15.16 7.10 6.84 17.15
Fe.O_j* 0.7'3 0.91 1.16 2.81 5.13 3.26 6.06 9.18
Ca_ 1.09 1.12 0.94 0.58 1.51 1.02 6.06 7.71

P,gO 0.15 0.17 0.12 0.24 0.45 0.43 3.40 4._6

TiO 2 0.02 0.05 0.04 0.35 0.65 0.49 1.00 1.48
NO 258 317 O. 031¢ 764 O. 131& 702 964 O. 12X

NeTO 2.86 3.11 4.29 3.57 5.05 3.19 2.07 3.09
[_o 3.37 3.54 4.42 4.03 5.10 3.78 0.83 1.94

........ 0.28 .... 0.70 ........ 5.98
P 240 210 O. 09'4 740 0.294 1080 1700 0.471_

La 18 24 .... 70 .... 68 27 ....
Ce 33 33 .... 141 .... 133 SS ....
Sin 7.5 3.9 .... 13.1 .... 12.6 6.8 ....
Eu <0.5 (0.5 .... 2.0 .... 2.3 1.8 ....
Tb 2.5 4.1 .... 1.0 .... 1.6 0.8 ....
Yb 7.3 19.9 .... 5.1 .... 3.0 1.4 ....
Lu 0.9 1.8 .... 1.0 .... 0.7 0.6 ....

16 20 .... 46 .... 39 17 ....

$¢ 1.8 2.1 .... 5.7 .... 7.7 24.7 ....
Ts 4 7 .... 2 .... 2 <2
Th 28.0 43.0 .... 11.0 .... 10.0 2.0 ....
U 7.0 8.6 .... 3.3 .... 2.9 1.0

gg pl_ 20 40 .... 40 .... 70 40
No 5 6 .... 6 .... 10 4 ....
Ni 3 3 .... <1 .... 1 84 ....

Nb 51 78 .... 4_ .... ]6 16 ....
Rb 120 200 .... 56 .... 47 10 ....
Se 0.2 0.2 .... 0.2 .... 0.2 0.02 ....

AO 1.0 0..5 .... 0.5 .... 1.0 O.S ....
Sr 14 76 .... 84 .... 151 485 ....

SY. .006 <.001 <.001 <.001 .0_7 <.001 .026 <.001
Te <.05 <.05 .... <.05 .... <.05 0.20 ....
Tt 0.6 1.7 .... 0.2 .... 0.2 0.1 ....
$11 1 3 .... 1 .... 1 1 ....
W 4 7 .... 4 .... 5 2 ....
V <1 3 .... <1 .... 26 176 ....
Y 115 220 .... 70 .... 59 25 ....

Zn 50 74 .... 110 .... 96 77 ....
Zr 110 115 .... 390 .... 360 180 ....
CO ........ 0.39 .... <.01 ........ 0.07

20 ........ 0.08 .... 0.24 ........ 0.26'('N

-.:o" ........ 0.22 .... 0.30 ........ o19
Fz 260 2500 .... 630 .... 770 320 ....
Sb 0.2 0.5 .... 0.3 .... 0.2 0.1 ....
As 5 5 .... 3 .... 3 4 ....
Be 40 180 .... 1290 .... 1280 450 ....
Be 7.7 12.0 .... 2.7 .... 2.4 1.2 ....
Bt 0.1 0.1 .... 0.1 .... 0.1 0.1 ....
II 40 30 .... 60 .... 10 10 ....

lr <1.0 <1.0 .... <1.0 .... <1.0 1.0 ....
Cd 0.1 0.1 .... 0.1 .... 0.2 0.1 ....
CIi 0.4 0.31 .... 0.06 .... 0.06 0.51 ....
Cs 4.0 9.0 .... 9.0 .... 6.0 <2.0 ....
Cr 18 17 .... 14 .... 21 163 ....
Co <1 1 .... 1 .... 5 34 ....
Cu 2 3 .... <I .... 4 26 ....

Oy 9 18 .... 9 .... 7 6 ....
Ga 21 22 .... 18 .... 17 10 ....
Ge 5 5 .... 5 .... 5 S ....

Au PI_ <S <5 .... <5 .... <S <S ....
Hf 6 7 .... 11 .... 9 3 ....

Pb 44 S2 .... 30 .... 28 14 ....
Li 60 97 .... 13 .... 12 5 ....

* Oxides reported in percent and elements in ppm unless noted otherwise. Analytical, methocbs

Ire in appendix. Fe20.] represents total iron.
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TABLE 14. KANE SPRINGS WASHVOLCAX|C CENTER

NAJORELEMENTANALYSES*

(From Novak, 198/,)

s%
A|203

Fo203
Mgo
CaO

%0
Kzo
TiOz

14nO

L.O.I.

Total,

F

CL

Korle Ka.ne

Trachy- Postcard. Precal`d. Wash Wash Rhyot ire Rhyot ire

BasaLt endesite Trachyte Syenite Trachyte Tuff-W Tuff V2 Dane Lava

50.5 53.1 59.3 59.8 67.3 72.6 73.1 74.8 76.1

15.6 15.8 15.9 15.9 14.2 12.2 11.1 12.9 12.3

10.6 10.4 6.57 6.39 3.37 1.28 2.72 0.87 1.24

7.60 3.86 1.73 1.59 0.27 <.10 0.10 0.12 0.11

8.83 7.04 3.60 3.62 1.15 0.65 0.26 0.42 0.49

2.98 3.76 4.36 4.50 4.12 3.85 4.04 3.84 3.32

1.35 2.31 4.49 4.71 5.66 4.80 4.29 4.(>0 5.14

1.89 1.83 1.23 1.20 0.39 0.04 0.15 <.02 0.10

0.49 0.39 0.44 0.42 0.06 <.05 <.05 <.05 <.05

0.15 0.17 0.15 0.14 0.07 <.02 0.04 0.03 <.02

0.12 1.49 1.30 0.96 2.42 3.44 2.75 3.44 0.29

100.11 100.15 99.07 99.23 99.01 98.86 98.55 101.02 99.09

0.08 0.13 0.34 0.49 0.17

0.08 <.05 0.17 0.05 0.06

* AlL analyses by x-ray ftuorescence, except F and Cl`,

which were determined by wet; chemical` methods. Results in 5_.
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unit supports grasses, predominately, with variable

sagebrush. A summary and a comparison of units from the

Kane Wash site are tabulated on Table 15.

KANE WASH TUFF. In the Kane Springs Wash study area

the Kane Wash Tuff consists of 5 rhyolite ash flow cooling

units: a lowermost compound fayalite bearing cooling unit

designated the "O" member, which overlies the Hiko

Formation; a much thicker (up to 190m) compound cooling

member - "W" - with a distinctive white basal glass, which

overlies the "O" member; then the "VI", "V2", and "V3"

members as the section is ascended (Figure 19). Although

earlier workers (Noble, 1968) felt the "O" and "W" members

were erupted from the Kane Springs center, Novak (1984,

1985), after conducting more extensive mapping decided

their source was a vent near the southern end of the Hiko

Range. All 5 of these members are similar in composition

(Tables 12 and 14); however, the older Kane Wash Tuff

members, "O" and "W" tend to form a singular coherent

remote sensing unit. They are less welded in general than

the "V" members and weather to form moderate slopes rather

than ledges. Each unit contains phenocrysts of sanidine-

anorthoclase, olivine (fayalitic), and pyroxene with some

quartz. Sodic amphibole occurs in the vapor phase mineral

assemblage of the "V" members. Pumice fragments comprise

generally about 5% of these outflow sheets. The "V"
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members (Figure 22) vary from densely welded to strongly

vapor phase altered. In places the less welded vapor phase

altered zones are covered with dusty green lichen

overgrowth (15-20% of the outcrop surface). The Vl member

attains thicknesses of 120m and contains lithics with

dimensions up to 5cm across. Lithic fragments in the V2

member, in contrast, are about lcm long and typically less

abundant. Both members are zoned from densely welded to

vapor phase altered up section. Vl is mineralogically

zoned with about 55% crystal content near its base to 25%

up section. Member V2 exhibits a stronger peralkaline

tendency and grades from crystal-poor, ash-rich comendite

at the base to a more trachytic composition with 5%

phenocrysts of sanidine and quartz toward the top. V2 and

V3 are mesa formers west and southwest of the caldera. V3

member is a thin, densely welded comendite virtually

identical to V2 lithologically. These outflow sheets are

separated by air fall deposits and basal vitrophyre.

Coatings are quite well developed and a mature dark

chocolate brown on densely welded layers. Less mature

surfaces are ashen gray brown. The Kane Wash Tuff

Formation supports grasses, generally foxtail, and

sagebrush. At higher elevations juniper is present. The

"V" members are relatively highly evolved petrochemically.

They contain anomalously high amounts of the rare earth

elements, hafnium, fluorine, rubidium, zirconium, thorium,
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and uranium and low amounts of scandium and barium. The

"0" and "W" members report low manganese, magnesium, and

titanium.

AIR FALL TUFF. White, coarse, pumice-rich to very fine

lapilli tuff with rare pumice lithics occurs between some

of the ash flow members of Kane Wash Tuff described above,

particularly the "O" and "W" members. A thick pumice-rich

white ash deposit also occurs within the caldera

interfingering with the trachyandesite lavas. These

rhyolitic pyroclastics are unwelded, nonresistant, vitric,

white to cream colored, and quite conspicuous, especially

where coarse. Fine grained ash tends to be buff with pale

orangy brown tints. Thicknesses vary from about 5 to 25m.

Coatings are very poorly developed and seem to be composed

largely of transported dust and organic material. These

units form moderate slopes and vegetative cover is

relatively sparse, dominated by grasses.

CENTRAL SYENITE COMPLEX. Following caldera collapse, a

roughly circular complex of extrusive to subvolcanic

intrusive syenite and trachyte erupted in the central part

of the caldera (Novak, 1984). The complex is texturally

and compositionally diverse, but is dominated by fine-

grained, cream-colored porphyry with about 20% anorthoclase

with some clinopyroxene and up to 5% quartz. The unit
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forms a cumulo-dome, approximately 5km across, that is

resurgent into the caldera floor. It contains syenitic

flow dome complexes which resemble younger topaz rhyolite

flow domes spectrally. Coatings are tan to brown to

reddish brown. Milky amorphous silica was noted in

coatings on one of the flow domes but is likely

hydrothermal in part. The complex underlies rugged

topography (Figure 23) with steep knobs and drainage

channels. Sagebrush is common with some grasses and

evergreens in the northern more elevated portion of the

study site. Analyses of syenite samples (Tables 12 and 13)

report relatively high contents of molybdenum, zinc,

zirconium, boron; slightly high rare earth elements,

arsenic, barium, fluorine, hafnium, and lanthanum; and low

scandium and barium.

TRACHYANDESITE LAVA. Dark gray, vesicular mafic

trachyte forms elongate lava tongues about 100-150m thick

in the western moat area (Figure 20). The unit was

deposited after caldera collapse. It contains about 15%

phenocrysts of sieved plagioclase with olivine and

clinopyroxene. The groundmass is holocrystalline and

similar in mineralogy. Coatings are distinctively gray to

rusty brown, usually dull, but occasionally dark with a

silvery sheen. Secondary mineral coatings are sporadic but

fairly well developed. They are lighter in color than

coatings on basalt, but typically darker than coatings on





Figure 23. Kane Springs Wash study site. Photograph of

syenite dome taken at northeastern side of study area,

looking north.

Figure 24. Kane Springs Wash study site. Photograph of
intracaldera area underlain by trachyandesite. Photo taken

in west central part of study area, looking east.
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the tuffs and rhyolites. Trachyandesite tends to host a

relatively dense population of moss green to gray lichen

similar to the lichen overgrowth on mafic trachyte of Black

Mountain. It occupies elongate topographic lows within the

moat area and weathers to irregular rugged boulders and

smaller float, strewn over a hummocky surface. (Figure

24). Foxtail grasses dominate the vegetative canopy.

Trachyandesite is relatively low in uranium, thorium, and

lead and high in nickel, scandium, zirconium, and gallium

(Appendix H).

RHYOLITE DOMES. Flow-layered rhyolite flow domes occur

in the western caldera moat (Figure 20). These deposits

are annular and appear exogenous over trachyandesite or

intracaldera pyroclastics where they occur within the study

site. They are pale flesh in color, quite dense, and form

prominent knolls which likely represent paleovents.

Grasses are the dominant growth, juniper occurs on north

slopes. Flow layering near dome centers is subvertical.

The white, pumice-rich pyroclastics which fill the western

moat probably erupted just prior to emplacement of these

high silica rhyolites. Rhyolite domes contain phenocrysts

of quartz, sanidine, plagioclase, fayalite, sodic

amphibole, and Fe-Ti oxides. Vapor phase topaz crystals up

to 2mm long have been observed within a central lithophysal

core (Novak, 1984). These deposits are relatively high in
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the heavy rare earth elements, tantalum, tin, uranium,

beryllium, lithium, fluorine, rubidium, thorium, and

yttrium (Tables 13 and 14 and Appendix H). Novak (1985)

reports large negative europium anomalies (Eu/Eu*=0.0020)

in topaz rhyolite from Kane Springs Wash. Coatings on the

rhyolite domes are chiefly pale orangy brown to moderately

dark brown.

LATE BASALT. Late olivine basalt flows occur mainly as

mesa caps within the westernmost area and around apparent

late vents along the eastern border of the study site.

Analytical data is presented in Tables 13 and 14 and

Appendix H. Basalt overlies the white intracaldera

pyroclastic deposit. Basalt is very dark gray and quite

conspicuous in outcrop and talus scree. It is massive to

vesicular. Coatings are gray to very dark with a silvery

sheen. In thin section (Figure 25) the unit is

characterized by thin laths to stubby broken crystals of

plagioclase in a trachytic texture with pyroxene and

amphibole in a microcrystaline groundmass. The unit

typically supports juniper and pinyon (15-20%) and grasses,

with minor sagebrush. Typical of basalt, nickel,

phosphorous, scandium, titanium, vanadium, chromium,

copper, and cobalt are relatively enriched and rubidium,

thorium, uranium, and lithium are low (Table 13 and

Appendix H).
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!

Figure 25. Photomicrograph of Late Basalt of Kane Springs
Wash. Crossed nichols at 10x. Note dark brown to

yellowish desert varnish impregnating the rock surface,

intergranularly.
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IMAGERY ANALYSIS
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Landsat 5 thematic mapper bands in the visible and near

infrared - bands 1, 2, 3, 4, 5, and 7 - were applied to

this study. The thematic mapper instrument is the most

advanced orbital visible/near-infrared sensor available,

and it was felt that the near-infrared bands could help

provide superior discrimination in terms of secondary

alteration products. Moreover, previous investigations

have shown that spectral variation among lithologic cover

within typical low vegetation scenes is greatest in band 5,

driven primarily by divalent iron variation. The earlier

multi-spectral scanner (MSS) does not offer a similar band

interval. The superior spatial resolution of TM over MSS

was another consideration for applying TM.

Imagery analysis was conducted a-priori prior to field

work and prior to any significant knowledge of surface

geology. Imagery units were outlined in the first phase of

the study program. Correlation with lithologic units

followed field studies (Spatz, Taranik, and Hsu, 1987a).

It turned out that imagery units correlated extremely well

with lithologic units (greater than 90% for PC images),

both with regard to outcrop and in some cases with regard

to monolithologic detritus.
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IMAGE STATISTICS

A multivariate statistical evaluation of pixel values

for each scene was conducted with IDIMS function ISOCLS

(Appendix I). Mean and standard deviations for each band

and covariance matrices between bands were computed.

Correlation coefficients between bands were derived by

dividing covariance by the product of standard deviations

of respective bands. Correlation coefficients provide a

measure of the amount of spectral variance between bands.

Bands with lowest correlation coefficients are the least

correlated and contain greater spectral diversity. By

selecting bands with least apparent spectral similarity,

spectral contrast on image composites should be enhanced.

The principal components (PC) transformation (Appendix C)

takes variance and covariance to compute eigenvectors which

are new data axes projected through multi-dimensional band

data sets in progressively shorter axes. Each eigenvector

is represented by a corresponding eigenvalue. Eigenvalues

are a measure of the amount of variance contained in each

PC. The tables in Appendix I show the relative

contributions of each band to each PC and thus those bands

most responsible for spectral variance in each PC. In

general PC1 is dominated by reflectance variation due to

topography. PC2 contains more subtle spectral variation of

surface cover, in this case rock/soil dominated variance,
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whereas PC3 variance is dominated largely by remaining

spectral variance, in this case, vegetation. These

relationships are supported by the fact that PC3 images

tend to appear almost identical to 4/3 ratio images which

highlight vegetation.

In this section imagery characteristics of each major

volcanic unit at each of the 3 study sites are discussed

with a view toward establishing effective imagery

correlation and image combinations for lithologic

discrimination and mapping. In all color composites, the

encoded color sequence is red-green-blue (RGB). Our

studies indicate vegetation (only 25-30% of surface cover)

is subordinate as a significant spectral control in the

images at Stonewall.

Imagery training sites were selected and class

statistics computed with IDIMS function CLASFY (Appendix J)

for each major lithologic unit. One set of training sites

was used for the supervised classification computations

which follow, another for representative band reflectance

values (digital numbers or DN values) in each band for each

unit. Band statistics for each unit are compiled in Table

16. Atmospheric corrections were not performed, since

histogram and deep shadow methods of determining scatter

indicated Raleigh scatter was significant only in band 1,

and where used as a single band, band 1 is always

stretched. Moreover, lithologic discrimination and other
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Table 16 RAM LARDSATDN VALUESOVER THE NAJORLITHOLOGIC UNITS*

STONEIdALLMOJMTAINAREA

UNITS TM BANDS CAM) RATIOS

1 2 3 4 5 7 3/2 5/2 5/4 5/7

Civet Cat Cap 137 66 96 86 202 125 1.45 3.06 2.35 1.62

Civet Cat Canyon 135 62 85 70 106 66 1.37 1.71 1.51 1.61

Spearhead Tuff 156 74 103 85 154 99 1.39 2.08 1.81 1.56

BasaLt FLoe 115 49 63 49 78 /_, 1.29 1.59 1.59 1.77

Amelq_e Springs

Upper RhyoLite 182 96 150 128 237 148 1.53 2.42 1.85 1.60

Louer Lattte 159 76 111 92 125 72 1.46 1.64 1.36 1.74

Quartzite CongLom. 134 62 91 76 114 70 1.47 1.83 1.50 1.63

THE BLACKNOJNTAIN CALDERA

UNITS TN BANDS BAND RATIOS

1 2 3 4 5 7 3/2 5/2 5/4 5/7

Labyrinth Canyon 133 64 98 93 188 113 1.53 2.94 2.02 1.66

Gold Fiat Tuff 141 68 97 85 183 119 1.43 2.69 2.15 1.54

Trachyte, Hidden cir. 124 58 84 77 155 89 1.45 2.67 2.01 1.74

Lava, PiLLar Springs 108 49 64 62 110 62 1.31 2.24 1.TY 1.77

Trail Ridge Tuff 122 55 75 63 112 69 1.36 2.04 1.78 1.62

Older Thirsty Canyon 137 64 92 80 159 99 1.44 2.48 1.99 1.61

Laves, Ribbon CLiff 130 60 84 70 120 72 1.40 2.00 1.71 1.67

Laves, Yeitoe CLiff 123 58 86 81 146 84 1.48 2.52 1.80 1.74

Pre-Thi rsty Canyon

Votcani ca 144 70 101 90 173 104 1 ._ 2.47 1.92 1.66

THE I(ANE SPRINGS MASHVOLCANIC CENTER

UNITS TN llANOS SAM) RATJOS

1 2 3 4 5 7 3/2 5/2 5/4 5/7

Topaz Rhyolite 151 76 111 96 180 108 1.46 2.37 1.88 1.67

Besait 102 46 56 63 86 47 1.22 1.87 1.37 1.83

Trachyandesite 110 47 63 56 92 50 1.34 1.96 1.64 1.04

Nfko Tuff 144 71 104 90 172 100 1.47 2.42 1.91 1.72

Kane Tuff (V) 136 67 101 87 180 109 1.51 2.69 2.07 1.65

Syenite Complex 126 60 85 86 145 82 1.42 2.42 1.69 1.77

Kane Tuff (O-N) 134 62 88 75 125 75 1.42 2.02 1.67 1.67

*PixeL statistics for each unit are compiled in the Appendix
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cover imagery signatures are quite good using the product

digital values provided on the computer compatible tapes

(CCTs).

STONEWALL MOUNTAIN AREA

Imagery over the Stonewall Mountain area is superior

in quality for geologic remote sensing applications

(Figures 26-29 and Plate 4), because vegetation and

topography are subdued and outcrop/detritus/soil reasonably

ubiquitous. Imagery from the Stonewall study site reflects

a major normal fault in the eastern half, marked by a

conspicuous curvilinear, that is thought to be the western

margin of the Mount Helen caldera. Table 17 summarizes and

compares imagery characteristics of Stonewall Mountain

units.

CIVET CAT CANYON TUFF

Reflectance over Civet Cat is low in all bands over the

main Civet Cat Canyon flow since Civet Cat Canyon Tuff is a

relatively low albedo rock due to dark iron oxide matrix;

however, over the spectrally distinctive Civet Cat Canyon

cap rock, reflectance is relatively low in bands 1, 2, and

3 and high in bands 4, 5, and 7, increasingly so in the

later 3 relative to other cover in the scene (Tables 16 and

17). These spectral relationships cause the cap rock zone
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Figure 26. Stonewall Mountain area. Landsat 5 TM 512x512

pixel band 2 image, contrast enhanced by scaling. Desert
varnish is absorbant and dark in the lower TM wavelength

range, so darker tones on the image tend to correspond with

either more mafic rock assemblages or rocks with relatively

well developed desert varnish.

Figure 27. Stonewall Mountain area. Landsat 5 TM 512x512

pixel subscene. Principal components (PC) image, with PC2,

PC3, and PC4 color encoded red, green, blue, respectively.

Variance in PC2 is lithologically dominated in this scene.

Note striking peach color of glassy cap rock of Civet Cat

Canyon Tuff, easily discriminated on the composite.
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Figure 28. Stonewall Mountain area. Landsat 5 3/1 - 5/7 -

PC2 image encoded red, green, blue, respectively. Subscene

is 512x512 pixels. Each band was contrast enhanced with
the SCALE function. Antelope springs rhyolite, typically

somewhat altered hydrothermally (argillic, pyritic,

hematitic, limonitic), is distinctively yellow due to high

DN values in both 3/1 and 5/7. Stonewall Flat Tuff, the
outflow sheet from Stonewall Mountain, is purplish, its

contacts fairly sharp in this composite.

Figure 29. Stonewall Mountain area. Landsat 5 TM 512x512

pixel image. False color composite of bands 3, 5, and 7,
each contrast enhanced with IDIMS function SCALE.
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to be subdued in 3/2 and 5/7 ratio images, but strikingly

bright in the 5/2 image. High scene reflectance in band 7

creates high contrast turquoise blue over the unit in 3-5-7

images. The unit registers a dull, indistinct pale grayish

green in the 3/1-5/4-4 image. There is a low intensity but

high saturation and hue response for the cap rock in ISH

computations with bands 3-5-7, resulting in a distinctive

moss green hue in the composite ISH image. On ISH images

with bands 1-2-4 the unit shows low values in intensity and

hue, high values in saturation, but low contrast in all

three modes. Red Civet Cat cap rock is strikingly bright

in PC2 images, growing somewhat less so in PC's 3 and 4.

This results in an impressive discriminating capacity over

the unit in the PC2-PC3-PC4 and PC2-PC4-PC5 images. The

unit is also rather anomalous on some of the more exotic

composites, including especially the 1-4-Hue image, Hue

computed on bands 3-5-7; the 3/1-5/7-PC2 images, and a 3-7-

Hue (bands 1-2-4) composite. A 3/1-PC2-Hue (bands 3-5-7)

is especially effective in highlighting the Stonewall Flat

Tuff in general.

SPEARHEAD TUFF

The Spearhead Tuff exhibits little spectral variation

throughout the visible and near-infrared (Table 16). It is

relatively dark in all TM bands, particularly bands 1, 2,

and 3, in contrast to surrounding alluvium and Antelope
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Springs rhyolite which is a leucocratic high albedo unit.

A darker trend tends to increase the tonal contrast

somewhat in 5/7 images. Intensity increases slightly in

5/2 images. These band relationships, of course, control

color characteristics in false color composite images. So

in 3/1-5/7-4 images, encoded RGB, the unit is magenta

indicating higher reflectance in the 3/1 and 4 images with

relatively low reflectance in 5/7, and bluish gray in the

3/5/7 image due to higher reflectance in bands 3 and 7. In

individual principle component images, the Spearhead Tuff

is brightest in PC3 with high brightness also in PC2 and

PC4. Thus in the 3/1-5/7-PC2 composite the formation is a

distinctive dark purple. ISH computations on bands 3-5-7

result in indistinct low contrast tones over the unit in

the saturation and hue modes, darker though in the

intensity image. This results in a distinctive dull army

green hue in the ISH composite. Indeed, basalt exposures,

shadows, and the ash flow units with their dark desert

varnish coatings tend to register high DN values in the

saturation mode. Relationships are similar on ISH images

of bands 1-2-4, thus a hue composite of bands 1-2-4 with

scaled bands 3 and 7 results in distinctive bluish hues

over the unit, green if intensity is used instead of hue in

the same configuration. Imagery characteristics of

Spearhead Tuff are summarized in Table 17 and compared with

the other units at the Stonewall Mountain site.
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ANTELOPE SPRINGS FORMATION

The Antelope Springs Formation in the study site

consists of a lower reddish, ferruginous latitic member and

a more felsic highly reflectant upper white rhyolite. Some

of the formation appears intrusive and hydrothermal

alteration consisting of hydrous secondary minerals occurs

in places. The lower unit is relatively dark in all bands,

because of relatively low albedo in comparison to adjacent

white rhyolite (Table 16). The latite is more melanocratic

due to higher relative mafic mineral constituents and also

because of a lacy network of blood red ferruginous matrix.

Antelope Springs latite is distinctive in many of the false

color composites. The upper member exhibits high

reflectivity in all bands with diminishing intensity in

longer wavelength bands 5 and 7. Band ratios for the high

albedo upper member tend to dampen intensities relative to

other cover and enhance differences in iron oxide coatings

and clay altered surfaces in certain locations. For

example, several exposures are quite bright in 5/7 ratio

images. The unit contrasts markedly with other formations

in most color composite images. On 3-5-7 and 3/1-5/7-4

images the upper unit is cream colored with iron oxide

stained areas light reddish. The lower latitic member in

this rendition is red brown. On the ISH computations,

bands 3-5-7, the upper unit is bright in saturation and

intensity, light to medium gray in hue. In 1-2-4 ISH

images the deposit is quite dark in hue and saturation,
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light in the intensity mode. These felsic rocks respond

with bright intensity in PC1 for the upper member, dark for

the lower. The upper unit is dark and indistinct in PC2,

and with only slight variation in higher PC's. Thus PC1

overpowers other bands in composites in which it is

included, and PC composites without PC1 tend to obscure the

upper member. In the 3/1-5/7-PC2 image the light colored

upper unit is bright yellow to reddish and quite

conspicuous. Perhaps the greatest overall contrast over

the unit is exhibited by the 3-7-Hue (bands 1-2-4) image in

which it is highlighted in bright yellow and the 3-5-7 ISH

composite in which it is bright red.

LATE BASALT

Basalt, a low albedo lithology, is dark in all bands,

decreasing slightly in brightness in longer wavelength

bands 5 and 7 relative to adjacent cover (Table 16), due in

part to the greater depth of penetration of the lower

energy radiation and greater contribution of lithology,

which is heavily absorbing to TM band 5 radiation as a

result of divalent iron content. Higher energy radiation

is more responsive to secondary mineral coatings. Basalt

is thus medium gray and obscure in the 5/7 image and not

appreciably changed by 3/2 and 5/2 ratios. On the 3/1-5/7-

4 composite basalt is swamp green and well highlighted. It

is dark brown on the 3-5-7 composite. In individual band

modes of the 3-5-7 ISH transformation, the unit is dark.
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In 1-2-4 ISH, saturation and hue images it is very bright.

Thus on the 3-7-Hue (Hue on bands 1-2-4) composite basalt

is purple and on the 3-5-7 ISH composite, greenish. It is

very dark in PC1, obscure and indistinguishable in PC2,

slightly brighter in PC's 3 and 4. It is highlighted,

therefore, by blue in the PC1 PC2 PC4 composite, but cannot

be discriminated on the PC2 PC4 PC5 image. On the 3/1-5/7-

PC2 images the unit is dark green. Imagery characteristics

of basalt are compared with imagery characteristics of

other units at Stonewall Mountain in Table 17.

BLACK MOUNTAIN CALDERA

Imagery over the Black Mountain study area (Figures 30-

33 and Plate 5) differs from that of the Stonewall area

partly as a result of more diverse vegetative cover.

Caldera structure is evident from the geometry of some

narrow arcuate ash flow exposures that circumscribe the

mountain, prominent arcuate scarps, and curvilinear

topography. Lithologies are varied. Still the outflow

sheets tend to be readily mappable with Landsat TM imagery.

Vegetation over each unit was described in Chapter III.

The 4/3 ratio image highlights zones with relatively heavy

growth. This image is matched very closely by the PC3

image which also presents vegetation in strikingly bright

contrast. Table 18 compares imagery of Black Mountain





/
/

i':OLDOIJT FRAME/





CT,
i.--

I---

u..

O_

E

,i-.

==

O

E

..E

c"

"E

C
b

,T-.

I,-
"C

c..

r'_

O3

BLACK MOUNTAIN CALDERA ASH

SHEET COMPRISING THE THIRSTY

CANYON TUFF FORMATION

A

o .T_--

"E; "3
"-- C

-r- ..T_ --
¢_..

"_ p. >

t- {.':

_" (.3

(,3

2_=,_
0 0

{'_ r-

_ 7_ _ fr

,-2 -

- E

E ¢-

._. "O

> ,_-

r'.

E E

o _ ._--
33 _

E _ E

(D --J

-c

C

Y

3N3OOltq Id3ddN

\

\

<

u_

..I

0

Z
i

<
I--
Z

0

0
<
..J
rn

LU

I-

IJ.
o
I1.
<:

0

0
..J
0
-r-
)-
m

..J

LU
I--
<
.J
Q.

!
o

g-

o
Z

n

0

g

'0
E

E
0

0

E

ffl

E

£

e"

.J

E
0

n





108

Figure 30. Black Mountain caldera. Landsat 5 TM 512x512

subscene. Band ratio 5/7 image, contrast enhanced by

function SCALE. The steep spectral slope, between about

1.5 and 2.2 micrometers, exhibited by Gold Flat Tuff

(Chapter VII) leads to low 5/7 values and quite dark tonal

contrast on this image.

Figure 31. Black Mountain caldera. Landsat 5 TM 512x512

pixel image. Composite of bands 3, 5, and 7, edge enhanced

and color encoded red, green, and blue, respectively. Note

distinctive powder blue hue over Gold Flat Tuff due to its

relatively high reflectance in band 7.
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Figure 32. Black Mountain caldera. Landsat 5 TM 512x512

pixel subscene. Principal components image, PC1, PC2, and

PC3 color encoded red, green, and blue, respectively and

contrast enhanced by scaling. Linear, northwest trending
Gold Flat Tuff southwest of Black Mountain is bluish due to

vegetative contribution in PC3 (band 4 dominated, Appendix

I). Crystal rich lavas and Trail Ridge Tuff are green,

Trail Ridge tending to be slightly darker. Trachyte of

Hidden Cliff on Black Mountain is purplish.

Figure 33. Black Mountain caldera. Landsat 5 TM 512x512

pixel subscene. Color composite image of bands 1 and 4

colored red and green, respectively with the hue band of an

ISH transformation on bands 3, 5, and 7, colored blue.

Each band is contrast enhanced by IDIMS function SCALE.
Color contrast correlated well with lithologic contacts.
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units with other characteristics and Table 16 lists raw DN

values for each band by lithologic unit.

OLDER LAVAS AND TUFFS

The older felsic lavas and tuffs are the most

reflectant cover in lower wavelength bands, 1-4 (Table 16).

They are intermediate in reflectance at higher wavelengths.

This is probably due to their relatively silicic tendency

and lack of desert varnish. At lower wavelengths this unit

is more reflectant than adjacent rock/detritus cover (Table

18) due to absence of varnish and at higher wavelengths it

is less distinct since the lower energy radiation

penetrates the varnish cover on adjacent felsic units which

tend to support considerable desert varnish (Chapter VII).

In the ratioed images the unit tends to be dull,

intermediate in intensity and indistinct. Some areas over

the unit, however, exhibit a brighter signature in the 3/2

image probably due to iron oxide staining observed in the

field. Alluvial material and drainages down slope of these

°

areas are also bright. The deposit is a distinctive rusty

cream color on the 3-5-7 composite. It is bright on both

the PC1 and PC2 images and therefore exhibits a yellow

signature on composites combining PC's 1 and 2, or a

reddish color if only one of them is in combination with

other variables and encoded red. In the 5-7-PC2 composite

the unit is a pastel purple due to high DN values in 5 and
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PC2 and low DN values in band 7. With ISH transform on

bands 3-5-7 the unit is quite bright in the intensity mode

relative to other cover, bright in saturation, but only

medium in hue. Thus a distinctive yellow hue manifests

over these rocks in the l-4-Hue composite. (The hue

parameter is subdued for this formation.)

LAVAS OF PILLAR SPRINGS AND RIBBON CLIFF

The inter-ash flow lavas at Black Mountain, the

granular crystal rich Lava of Pillar Springs and Ribbon

Cliff, form a generally coherent remote sensing unit at

Black Mountain. These lavas are rhyolitic to trachytic

with fairly high iron content, low in albedo relative to

some adjacent rock cover, and thus darker in all bands,

growing slightly darker with increasing wavelength (Tables

16 and 18). Lava of Ribbon Cliff seems to be slightly

darker than Lava of Pillar Springs in bands 5 and 7. The

units tend to be light to medium-light gray and indistinct

in the ratio images. In the color composites 3/1-5/7-4

image the lavas are yellowish green and basically

indistinguishable from Trachyte of Hidden Cliff. On the 3-

5-7 image, however, they are greenish brown. Lavas of

Ribbon Cliff are more reddish than the other lavas on this

image, possibly reflecting a higher proportion of brighter

superficial iron oxide staining. This distinction is

mirrored on the 1-4-Hue (bands 3-5-7) image. On the 3-5-7
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band ISH images, the lavas are dark in saturation and hue;

indistinctive medium gray in the intensity mode. In the

principal components transformation lavas are brightest

relative to other cover in PC2 and PC4, dark in PC1. So in

the PC composites, PC2 controls their contrast; in

composite PC1 PC2 PC3 images they are greenish and in PC2

PC3 PC4, reddish. They contrast in the latter with

Trachyte of Hidden Cliff which is emerald green probably

due to the vegetative response of the summit area of Black

Mountain. These imagery characteristics are compared with

other units within the study scene in Table 18.

ROCKS OF YELLOW CLEFT

Rocks of Yellow Cleft are indistinct from the other

units in all TM bands. DN values are intermediate (Table

16). The unit occurs in one contiguous arcuate depression,

however, at the eastern edge of the central caldera moat.

Its outline is distinguishable since it is surrounded by

lower albedo units - Trachyte of Hidden Cliff and Lava of

Ribbon Cliff. The unit is covered with grasses and

sagebrush. Outcrop is sparse. Rocks of Yellow Cleft tend

to be slightly darker than most other units on PC1 images

and slightly bright on 3/2 and 5/7 images, the latter

probably due to grassy cover. On ISH transforms with bands

3-5-7 the unit is somewhat bright on the intensity image,

dark on the saturation image.
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TRAIL RIDGE TUFF

Thematic mapper imagery over Trail Ridge Tuff is very

similar to that over the Lavas of Pillar Springs, with

which it is closely related both in time and space and in

composition. The Pillar Springs Lava followed the Trail

Ridge Tuff eruption. Trail Ridge tends to be slightly

brighter in band 1, darker in 5/7 ratios, and brighter in

PC2 images, which aids discrimination where the unit lies

adjacent to Lavas of Ribbon Cliff.

GOLD FLAT TUFF

The Gold Flat TUff is an unusual rock petrochemically

and is distinctive spectrally as well. This peralkaline

deposit is very highly evolved magmatically and contains a

high proportion of large ion lithophile elements and other

incompatible elements that partition into late magmatic

phases, including tantalum, rubidium, thorium, and the rare

earths (Table 18). Reflectance increases as wavelength

increases to brightest in band 7 relative to other units.

For this reason the unit is distinctly dark in the 5/7

image and reddish to magenta in 3/1-5/7-4 false color

composites. The unusually high reflectance in band 7

relative to other scene cover gives rise to a strikingly

bright turquoise blue hue in the 3-5-7 composite. Gold

Flat Tuff is bright in PC1, very dark and anomalous in PC2,

and dark as well in PC3 except over its northern exposures
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where it is masked by the bright response of vegetation.

It is medium gray and indistinct in PC's 4, 5, and 6. The

relationship among eigenvalues and hue images with ISH

transformation on bands 3-5-7 is medium in intensity in the

intensity mode. On the ISH false color composite Gold

Flat Tuff is a very distinctive pale magenta. On the 5-7-

PC2 composite, the formation is brilliant mustard yellow,

but similar to Labyrinth Canyon Tuff, which also exhibits

geochemical properties of highly evolved differentiates.

It is light purple in the 1-4-Hue (bands 3-5-7), blue where

vegetation includes golden grasses and scattered low

evergreen trees.

TRACHYTE OF HIDDEN CLIFF

Mafic trachyte forms the central volcanic edifice and

is very dark in all bands (Table 16) except 4 and 5 in

which it is an indistinct medium gray contrast. Spectral

response appears to be influenced by vegetation, in this

case, largely cheat grasses and lichen. The unit is very

bright relative to other cover in 5/7 and 4/3 images,

forming a slightly striped pattern that apparently follows

drainages and is probably caused by riparian vegetative

reflectances in band 4. In individual PC's the deposit is

quite dark in the first PC, very light due to vegetative

interference in the third. Mafic trachyte is pinkish

purple on the PC1 PC2 PC3 composite, yellowish green in the
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PC2 PC3 PC4 rendition. It is indistinct from other lavas

in the PC2 PC4 PC5 image. In the ISH transform of bands 3-

5-7, the unit is very dark in intensity and hue, medium

gray and indistinct in saturation. On the ISH composite it

is purplish. In the 1-4-Hue (bands 3-5-7) image, mafic

trachyte is dark forest green and a dull army green on the

3-5-Hue (bands 1-2-4) image.

LABYRINTH CANYON TUFF

The Labyrinth Canyon ash flow tuff, actually distal

facies of Spearhead Tuff (Noble, et al., 1984), is

spectrally similar to but distinct from Gold Flat Tuff

partly due, as will be demonstrated in Chapters VI and

VII, to the unusual trace element content of Gold Flat

Tuff. It tends to be moderately to only slightly bright in

bands 1-3, quite bright in bands 4 and 5, somewhat less so

in band 7 than Gold Flat Tuff, which aids its

discrimination in false color composite images that take

this disparity into account. It is bright in the 3/2

image, possibly due to it's orangy buff color, and is

medium gray in 5/7 images, but much lighter in tone from

the Gold Flat Tuff. Labyrinth Canyon is a pale powder blue

and distinct from Gold Flat in the 3-5-7 composite and

unique in color contrast as well in 3/1-5/7-4 hybrids in

which it is very pale pink. The unit is bright in PC1,

dark in PC2. It appears masked by the bright vegetative
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response of cheat grass in PC3. It is pale pinkish

lavender on the PC1 PC2 PC3 composite and a bright orangy

red on the PC1 PC2 PC4 configuration. Saturation and hue

images of bands 3-5-7 give the unit a very bright

signature, less so in the intensity mode. The deposit

exhibits fair color contrast as well in the 1-4-Hue (bands

3-5-7) and the 3-5-Hue (bands 1-2-4) composites. Color is

not unique for the unit on the PC2 composites with bands 5

and 7 and bands 3 and 7.

KANE SPRINGS WASH VOLCANIC CENTER

Imagery response of units at Kane Springs Wash is

influenced much more strongly by topography and vegetation

than that at the other 2 study sites. Topographic relief

is almost 1000m and evergreen trees dot the mesa tops,

particularly in the northern part of the caldera. Other

vegetative cover is also denser (commonly 40%) throughout

the scene, including foxtail grass, cheat grass, atriplex,

sagebrush, and cactus (Chapter I). The study scene

encompasses the southern part of the caldera where

intracaldera subsidence and post caldera fill has left a

prominent curvilinear and a conspicuous imagery feature.

Figures 34-37 show enhanced images of the Kane Springs Wash

study site. Plate 6 is a map of imagery units that

correlate with lithology. Band DN values for each unit are
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tabulated in Table 16 and a summary of unit imagery

characteristics and comparison with other unit features is

presented in Table 19.

HIKO TUFF

The Hiko Formation is the oldest unit in the Kane

Springs Wash study scene. It is distinct chiefly due to

image textural properties, namely alternating tonal bands

which result from successions of alternating densely welded

and vapor phase altered zones. The banded texture is

enhanced by vegetation, chiefly grasses, which favor the

gentler slope-forming, vapor phase altered zones, rather

than ledges and shallow cliff faces which result from

weathering of the densely welded layers. On some images,

particularly the PCl PC2 PC3 composite, alternating densely

welded and vapor phase altered layering gives rise to red

and white banding. Reflectance from Hiko Tuff increases in

intensity in higher wavelength bands. The unit is bright

in 3/2 and 5/2 ratio images, darker on a 5/7. It is

indistinct in simple color composites and hybrid

composites. The deposit is bright in PC1, obscured in

other PC's. In the ISH transform, bands 3-5-7, the section

is relatively bright in the intensity mode, medium gray in

hue and saturation. Complex color composites tend to

highlight the interval best. In PCl PC2 PC3 and PC1 PC2

PC4 composites the formation is characterized by a reddish
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Figure 34. Kane Springs Wash volcanic center. Landsat 5

TM 512x512 band 5 image, contrast enhanced with function

SCALE and edge enhanced. High tonal contrast correlates

generally with various volcanic rock assemblages on basis

of divalent iron content or felsic tendency: leucocratic

units are light; intracaldera melanocratic deposits dark.

Figure 35. Kane Springs Wash volcanic center. Landsat 5

TM 512x512 pixel image of band ratio 5/7, scaled. Dark

annular area in the northwest quadrant is topaz rhyolite

flow dome, and similarly dark zone in the southwest corner
is Kane Wash Tuff Member Vl. Both units are highly evolved

peralkaline differentiates and exhibit steep spectral

curves from TM band 5 through 7, resulting in low 5/7
values.
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Figure 36. Kane Springs Wash volcanic center. Landsat 5

TM subscene, 512x512 pixel dimension. Image is a principal

components, PC1, PC2, PC4 composite, color encoded red,

green, and blue, respectively. Each band is contrast

enhanced by scaling. Note very light achromatic tone "of

air fall tuff and alternating red and white bands from

successive densely welded and vapor phase altered tuff

deposits. The densely welded zones host more extensive and
darker desert varnish.

Figure 37. Kane Springs Wash volcanic center. Landsat 5

TM 512x512 pixel image. Bands 1 and 4 appear in red and

green, respectively. The blue band is saturation from an
ISH transformation on bands 3, 5, and 7. Image is

contrast enhanced (scaled). Good lithologic congruence is

achieved by this complex composite. Evolved peralkaline

ash flow tuffs and topaz rhyolite are tinted blue.
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banded image. It is light powder blue in the 1-4-Intensity

(ISH, bands 30507) image. The 3-5-7- ISH Intensity

parameter image exhibits the unit in relatively bright

intensities.

KANE WASH TUFF (MEMBERS "O" AND "W")

The lower members of the Kane Wash Tuff Formation - "O"

and "W" - are basically indistinct on images of the area.

They are probably not part of the Kane Springs Wash

caldera outflow sheet, but rather were extruded from a

source to the northwest (Novak, 1984). The unit is subdued

and indistinct on all images except for some brightness

tendency on PC3 images, probably due to grass canopy and on

saturation images from ISH transforms on bands 3-5-7.

KANE WASH TUFF ("V" MEMBERS)

Kane Wash Tuff members V1, V2, and V3 exhibit medium

gray tones in lower wavelength bands, but are relatively

bright in band 5, increasing in intensity in band 7 (Tables

16 and 19). These flows are relatively highly evolved

petrochemically and exhibit relatively high brightness

values in band 7, similar to the highly evolved Gold Flat

Tuff of Black Mountain. The unit is quite bright in the

5/1 and 5/2 ratio images, rather dark on the 5/7 image. In

the 3-5-7 composite the section is a distinctive powder

blue. It is reddish but indistinct in the 3/1-5/7-4 image.
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The tuffs are extremely bright in the hue mode of the 3-5-7

ISH transformation, dark in saturation, and medium gray in

the intensity mode. They are a reasonably distinctive

lavender in the ISH composite. In PC1 the Kane Wash Tuff

is medium gray, in PC2 quite dark where densely welded, and

relatively light in PC's 3-5. In composite PC's 1-2-3 and

2-3-4 the formation is distinct, especially in the latter

in which it tends toward bright blue. In more complex

renditions with ISH and simple band hybrids the section is

typically highlighted with some characteristic tint. This

appears to be due primarily to the presence of large areal

exposures or platforms of densely welded zones.

AIR FALL TUFFS

The air fall ruffs which are very light in color are

highly reflective in all wavelengths. This characteristic

controls this unit's response in false color composite

images. These ruffs are quite bright in PC1, even brighter

in PC2. Tonal contrast is obscured in higher PCs. In all

ISH transformations these glassy beds are bright in

intensity mode, obscured in saturation and hue. The

deposits are more uniquely highlighted by PC composites and

the l-4-Saturation (bands 3-5-7) image.

SYENITE COMPLEX

The syenite complex is distinguishable on images
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primarily as anomalous textural patterns, involving tone

and color variation, throughout a roughly annular zone.

The pattern is created by irregular reflectance properties

over relatively small areas throughout the complex.

Reflectance is variable, but more consistently bright in

the higher wavelength bands (Tables 16 and 19). In

individual PC images the unit exhibits overall medium

intensity brightness except in PC2, in which it is

relatively dark. The subtly distinct "busy" or high

frequency textural pattern tends to be mirrored in complex

composites by highly variable hues and tints. Two

subcircular zones within the complex exhibit relatively

bright signatures similar in reflectance character and in

many images to the topaz rhyolite domes described below.

These zones reflect a syenitic flow dome complex within the

syenite complex.

TRACHYANDESITE LAVAS

Trachyandesite lavas are exposed primarily in the

canyons within the caldera complex. They are thus largely

obscured by shadows with which they tend to blend. The

unit is relatively nonreflectant and dark in all bands

(Tables 16 and 19). It is tonally light in the 5/7 image.

The deposit is light in tone in PC2, dark in all other

PC's. The formation is anomalously dark in the hue mode of

the 3-5-7 ISH transform and bright in saturation. It is a
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reddish brown to greenish brown color in the 1-4-Hue (bands

3-5-7) image and the l-4-Intensity composite.

RHYOLITE FLOW DOMES

Topaz Rhyolite flow domes are characterized by

peralkaline tendency and high fluorine and chlorine as well

as other incompatible elements that partition into highly

evolved magmatic differentiates (Table 19). These domes

tend to form concise small subcircular outlines. Tonal

contrast and color patterns within these deposits are

somewhat variable. In that regard they, thus, behave

similarly to the syenite complex described above. The

rhyolite and syenite flow domes are highly reflectant in

all bands, but the rhyolite domes more so in band 7 (Table

16). For that reason rhyolite domes form a strikingly

anomalous dark bullseye contrast on the 5/7 ratio image.

They are brilliant red on the 3/1-5/7-4 composite. The

formation is uniquely bright in PC5, quite bright also in

PCl. It is darker in PC2. The unit tends to resemble the

Kane Wash Turfs on many of the composite images. It

exhibits slight deviation from the latter, however, in the

1-4-Saturation and intensity (bands 3-5-7) composites.

Perhaps the best images for discrimination are the

individual bands, PC5, 5/7 ratio, and saturation with bands

3-5-7, in which the unit appears dark.
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LATE BASALT

Basalt caps the mesas within the caldera. Its spectra

are contaminated by vegetative cover, including sparse to

moderately dense evergreens up to 35-40%. The basalt flows

are dark in all bands, with a slight increase in band

(Tables 16 and 19). The unit is rather light, however, in

the 5/7 ratio image and therefore greenish on the 3/1-5/7-4

composite. In the 3-5-7 composite the lavas are blue to

greenish. The unit is very dark in PC1, indistinct on

other PC's. On the PC composites, 1-2-3 and 2-3-4, basalt

is dark blue to dusty blue. On the intensity image of the

ISH function of bands 3-5-7, the formation is dark but

indistinct in hue and saturation. On the I-4-ISH

composites the basalt is a dark felty green. The unit is a

rather distinctive purple on the 3/1-5-PC2 image.

Table 20 summarizes qualitative TM imagery

relationships between the various volcanic units at each of

the three study sites. Table 16 tabulates average DN

values for each unit and Tables 17, 18, and 19 compare

imagery characteristics over each rock assemblage with

lithologic, compositional, and field relationships.

BASAL GLASS ENHANCEMENT

Identification of glassy zones within a pile of ash

flow ruffs is paramount to stratigraphic separation among
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ash flow formations. Formational bases are designated by

convention at glassy intervals which prove that the

underlying deposit was cool prior to deposition of the

overlying flow. Intervals between glassy zones are called

cooling units. They are formally assigned formation

status.

Directional filters were applied to a Stonewall

Mountain contrast enhanced band 5 image in an attempt to

highlight thin air fall tuff deposits and basal

vitrophyres. Air fall ruffs (Plinian type) often precede

ash flow deposition and basal vitrophyres may form at the

bases of ash flows where bedrock was cool.

Filters (Appendix D) create a mask or "kernel" and then

"convolve" it to the image. The mask or kernel is a two

dimensional matrix, in this case a low-pass, 3 x 3 matrix,

which centers on each pixel in the scene and weights the

surrounding pixels according to preset amounts. The sum of

the new weighted values of surrounding pixels is then

compared to a new weighted value for the central pixel. If

the value of the central pixel is less than the summed

value of surrounding pixels, the central pixel value is

changed to the latter. For edge enhancement, the technique

tends to sharpen borders between areas of gradational tonal

contrast. For our purposes, that of highlighting linear

contrast of basal glass and air fall, a directional bias

(Jensen, 1986) was applied in order to take advantage of
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the general trend of ash flow deposits in the Stonewall

scene.

Both southwest and northeast filters were successful in

enhancing basal air fall deposits (Figure 38). Air fall at

the base of Spearhead Tuff is apparent in Figure 38 at "A"

and at the base of Civet Cat Canyon Tuff at "B". The air

fall deposit at the base of Spearhead is also manifest on

normal nonedge enhanced images; however, the basal glass

exhibited under Civet Cat Canyon Tuff was not observed on

other images.

SPECTRAL CLASSIFICATION

UNSUPERVISED CLASSIFICATION

Unsupervised classification was performed on each of

the 3 study sites, using IDIMS function ISOCLS. ISOCLS

applies a clustering algorithm to a multispectral image, in

this case, 6-banded images, in order to partition

multivariate data points into disparate categories with

similar statistical properties. The function operates by

"split" and "combine" interactions, involving the distance

between data points and the cluster means. If a data

point's standard deviation is greater than the default

value of 4.5, "splitting" occurs and a new cluster is

created. The maximum number of clusters for these

classifications was set at 16, the default value.





" L ';'_T "'_,_" _' A E_ H

131

Figure 38. Stonewall Mountain study area. Landsat 5 TM

512x512 pixel subscene. Directional filter applied to

contrast enhanced (scaled) band 5 image. Edge enhancement

was with a northeast biased 3x3 mask with a 0.4 add back to

the original. Note the light toned ribbons at A and B.

They are glassy basal air fall zones at the base of Civet

Cat Canyon Tuff (A) and Spearhead Tuff (B).

Figure 39. Unsupervised classification of the Stonewall

Mountain study area. Landsat TM, bands I, 2, 3, 4, 5, and

7. Classification perfcrmed by function ISOCLS (Appendix

D), then contrast enhanced (scaled) and false colored.

Sixteen classes are represented.
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Comparison of the unsupervised classification images

for each of the study sites (Figures 39, 40, and 41) with

their corresponding geologic maps (Chapter III) seems to

result in fairly weak lithologic correlation. Some units

are fairly well represented, in part, by classes designated

by the ISOCLS function - some basalt at Kane Springs Wash

and some of the Gold Flat Tuff at Black Mountain, for

example - but for the most part, spectra of the classified

clusters include alluvium and pixels with mixed cover with

many inconsistencies, thus resulting in only nominal

lithologic correlation. The method seems to work best at

the Stonewall Mountain area where vegetation and

topographic relief provide least interference.

The unsupervised classification scheme at Stonewall

Mountain was regrouped by IDIMS function RECLAS, which

reclasses pixels if they differ from pixels in a

surrounding 3 x 3 matrix. The algorithm results in a

reduction of classes and a more generalized "smoothed"

image which proves lithologic correlation.

SUPERVISED CLASSIFICATION

Supervised classification with IDIMS function CLASFY

was applied at all 3 study sites. The training sites are

shown in Figure 42 and class statistics compiled in

Appendix J. The computer processing procedure involves

definition of training sites on known cover types,
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Figure 40. Unsupervised classification of the Black
Mountain subscene. Landsat 5 TM bands I, 2, 3, 4, 5 and 7,

512x512 pixel dimension. Image was classified into 16

classes with function ISOCLS, then reclassed into 8 by

RECLAS. The image was scaled for contrast, then false
colored.

Figure 41. Unsupervised classification of the Kane Springs
Wash volcanic center. Landsat 5 TM bands i, 2, 3, 4, 5 and

7. Classed by function ISOCLS into 16 classes, then
reclassed with function RECLAS, contrast enhanced (scaled),

then false colored. Image is a 512x512 pixel subscene.
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assigning the training sites to a special file and

performing statistical evaluation of the pixels within the

training sites with the function STATS. CLASFY then

evaluates all pixels according to a maximum likelihood

decision rule based on class covariance matrices and mean

vectors (Jensen, 1986).

The supervised method for the Stonewall and Black

Mountain study sites (Figures 43 and 44) resulted in

generally positive classification of pixels according to

lithology (Figures 45, 46, and 47). Coherent groups of

contiguous pixels correspond with mappable formations at a

scale of about 1:50,000. Isolated pixels and narrow,

dendritic, reticulate or erratic patterns do not typically

reflect exposed or mappable bedrock. These pixels appear

to be largely alluvium or detritus without distinct classes

of their own.

Function RECLAS was also applied to the supervised

classification images, resulting in less erratic, outlying,

pixels. This method leads to better overall groupings for

geologic mapping purposes at scales of about 1:50,000 and

smaller.
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Figure 42. Indexes to supervised classification of each of

the three study sites: Stonewall Mountain (top), Black

Mountain (middle), and Kane Springs Wash (bottom).

Trainings sites for each lithologic unit included in the

classification are shown.
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Figure 43. Supervised classification of the Stonewall

Mountain subscene, using all 6 Landsat 5 TM bands

(visible/near-IR). Index to classes is shown in Figure 42.

Classification performed by function CLASFY, contrast

enhanced with the SCALE function, then reclassified by
RECLAS and false colored.

Figure 44. Supervised classification of the Black Mountain

subscene using IDIMS function CLASFY on lithologic training

sites shown in Figure 37. All 6 Landsat TM bands included

on 512x512 pixel subscene. Image was contrast enhanced

(scaled), reclassified by RECLAS and false colored.
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Figure 45. Supervised classification of the Stonewall

Mountain study area showing Stonewall Flat Tuff: 4 classes

all in red - 2 of red glassy.cap of Civet Cat Canyon Tuff,
1 of underlying Civet Cat Canyon Tuff, and 1 of Spearhead
Tuff. The maximum likelihood classification (CLASFY,

Chapter 2) utilized all 6 Landsat 5 TM bands. The 512x512

pixel image was scaled.

Figure 46. Supervised classification using IDIMS function

CLASFY on 512x512 pixel Stonewall Mountain subscene. Image

shows glassy red cap of Civet Cat Canyon Tuff - 2 training

sites (Figure 37) - in orange and yellow. All 6 Landsat 5

TM bands were included. Image was contrast enhanced

(scaled).
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Figure 47. Supervised classification image of Stonewall

Mountain by IDIMS function CLASFY (Appendix D) on 512x512

pixel Landsat 5 TM subscene using all 6 bands. Image is

contrast enhanced (scaled) and shows Antelope Springs

Formation. Upper rhyolitic porphyry is yellow. Lower

latitic porphyry is orange. Groups of coherent colored

pixels are meaningful. Scattered individual pixels are

largely spurious.
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HISTORICAL PERSPECTIVE

Early attempts to describe surficial secondary mineral

coatings in desert environments (predominately desert

varnish) in a comprehensive fashion were published by White

(1924), Laudermilk (1931), and Engel and Sharp (1958). A

more quantitative approach to the study of desert varnish

began in the mid-1970's and numerous workers have published

their results since. Dorn and Oberlander (1981) in a

fairly lengthy treatise on the topic do an excellent job of

summarizing work on coatings up to that time, and Elvidge

(1979) provides an exhaustive historical composition in his

master's thesis.

Desert varnish is usually defined as the arid secondary

phase of the weathered surface of rocks in arid to semi-

arid environments. Taylor-George, et al. (1983) define

desert varnish as a coating of ferromanganese oxide and

clay. Perry and Adams (1978) found that varnishes they

studied consisted of alternating bands with variable

detrital minerals of clay, feldspar, quartz, and hematite.

According to Dorn and Oberlander (1981), desert varnish

averages 10-30um thick. (In my study areas, thicknesses of

this magnitude were only rarely observed and in a very

limited areal extent on a microscopic scale.) To most field
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geologists desert varnish is that conspicuous dark rusty

brown to shiny black stain that commonly coats prominent

desert bluffs. Iron and manganese oxides are the

distinctive components.

Previous workers who have attempted to firmly establish

the ultimate source of varnish constituents differ in

opinion. Engel and Sharp (1958) concluded that the

components of desert varnish are derived from the

underlying host rock, whereas Dorn and Oberlander (1981)

state that the constituents of "all rock varnishes" are

derived from sources external to the host rock. Source of

varnish constituents and relative proportions of exposure

of varnish to underlying rock bear significantly on remote

sensing interpretations.

Varnish and probably all coatings seem to require

considerable time to form. Hunt (1961) cites

archaeological evidence to establish a threshold of about

2000 years for noticeable development. Exceptions may

occur, however, and Engel and Sharp (1958) note one

locality with noticeable varnish development over a 25 year

period. Coatings tend to be amorphous and have a dark

brown streak. Hardness of typical coatings on rocks of the

Mojave Desert were measured at 4.5-5 (Laudermilk, 1931).

Coatings adhere to their host tenaciously. They are

insoluble in water, but readily soluble in hot, dilute

hydrochloric acid. Varnishes often overlie light

"limonitic" staining and light clay alteration.
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Coating morphology varies from paint-thin films to

lamellar successions of light and dark layers. Borns et

al. (1980) observed microorganisms, either mold or fungus,

with a scanning electron microscope (SEM) in lamellar

varnishes. Staley, et al. (1982) describe abundant

microcolonial structures of lichen, algae, and fungi on

desert rock surfaces from the Southwest U.S. They point

out that lichen and algae can derive their nutrients from

their host, but fungi require an external source and

speculate the external source is probably wind blown dust.

By analysis with SEM-EDX (energy dispersive X-ray), Taylor-

George, et al. (1983) discovered iron, aluminum and

silica, three of the characteristic elements of varnish, in

fungi on rock surfaces from the Sonoran Desert. They also

identified manganese oxidizing bacteria in the varnish as

well. Perry and Adams (1978) found cyclic manganese

deposition in lamellar coatings.

Comprehensive chemical data on varnishes were published

by Engel and Sharp (1958). Their wet chemical

determinations from rocks "of southern California

established oxygen, hydrogen, silica, aluminum, iron, and

manganese as the chief elemental components.

Spectrographic analyses uncovered titanium, barium, and

strontium in unusually high concentrations followed by

other trace metals whose relative amounts seemed dependent

on local geology. Compositional analysis of coatings by
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SEM-EDX reveals MnO concentrations of up to 25% by weight

(Hooke, et al., 1969; Allen, 1978; and Perry and Adams,

1978). This anomalously high amount is difficult to

reconcile given background MnO concentrations in rock,

soil, and dust on the order of 0.1%. Biological

concentration is usually evoked to account for the MnO.

SEM-EDX analyses by Hooke, et al. (1969) on varnishes from

Death Valley revealed an outer layer rich in Fe and Mn,

with Mn/Fe increasing toward the outer surface, and an

inner zone enriched in SiO 2 and A1203. The total thickness

of the varnish was 20-50um. Optical and SEM-EDX analysis

by Allen (1978) on varnishes from Sonoran Desert rocks

indicated high concentrations of magnesium as well as

manganese and iron. This metal rich layer is approximately

20um thick and includes a "clay-like" matrix separated from

the host rock by a imm thick weathered cortex. The cortex

is composed of unoriented microcrystals probably derived

from the host. These thin layers, alsQ described by Engel

and Sharp (1958) are attributed to the weathering process.

Allen concluded the source for the metals is external to

the host.

The significant contribution of both SiO 2 and A1203 to

the chemical composition of coatings is attributed by Allen

(1978) and Potter and Rossman (1977, 1979) to clay

minerals. Potter and Rossman feel the iron and manganese

oxides of varnish are in intimate association with mixed
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layer i11ite-montmorillonite clay minerals. They still

surmise, however, that the clay minerals are probably

externally derived by wind. Farr and Adams (1984) and

Curtiss, et al. (1985) discovered short lived hydrous

alumina-silica coatings up to 5um thick on very fresh

basalts in semi-arid parts of Hawaii.

Recent investigations stress a possible biological

origin for some desert varnishes (Krumbein and Jens, 1981;

Dorn and Oberlander, 1981; Taylor-George, et al., 1983;

Staley, et al., 1983). It was noted above that some

workers propose that all elemental constituents in varnish

are derived externally. Neutron activation analyses by

Knauss and Ku (1980) for trace elements and radioisotopes

indicated that both uranium and associated thorium in

desert varnishes from the Colorado Plateau in Utah were

derived from sources external to the host rocks. In a

contrary view, Glasby, et al. (1981) hold that varnish on

dolerite from Antarctica is derived by leaching of elements

from the substrate. They arrive at this conclusion by

comparing analyses of whole rock with varnish compositions,

the latter of which is not enriched in manganese as is the

case with varnishes from the Southwest U.S.

The little previous work that has been conducted on the

spectral characteristics of desert varnish and its

influence on imagery has been rather general. Longshaw

(1974) drew attention to the fact that secondary
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environmental effects alter rock surfaces and can change

their spectral character. Abrams and Siegal (1980)

presented spectral curves comparing a fresh cut andesite

surface to its weathered counterpart. They noted that the

absorption peak at 1.9um was essentially smoothed-over on

the altered surface. The spectral curve of the altered

surface, furthermore, was quite steep, from 1.5 to 2.2um,

in comparison to the fresh surface, a feature discovered in

our samples (Chapter VII) but not mentioned by them. Farr

(1981) compared curves of varnished surfaces with

unvarnished surfaces and noted a general depression of

reflectivity throughout the visible and near infrared.

Podwysocki, et al. (1987) describe effects of desert

varnish on thermal infrared multispectral scanner data

(TIMS). They found that quartz mineral restrahlen minima,

typically at 8.7um, move to slightly longer wavelengths

with varnish cover. Although they attribute the shift to

possible clay content in the varnish, the shift may be due

to the high iron and manganese in the varnish.

DEFINITION

The term "coating" is used here to denote, more

inclusively than desert varnish, all secondary surficial

mineral products, regardless of origin. Mineral coatings

are thus any inorganic secondary mantle or weathering

product that occurs on the outer surface of rocks to an



145

indefinite depth and conceals to some degree fresh, primary

lithologles. Coatings could conceivably consist of

secondary replacement products developed by hydration,

hydrolysis, or metasomatic ionic exchange with primary rock

minerals, or precipitated or attached exogenous material.

The term coating seems appropriate since we do not intend

to include pervasive secondary products such as

hydrothermal alteration or auto-oxidation of turfs during

cooling. Throughout this paper, the term coating is often

used synonymously with desert varnish when desert varnish

is the subject coating. The composition of any inorganics

present is not to be treated except inasmuch as they serve

as catalysts to help control the chemical environment of

coating formation.

For purposes of remote sensing, we are concerned with

the entire surface of any rock exposure, which may include

both true desert varnish, subvarnish alteration zones, and

relatively fresh rock with or without an incipient phase of

alteration. Any given scene typically contains a

combination of rock surface types, depending on host

composition, textures, and topographic occurrence. Desert

varnish is quite varied in maturity, darkness, and extent,

even within a hand sample. One of the great lessons of

this study is that the eye is deceiving. A hand sample of

very well developed desert varnish - varnish that is

extremely dark and pervasive - when viewed under a
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binocular scope in thin section and at 30-200 power with

the SEM, turns out to be surprisingly discontinuous.

Results presented in this chapter lead to the conclusion

that very heavy varnish over a 15x15cm slab of rock

typically covers only about 50% of the surface to any

significant extent.

A qualitative scale was selected for desert varnish

comparison:

Very heavy - very dark chocolate brown or very

dark gray, pervasive and complete coverage

to the naked eye.

Heavy - very dark but coverage is only 50% - 75%

to the naked eye, OR coverage is complete but

intensity is very dark to moderate.

Moderate - dark varnish covers 30% - 50% of the

rock surface OR intensity is moderate in

comparison to heavily varnished surfaces.

Light - varnish is generally light in intensity or

darkness and appears to cover 50% or more of

the rock to the naked eye.

Very light - varnish is generally very light in

color and appears to cover 30% or more of the

rock surface.

Although one can readily select examples of desert varnish

exhibiting variations that do not fit one of these

categories ideally, for purposes of comparing coated
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surfaces and collecting spectral measurements, compliance

with the above classification scheme was useful. It is

important to emphasize that this is a field classification

with application by the unaided eye. It is generally a

linear scale, each successive category representing

approximately equal increments in varnish variation.

NATURE OF COATINGS IN THE PROJECT AREAS

Coatings on the volcanic rocks at Stonewall Mountain,

Black Mountain, and Kane Springs Wash are typical of

weathered surfaces on rocks throughout the semi-arid West

and Southwest, U.S. This section addresses the nature,

distribution, and compositional character of coatings in

the 3 study areas. Analytical methods were described in

Chapter II. Results of this research have been published

previously by Spatz, Taranik, and Hsu (1987b and 1987c).

DISTRIBUTION

Coatings vary with underlying host rock in a manner

generally congruous with host petrochemistry, degree of

welding, devitrification, hyalinity, porosity, and other

textural and physiochemical properties. Coatings may vary

consistently enough from one formation to another to

differentiate units in the field, inferentially. The basic

observation and assumption is that darker, thicker coatings
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represent the more mature accumulations, which correlate

well with relatively dense insoluble rocks, resistant to

chemical and mechanical degradation. Examples of coatings

on outcrops of various volcanic rock assemblages are given

in Figures 5, 6, 7, 12, 17 and 22.

Desert varnishes at these study sites tend to be thin,

translucent films that resemble a stain at the rock surface

(Figures 8, 9, and 16). Coatings penetrate into the

substrate up to about 0.Smm, intergranularly between

mineral grains and lithic fragments. Coated surfaces are

underlain by a weathering rind or cortex that exfoliates,

falling eventually from the outcrop, exposing an

unvarnished surface that in time will redevelop varnish,

and which in turn will be removed on another exfoliation

surface. Thus any given outcrop of dense rock, like

densely welded ash flows, basalt, and rhyolite flow domes

that host mature coatings will also exhibit surfaces with

varying degrees of desert varnish. Even within a zone of

quite dense, mature varnish, fresh mineral grains are

randomly exposed and varnish cover is discontinuous

(Figures 48 and 49).

The case hardened weathering rinds that varnishes tend

to ride upon vary in thickness from about .5-20mm. The

underlying substrate on the ash flow turfs is usually a

cream, buff, or orangy buff variably calcareous zone,

stained lightly in places with limonitic iron oxides. The
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Figure 48. Hand specimen 6f Spearhead Tuff of Stonewall

Mountain, showing weathered desert varnish coated surface.
Desert varnish concentrates in minute recesses and on a

porous pumice fragment.

Figure 49. Hand specimen of topaz rhyolite of Kane Springs

Wash, showing weathered surface and typical moderately well

developed desert varnish.
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zone is largely absent from most lavas and vitric tuffs,

particularly the basalts and mafic trachytes. Thin section

observation revealed that some subsurface zones contain a

sublayer of secondary calcite (Figure 8).

Proportional density slices of a black and white

photograph of densely welded Civet Cat Canyon Tuff (Figure

50) show the distribution of desert varnish within a

surface exhibiting moderately mature coating development.

In this example a fresh rock exposure is used for

calibration, and surfaces that are darker and known from

visual observation to be coated are segregated by density

slicing to reveal coating distribution - in this case, 37%.

Bear in mind that this represents a zone of outcrop with

relatively mature coating development and that a

significant proportion of any sizable outcrop contains

uncoated surfaces.

Thin section and SEM observation reveal that rock

surfaces with varnish encrustation or layering are

relatively minor, most of the coating consisting of a thin,

penetrative film (Figure 25). Where coating accumulation

with layering has been observed, it tends to favor small

recesses in the rock surface (Figures 14 and 51).

Thicknesses observed vary from less than 5 to 50um but

thicknesses greater than 10um are rare. There seems to be

some tendency for coatings to accumulate at surface

intersections with thin glassy zones in the tuffs, even





BLACK K',L_ ',h'_llE i"_r_Oi_P'r'''
151

r,-
r9

It)
,.n 0
fki i i





152

COLOR pI-,:OTCGRAPH

Figure 51. Scanning electron_microscope backscatter image

of a polished section of Civet Cat Canyon Tuff of Stonewall

Mountain, showing exceptionally thick accumulation of

desert varnish (light tone) in a protected recess. The

varnish zone is very finely laminated due to successive
increases and decreases of Fe and Mn relative to A1 and Si.
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though glassy units in general do not typically exhibit

very continuous coatings due to their nonresistant nature.

Figure 52 shows varnish distribution on a "heavily"

varnished surface at high magnification. Compositional

probes (Table 21) of variably varnished areas under high

magnification show that a large proportion of the surface

contains very little desert varnish.

CHEMICAL COMPOSITION

Coating compositions, in general, are consistent in

major elements from unit to unit. SEM-EDX probes indicate

desert varnish is composed chiefly of iron, manganese,

silica, and aluminum (Figure 53 and Tables 21 and 22), iron

and manganese accounting for roughly half. The coatings

contain some titanium, calcium, potassium, and sodium.

Calcium tends to be depleted more than sodium and

potassium, relative to the underlying host rock. The

coatings and the underlying weathering rind both contain

higher H20 and sulfur than the host rock (Table 23).

The Fe/Mn ratio in desert varnishes varies. The most

consistent relationship seems to be that manganese forms

laminar concentrations (Figure 54) and is commonly observed

at a peak in concentration at the outer surface of the

coating (Figure 55). Iron tends to remain fairly

constant throughout the coating, and the Fe/Mn ratio

usually increases toward lower levels of the coating.
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Figure 52. Scanning electron microscope image

(backscattered primary electron) of 3 rock surfaces with

heavy varnish development: Gold Flat Tuff (top), Spearhead

Tuff (middle), and Civet Cat Canyon Tuff (bottom). Hand

samples, density slice gray levels, and percent desert

varnish cover are shown for each.
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compositions. Element peaks record relative amounts.
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TABLE 21. SEM-EDX CONPOSITIONALPROBESOF DESERT VARNISH

AND ADJACENTUNVARNISHEDAREAS (FEW MICROMETERSEPARATION)

WXTHIN SN4PLE OF "HEAVY" VARNISH.

(Letters correspond with those of Figure 52.

ResuLts in oxide X, saaT)Le numbers in parentheses.)

CIVET CAT

TUFF (20)

A e ¢

Ha .... 1.88 ....

Ng 1.70 0.00 1.73

AL 16.76 13.13 17.77

Si 26.72 75.44 28.05
..... ... ....

p ............

K 1.58 5.20 1.72 1.86 6.24 1.81

Ca 1.39 0.60 1.24 0.97 0.31 1.12

Ti 3.20 0.30 2.66 1.21 0.35 0.98

Mn 39.48 1.31 37.63 29.13 0.56 24.96

Fe 7.28 1.97 8.01 14.99 6.52 12.97

Ce 1.91 0.16 1.79 0.99 0.06 0.91

LABYRIMTH SPEARHEAD

TUFF (16) TUFF (27)

A S C A S C

.... 3.73 .... 0.07 5.19 0.71

.... 0.05 .... 1.73 0.01 1.00

16.42 17.34 19.17 17.15 17.89 17.94

34.&3 6/,.83 38.07 34.53 64.98 40.80
2.09 0.29 2.29

1.93 4.70 3.12

1.31 0.31 0.94

1.24 0.35 0.77

24.78 2.03 18.55

14.57 4.26 13.35

0.59 0.00 0.53

GOLD FLAT

TUFF (25)

A S C

Na 0.00 2.68 0.14

Mg 2.06 0.01 2.97

AL 13.75 13.91 15.44

Si 37.01 72.47 38.79

p ......... ...

K 2.57 4.98 2.23

Ca 1.86 0.52 1.87

TI 3.50 0.12 2.72

Nn 27.77 0.28 24.15

Fe 8.98 5.02 9.57

Ce 2.49 0.00 2.13

ANTELOPESPRING

LATITE (39)

0.00 0.00 0.35

3.23 1.28 1.77

19.63 33.66 18.87

42.99 55.01 49.27

1.0/, ........

2.69 0.66 6.85

1.54 0.54 0.81

1.25 1.03 1.43

18.63 3.96 9.68

8.213 3.12 12.25

0.87 0.74 0.72

A - Dense desert varnish B - Very Light to no desert varnish C - Dense desert varnish
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TABLE 22. SEN-EDX C_4POSITiOIIAL PttOOES OF DESERT VARNISH

(Oxide _L, Zotatl to 100"4, stoichiomtricalty,

uaiq)te numbers in parentheses.)

CIVET CAT

TUFF (20)

1 2 3

Ha ............

leg 1.71 1.70 1.73

At 16.73 16.76 17.17

Si 40.08 26.72 28.05

p ............

S ............

K 2.84 1.58 1.T2

Ca 2.99 1.39 1.24

T_ 0.07 3.20 2.66

Mn 25.36 39.&8 37.63

Fe 9.60 ?'.28 8.01

Ce .... 1.91 1.79

Fe/Nn .36 .18 .21

GOLD FLAT

TUFF(E5)

u8 0.00 0.14

Xg 2.06 2.97

At 13.73 15.4&

S| 37.01 38.;'9

p ........

S ........

[ 2.57 2.23

Ca 1.86 1.87

T_ 3.50 2.72

Nn 27.79 24.15

Fe 8.M 9.57

¢o 2.49 2.13

Fe/_ln .32 ._

$Pf.ARNE/ID LATE BASALT 412) MITELOPq[ SPII.

TUFF 427) 4Stcalm_(t) ENYOLiTE 410)

_ z I z 3
.... 0.07 ............ 0.01

1.63 1.73 0.91 0.87 .... 1.29

17.69 17.15 15.90 16.96 16.86 17.80

33.86 34.53 18.40 19.88 19.56 32.00

.... 2,09 2.26 2.63 2.09 ....

............ 1._) ........

1.84 1.93 1.14 1.08 1.05 1.79

2.80 1.31 0.67 0.76 0.72 1.1&

1.35 1.24 1.93 1 .b2 1.78 0.96

29.63 24.78 33.77 32.31 31.35 29.30

11.19 14.57 23.64, 21.59 25.32 15.77

.... 0.59 1.37 0.91 1.27 ....

.38 .59 .79 .67 .81 .54

LASYRINTH ROCKET ',dASH TRACHYTE OF

TUFF 416) TUFF 446) HIDDEN CLZFF (11)

1 Z I 2 3

........ 1.94 1.58 0.12 1.34

16.42 19.17 19.61 16.41 11.94 16.61

34.43 38.07 38.41 31.37 22.83 31.35

............ 1.86 0.49 1.73

............ 1.16 0.44 1.55

1.86 1.81 2.7'7 1.55 1 ._'1 1.59

0.97 1.12 1.10 1.79 2.21 1.71

1.21 0.96 1.11 2.07' 2.67 2.29

29.13 24.96 20.31 32.11 42.43 30.36

14.99 12.97 14.76 8.59 13.07 9.85

0.99 0.91 .... 1.50 2.08 1.58

.51 .52 .73 .2T ,31 .32

LATE BASALT SYENITE

rd_E (21) (26)

1 z

Ng 2.20 1.9_ ....

At 15.94 20.64 22.14

SI 18.24 20.52 23.58

P .... 4.10 3.41

S .... 1.19 0.63

[ 0.83 0.69 0.33

ca 0.59 o.&8 0.78

T| 2.18 0.73 0.05

28.13 33.69 33.18

Fe 31.88 15.49 15.89

ca .... 0.52 ....

Fe/Nn 1.13 .47 0.48

HIKO ANTELOPE SPRING

TUFF 438) LATITE (39)

.... 0.35 0.00

1,18 1,77 3.7.3

18.67 18.87 19.63

36.30 49.27 42.99

........ 1.04,

1.56 4.85 2.49

0.65 0.81 1 .,_

1.28 1 .A;3 1.25

28.39 9.68 18.63

11.96 12.25 8.33

.... 0.72 0.87

.42 1.27 .45
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Figure 54. SEM-EDX compositional profile across desert varnish

zone on Spearhead Tuff of Stonewall Mountain. Laminations are

mirrored by Mn peaks, whereas Fe is present at a fairly constant

level. Note that Mn drops off at the rock interface before Fe,

resulting in a high Fe/Mn ratio.
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Figure 55. 5EM-EDX compositional profile across desert varnish on
HiKo Tuff of the Ksne Springs Wash study site. Mn is concentrated
at the rock-air interface, gradually decreasing toward the varnish
base. Fe on the other hand is fairly constant throughout. A high
Fe/Hn ratio occurs aL the coating-rock interface.
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Where coatings penetrate into the rock below encrusted

layers, the Fe/Mn ratio is usually higher. Similar

compositional zoning relationships are demonstrated by

compositional SEM-EDX maps (Figures 56, 57, and 58). Table

24 compares compositional variation among desert varnishes

on some of the rock units.

PHASES

Thin section observation, X-ray diffraction analysis,

SEM-EDX probes, and IR spectrophotometry indicate that

desert varnishes from the three study sites are composed of

amorphous compounds. XRD curves are dominated by primary

mineral phases, underlying and intermixed with the coatings

(Appendix L). Elevation in XRD intensity over a broad area

at a 2-theta value between 20 and 30 (Figure 59) indicates

an amorphous "opaline" like compound. Two samples of

coatings from older turfs from Kane Springs Wash registered

a 2-theta peak near a 2d spacing for the clay mineral

i11ite, but lacked most peaks characteristic of illite at

other 2d spacings. The sample was run on the school's new

Phillips XRG 3100 computerized XRD and compared with its

disc powder file library. The only realistic mineral

selected was a hydrous silicate - H2Si205H20. It is likely

the mineral is either a poorly ordered mixed-layer illitic

clay or perhaps this hydrous silicate. Kaolinite is

present in two coating samples from Stonewall Mountain -
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FIGURE 56. SEM-EDX compositional map of a polished section across desert varnish on

the surface of Hiko Tuff, Kane Springs Wash volcanic c_nter, showing concentrations of sil-

ica, aluminum, iron, and manganese. More intense colors track greater concentrations.
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FIGURE 57. SEM EDX compositional map of a polished section across desert varnish on

Spearhead Tuff of Stonewall Mountain. More intense yellows reflect greater concentrations
of iron, manganese, silica., and aluminunm.
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FIGURE 58. SEM-EDX compositional map of a polishedsectionacrossdesertvarnishon

Antelope Springs Rhyolite of Stonewall Mountain. More intense concentrations of potas-

sium, silica, aluminum, magnesium, calcium, titanium, manganese, and iron are colored red,
then green, and finally blue indicating lowest values. Larger image in upper r ght is nonselec-

tive backscatter image. Brighter blue hue indicates concentration of higher atomic number
elements.
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Figure 59. X-ray diffraction curves of powders of rock

surfaces with very heavy desert varnish deposits. BM-40 is

Trachyte of Hidden Cliff, BM-22 is Trail Ridge Tuff and BM-

16 is Labyrinth Canyon Tuff. Dark curved line demarks

"amorphous hump" or broad zone where diffraction intensity

increases due probably to presence of an opaline or
amorphous substance.
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Civet Cat

Cm_f_'_ Tuffs

SpeerheKI
Tuff

Basalt Fto_s
St_ll

TULE 24. SUN4MY OF LITHOLQGICAL, PEROCHENICAL, FIELD VARNISH,
TN |HAGERY, AND VARMISN _TIONAL CIMJL&CTERISTICS

PETROCHEMI STRY FI ELD

Ithyolite Slightly high Very dork rod-bro_n

slightly Th, 14. REE, very densely _4lded,

peralkatine slightly tou St, ledge forlmr. Thin-
¥, NO platted fleet.

Rhyolite Nigh REE, Zn, Zr, Psle h,,ff to buff

slightly k, Ca. Lou Sr, fray, mm:leratety
peraLkstine P41, h, Co, Hi, V welded, Ledge formr.

Thick rough, ItatdW
float.

Loid sit|ca High P, SC, V, Very dsrk 9ray
bemllt lea U, Th very den_, mmmlve

mmm cap in plaCeS.

_teLo_e P.byol Jte, Sl f_t| y high
Springs slightly Hg, TL, Th
Ithyot ire atkaL Jne

Antel_e
Springs
Latite

Labyrinth

C4myon Tuff
(S_erheed)

Trmchyte of
Hidden Cliff

Gold Flat Tuff

Lettte Slightly high Ca,
High silica, Be
potasaic
tatite to
sul=4tketine

rhyolite.

Peratkatine High HF, H9, Rb,
rhyot|te TL, 8. Low St, lie

Asfic High P, So, St, Nn

trmchyte Ti, V, h, Eu, Co,
)ki. Loa Rb, |

PoriLkeitne High REE, lie, Pb,
p*ntellerite $n, Th, Hb, Rb,

Ta, U, Zr, Sn, AS,

I, Ca, C, Cu, F,
Li

Late BasaLt OLivine Htgh HI, P, SC,
Ease Spr. heult Tt, V, Or, Co, Cu.

Low Rb, Th, U, LL.

syenite SymlteJr_ _it_J_o, an, Zr, •
Complex trmchyte Slightly high REE,

Eerie Spr. AS, le, F, HI, La.
LouC, Eu, V, NI.

Hiko Tuff btkaLJne SLightLy

tmttte High St, Be
Stightty tou
I

¥er),light cream"
coLorld. Form steep

slopes, cliffsmnd
knobs. Joint-bound

b(ocky float.

Reddish brc, m color.

Forl LOU. h_llOC W
httts. Meethert to
frimbte coU=te-size

float.

IPMGERY NIG_iLICd4TS

PI§UT PAUK

PCo 2,4 Is 1,2,3,4,5,7

ISH-(1-2-4)S,N 3/2, PC1
;SH(3-S-7)I,H
1SH(1-2-4)!

)12, PCa 2,3,4 Is 1,2, PC 1
I_(3-5-7) N ISN(3-5-7)I

|SH(1-2-4)I,H

88 1,2,3,4,5,7
PC1

[SH(3-5-7) [,
S,H
|5H(1-2-4) |

BS 9,2.3,&,5,7 PC 2
312,5/2,5/4,5/7 15H(1-2"4) H
PC|

1SH(3-5"7) I ,S
ISN)1-2-4) I

312, P(:s 1, 3
]$N(1-2-&) H

Bs 1,2.3,4,5,7
514, PC 2
1SH(3-5-7) l,

S, H
1SH(1-2-4) S

Tan in color, dmlety Is _,5,7, 312

to moderately _etded 512. 514, PC1
thin, p(sty (_ [SH-S,N
forllm'.

PCs 2,3,4

Dark grmy, rough, 5/7, PCs 2,3 h 1,2,3,7

hummckyb_tders PCs 1, 4
confined tsrg41ty to ISN-I, H
Iieck /4ountlln.

PmLe olive iray ll 4,5,7 5/7, PCI 2,3
mxMrmteiywotdecl, 312,512,514 PCs &,5

Forln bLocky stebm in PC 1 lSH-I
float. Toplam_l. ISH-S,H

Very dmrk |rlyllltVl 5/7 08 1,2,3,4,5,7

_Cml_, Form 312, 512, 514
blocky scru. PC 1, ISH-I

Cr_mcoioreddom_ 14; 1,2,3,4,$,7 PC2

tmo_and rugged 512 lS_-H
hills, uemthers to
exfolistedstabe

end rough bou(ders.

Cneroagrmnuisrity 141 1,2,3,4,5,7 5/7
results in "beshtve _ 3/2, 5/2, 514

exfoliatedaoundu. PC 1, ISH-I
FOrl Large boulders
and rugged terrain.

VARNISH
CONPQ$ITIONAL

HIGHLIGHTS *

High K, Ce, Ti

LOW Fe/Nn

High Ha
Lou Fe/Nn

High P, Fe/Mn
Lou Mg, Si, K

Lo_ TJ

High Si, Ng, K

Louts, Ti

High P, _n, Ce

Lo_ Si, Ng, K
Lo_ Fe/Nn

High Ha, T_, Co
LOu Fe, Its

High Fe/Ptn, Ti

Lov Si, K

_gh AL, P

LOW $i, Ko Ca, Ti
Lo_ FelMn

High St,
Lo_ Fe/Nn, Mg

* Amounts (high or loa) ere relative to other unite.
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rhyolite and latite of Antelope Springs Formation. No

clays registered from coatings on the ash flow units.

Analcime was detected in the coating sample from a minor

air fall tuff unit at Stonewall. Corroborative analytical

attempts indicated that these minerals are likely

contaminates from the rock substrate.

Infrared spectrophotometry scans of coatings (Figure

60) do not reveal any mineral phases indigenous to

coatings. A broad absorption zone between about 4 and 8um

indicates amorphous compounds. Variations in the water

absorption peak at 6um indicates a variable hydrous

component in the coatings.

SEM images of horizontal surfaces of desert varnish

(Figure 61) exhibit coating morphology in noncrystalline,

amorphous-looking form. Coatings appear as minute

botryoidal or mammillary mounds. Lacy interconnecting

networks of apparently younger varnish deposits wind around

the mounds on some of the samples.

Just beneath the surface of most outcrops of ash flow

tuff in the project areas is a thin dark ribbon (layer),

typically about 1 to 5mm thick and about 1 to 3mm below the

rock surface (Figure 62). These secondary layers of

accumulation or cementation are described in more detail in

the section that follows. They are believed to bear

significantly on the origin of desert varnish.
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FIGURE 60. Infrared lab spectrophotometer curves of powder samples enclosed in KBr pel-
lets. Absorption peaks for water, hydroxide, and possible carbonate are indicated.
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Figure 61. Scanning electron microscope image (secondary
electrons at an instrument eV of less than 50) of

exceptionally dense desert varnish on Civet Cat Canyon Tuff

of Stonewall Mountain, showing lacy intergrowth of younger

desert varnish (upper photo) and the generally

noncrystalline amorphous appearance of desert varnish.
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Figure 62. Cross section hand samples through weathered
surface of Kane Wash Tuff, showing dark secondary layer of

cementation developed just below the rock surface.
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ORIGIN OF DESERT VARNISH

The following discussion reviews the analytical results

obtained from coatings and the underlying rock substrate

and the possible geochemical environments under which they

formed. Speculation on genetic models is also presented.

Source of desert varnish elemental constituents is not

known; however, most investigators believe the source is

wind blown dust exogenous to the underlying host rock. The

source of the iron and manganese in the coatings must

ULTIMATELY be iron and manganese bearing minerals. The

primary sources of wind blown dust that comes to rest on

the rock surfaces is in the opinion of this author the very

rocks themselves, a conclusion Engel and Sharp (1958) and

Elvidge (1979) arrived at through general speculation as

well, after considering alternative sources, including

present day volcanic expulsion. It is likely, therefore,

that the source of the iron and manganese in desert varnish

is the rocks upon which they lie or rocks within the

immediate vicinity. I have investigated the substrate

below the coatings including the weathering rinds and the

dark secondary layers they contain, as well as the coatings

themselves, to explore a possible genetic connection.

From field observation, we know that mineral coatings

and desert varnish are indeed products of the weathering

environment. From considerations on the geochemistry of
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natural waters, iron and manganese, we can establish a

likely geochemical environment within which the

relationships we observe make sense. Important

considerations will include pH, Eh, and dissolved ions. My

analytical research indicates that coatings are composed of

amorphous compounds or poorly ordered hydroxides of

manganese, iron, silica, and aluminum. Clay appears to be

a minor constituent.

GEOCHEMISTRY OF IRON AND MANGANESE

Figure 63 shows Eh-pH relationships for both iron and

manganese. Under moderately oxidizing conditions, both

iron and manganese are soluble below a pH of about 6, but

form oxides and hydroxides at higher alkalinities.

Noncrystalline phases are favored by rapid precipitation

which would be expected on the surface of rocks in semi-

arid environments where dissolution and precipitation may

follow pH fluctuations after rain showers. Manganese is

more mobile than iron and thus precipitates more slowly.

Manganese can remain soluble in aerated waters at pH values

in excess of 9.0, whereas iron likely would be precipitated

(Hem, 1964). This behavior probably accounts for the

observed high concentration of manganese relative to iron

at the outer desert varnish surface and manganese

concentration in layers within the coatings when the whole

system is viewed within a cyclic climatic condition
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involving either humidity or temperature. Slightly cooler

climates may favor increased CO 2 concentration, prolonged

acidic conditions, and greater dissolution and

concentration of both iron and manganese.

Carbon dioxide as undissociated carbonic acid, and

bicarbonate, and carbonate ion is the pH buffer of most

natural waters (Hem, 1960). The atmosphere contains about

0.03 percent CO 2 by volume, but plants contribute further

CO 2 by respiration and decay. According to Hem, only a

small proportion of CO 2 dissolved in water forms carbonic

acid. Thus rain water, falling and collecting on the

surface of the volcanic rocks in southern Nevada, would

likely be further enriched in CO 2 from lichen and other

organics growing on the rocks. An acidic environment

around lichen is supported by the general lack of desert

varnish around lichen; however, Osborn (1960) mentions that

crustose lichen metabolize iron and remove it from the

rock. These relationships are further obscured by the fact

that lichen in the Kane Springs Wash study area seem to

favor poorly welded, vapor phase altered turfs, which do

not typically develop mature coatings anyway. Lichen

tend to accumulate in the recesses of the rocks where water

drains, collects, and resides the longest.

Hem (1963) found that precipitates of manganese, formed

at pH values between 8 and 9, contained too little

manganese to be manganese oxides, suggesting that the
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precipitates contained water. He speculated that the solid

phase was likely Mn(OH) 3. Hydrous precipitates of both

iron and manganese lose water and grow increasingly less

soluble with time. Johnston and Lewis (1983) found that

with time ferrihydrite converts to hematite by a particle

coalescing event.

WEATHERED CORTEXES AND DARK SUBSURFACE BANDS

A weathering rind develops on all the volcanic rock

types studied (Figure 64). It is a 0.3-15mm thick plate

that exfoliates outcrop surfaces and spalls off, carrying

the coatings with it. Table 23 compares major element

analyses of the rinds with their parent rocks.

Rinds are enriched in CO 2 relative to interiors on the

tuffs but not relative to interiors of dense rhyolites or

basalts. Rinds tend to contain more sulfur and both

essential and nonessential H20. Rinds appear depleted in

SiO 2 relative to underlying interiors. For the most part

rinds show some apparent depletion in A1203, especially

those of the more porous turfs. For most cases there is a

slight depletion in total iron (reported as Fe203) in the

rinds. The major exceptions are basalt from Kane Springs

Wash (KS-21) and other mafic units. MgO and CaO are

enriched in rinds. MnO shows, if anything, a slight

enrichment in the rinds. As will be discussed later, SEM-

EDX probes indicate some geochemical stratification within
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the weathered cortex itself.

From thin sections and application of hydrochloric acid

to hand samples we know that the rinds contain carbonate

which would account for their enrichment in CaO, MgO, and

CO 2. The higher H20 content of the rinds indicates

hydration and apparent depletion in alkalis, and iron

suggests leaching. The rinds are weathered cortexes and

reflect geochemical interaction with the weathering

environment. The extent to which they may relate to

coatings is discussed below.

SEM-EDX analyses of the dark layers that occur within

the weathered cortex (Figures 62 and 64) are tabulated in

Table 25. Composition of the layers is similar to that of

the weathering cortex (Table 23). Enrichment in CaO is the

only consistent compositional difference between the

secondary bands and the enclosing weathering cortex. From

thin section petrography we know that some of the secondary

layers are distinctly carbonate rich. Zeolites have been

tentatively identified, but the association may be

coincidental. Backscatter SEM imagery reveals that the

layers are dense, less porous, and evidently zones of

cementation (Figure 65). They appear harder to a knife

blade as well. The layers seem to contain a distinct

hydrous component (infrared spectra, Figure 60), and they

appear cloudy in thin section suggesting presence of an

amorphous compound, perhaps similar to that which
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FIGURE 64. Artist's rendition

(lower drawing) of outcrop of

Civet Cat Canyon Tuff (upper

photograph), showing relation-

ships between desert varnish,

weathering cortexes, and secon-
dary subsurface layer of cemen-
tation and Ca enrichment.
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TABLE25. SEM-EDX COMPOSITIONALPROFILE THROUGHWEATHEREDCORTEXES

INCLUDING SECONDARYLAYER OF CEMENTATION

(ResuLts fn oxideS, totals conT)utedstofch/oinetricaLLy to IOOX,

sampte nud_ers |nparentheses)

KANE gASH

TUFF (57)

1 _ p 4

lie 1.06 0.46 0.58 0.92

Pig 0.00 0.81 0.00 0.00

At 10.72 8.32 10.31 10.45

ROCKETMASH

TUFF (46)

2.15 1.50 1.55 2.06

0.18 2.21 0.00 0.00

10.87 9.99 11.13 11.21

Si 75.99 69.03 75.41 79.48 67.80 64.72 76.06 67.44

K 5.92 4.48 6.06 5.98 4.95 5.13 4.92 4.82

Ca 3.89 15.21 5.31 0.86 9.23 12.44 1.39 9.9T

Ti ................ 0.65 0.29 0.29 0.22

Mn 0.07 0.04 0.15 0,19 0.25 0.24 0.49 0.30

Fe 2.35 1.65 2.16 2.20 3.92 3.48 4.17 3.97

GOLD FLAT

TUFF (S'2)

1 2 3

5.44 4.88 6.76

0.40 1.67 2.12

11.17 9.99 12.34

74.52 67.97 61.21

4.22 3.77 4.40

0.96 8.79 9.72

0.16 0.34 0.15

0.20 O. 15 0.30

2.93 2.43 3.00

SPEARHEAD

TUFF (30)

Ns 0.62 0.27 0.57

Mg 0.00 0.00 0.00

AL 8.92 8.09 11.07

si 81.72 78.00 75.66

K 4.91 4.39 5.75

Ca 1.68 7.24 4.22

Ti 0.16 0.02 0.17

)in 0.11 0.04 0.30

Fe 1.88 1.94 2.27

SPEARHEAD SPEARHEAD

TUFF (72) TUFF (83)

2.40 0.59 0.34 5.77 5.29 5.59

............ 0.57 0.78 0.90

9.66 7.71 6.66 11.49 9.80 10.03

78.39 62.03 69.49 68.49 65.33 72.83

4.21 3.64 3.06 4.38 3.71 3.85

2.86 23.60 18.66 7.26 13.05 4.27

............ 0.18 0.14 0.32

0.01 0.36 0.19 0.07 0.16 0.19

2.39 2.07 1.79 1.78 1.74 2.01

HIKO TUFF

(38)

1 2 3

0.00 2.38 0.20

O. O0 O.O0 O.O0

11.19 18.52 12.93

79.16 68.87 77.05

5.82 2.93 6.83

2.03 6.39 1.60

0.42 0.22 0.39

1.37 0.68 0.99

1 - Leached zone

2 - Zone of accumulation or secondary cementation

3 - Rock imediatety beneath zone of cementation

4 - Rock fnterior
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characterizes desert varnish.

Analcime (zeolite group) was detected by XRD in a

porous air fall tuff from Stonewall Mountain. The

occurrence of zeolites in tuffaceous rocks is well

documented (Mumpton, edit., 1977). The origin of analcime,

a sodium bearing zeolite commonly in association with

alkaline rocks like those in the project areas, is not well

understood (Hay, 1977) but reaction with meteoric waters is

one popular hypothesis. Reaction of glass to form zeolites

seems unequivocal (Hay and Sheppard, 1977). Deffeyes

(1959) and Mumpton (1973) have shown that the reaction

involves diagenetic solution of glass, then precipitation

of zeolites rather than formation through devitrification.

According to Mariner and Surdam (1970), an aluminosilicate

gel may form first from the glass, from which zeolites

grow. This relationship could account for the apparent

association of zeolites with amorphous compounds in the

secondary weathering layers described above. Zeolites are

preferred over clays in this geochemical environment

because of the cation/hydrogen ratio. Cations excluded

from the zeolite structure could remain in solution for

transport to other sites.

The carbonate mineralization which seems to correlate

directly with tuff porosities and to concentrate in the

weathered cortex resembles caliche zones and may follow

principles of caliche formation. Aridic soils, in contrast
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to humic soils, are characterized by concentrations of

calcium salts somewhere in their profile (Krauskopf, 1967).

Rain water soaks into soil and porous rocks, as well, and

is later pumped back toward the surface by capillary action

in response to an evaporative pressure gradient. Only the

most soluble cations would be leached: namely sodium,

potassium, and magnesium. Calcium would largely remain

behind in a layer that represents a solution front. The

distinct, dark layers may reflect the lower edge of the

solution front's advance into the turfs. The layers are

enriched in calcium, and for some of the more porous tuffs

the rock zone just above is slightly enriched in sodium.

SOURCES OF IRON AND MANGANESE

Coating distributions on rock surfaces have been

described above from optical, SEM, and density slice

methods. It was found that the amount of encrusting

varnish 3-10um thick, rarely up to 50um thick, is greatly

subordinated by thin films which coat the surface and

impregnate the rock intergranularly, up to 0.Smm depths.

For this reason ICP analyses of a thin surficial zone which

includes the desert varnish layer (Table 26) record a

maximum of only 1.15% MnO. These samples were extracted

from the rock by a carbide scribe moved lightly over the

surface. Samples were screened to minus I00 mesh to reduce

contamination by extraneous mineral grains. Binocular
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scope optical examinations indicate that the samples

represent depths averaging about 0.20mm thick and rarely

include material below 0.5mm. Specific gravity comparisons

between rock substrate, the surficial zone with desert

varnish, and weathering rinds are listed in Table 27.

Table 28 tabulates mass balance calculations for both iron

and manganese in both surficial coating zones and

underlying fresh rock.

From these data we can evaluate the rock substrate,

particularly the weathered cortex, as a potential source of

manganese and iron. From specific gravity measurements and

geochemical analyses of the surficial zone, including the

desert varnish, mass comparisons of both iron and manganese

in gms/cm3 in both zones can be calculated (Table 28).

Table 28 lists iron and manganese enrichment factors for

three ash flow tuff deposits, one from each of the three

study sites: Trachyte of Hidden Cliff from Black Mountain,

basalt from the Stonewall Mountain site, and Antelope

Springs rhyolite. Iron enrichment in desert varnish over

underlying fresh rock varies from 2.3 times in basalt

coatings to 1.3 times in Trachyte of Hidden Cliff. The

average enrichment factor of iron is 2.1 for all the units,

2.2 for the three tuff samples. Manganese is enriched 10.7

times in desert varnish on the ash flow units and 8.5 times

on average for all the samples. Manganese enrichment in

varnish on Antelope Springs rhyolite, which does not tend
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TABLE 27. SI_CIFIC GILAVITY (S.G.) DETEIUiINATiONS

OF kF.ATHERING CORTEXES OR

RXNOS (R), FRESH ROCKS (V), ANO SURFICIAL COATING ZONES (C)"

S.G.

S.G.

S.G.

GoLd Ftlt Tuff Pahute 14¢me Tuff

w m_ ; W R ;
2.60 2._ 4,_s 2.4a 2.s0 s.28

i(ane Wash Tuff

2.46 2.45 4.65

[arm Sprir_is Sylnite Spearhead Tuff Trmchyte Hidden Cliff

v# q G W _ ; _ _ c
2._ 2.s7 2.73 2.49 2,4s 3.82 2.6s .... 4.22

Lave of Pill.mr _r. hsalt-Stor'-',,,ett Antelope Spr. RhyoLite

w# R ; ¥ _ ; W R ¢
2.70 .... 3.37 2.95 .... 5.28 2.70 .... 2.78

TAGLE 28. MASS 6ALANCE COl4PAR|SONS FOR FE AND 1414

BETWEEN SURFICIAL COATING ZONES (C) AND FRESH ROCK (W) e

Slxci f tc Mr.% WC:3 Enrichaent Factor

unit _ F_eZ% .nO F_eZ_5 .nO Fe .n

Gold FLit Tuff C 4.36 5.30 1.06 0.23 0.046

2.60 4.30 0.17 0.11 0.005 2.1 9.2

Spearhead Tuff C 3.82 3.24 0.57 0.12 0.022

W 2.49 2.55 0.08 0.06 0.002 2.0 11.0

Kane Wash Tuff C 4.65 2.64 0.52 0.12 0.024

W 2.46 2.10 0.07 0.05 0.002 2.4 12.0

Trachyte C 4.22 6.32 0.66 0.27 0.028

W 2.65 5.72 0.15 0.15 0.004 1.8 7.0

h, Lt C 5.28 10.34 0.63 0.55 0.033

W 2.95 8.01 0.13 0.24 0.004 2.3 8.3

Antit@ Springs C 2.78 1.32 0.]6 0.04 0.010

Rhyo(| ¢e M 2.70 0.63 0.01 0.02 0.003 2.0 3.3

Average 2.1 8.5

Average Tuffs 2.2 10.7

Specific Gravity measurements performd by picP_eKer by Chemex La_s, Vancouver, i.e.

Surficiat coating zone represtmts an approxinmtety 0.25-0._Hml thickness K the rock

surface and includes tho desert virn(sh.
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to support well developed, continuous varnish, is only 3.3

times. On the basalt, manganese enrichment is 8.8 times.

Since the surficial sample including the desert varnish

was about 0.2mm thick and quite conservatively less than

0.Smm thick, we can estimate thickness of rock substrate

required to furnish all of the iron and manganese in the

desert varnishes on these samples. Thicknesses required

are equal to the enrichment factors shown in Table 28.

Thus for the ash flow turfs, which tend to develop more

advanced stage and continuous desert varnish coatings, 10.7

times the surficial zone thickness would be required to

furnish all the iron and manganese in the coating. If the

0.2mm thickness is applied, only 2.14mm of subsurface

thickness contains enough manganese and a 0.44mm thick zone

enough iron to account for all the iron and manganese

distributed over the surface of these units. If the very

conservative thickness of 0.5mm is applied, 5.35mm is

required for manganese and still only 1.1mm for iron.

Leaching of course would not be expected to be 100%

efficient. If only 25% efficient, then these thicknesses

would increase by 4 times or to 8.56mm and 21.4mm for

manganese, assuming 0.2mm and 0.5mm surficial zone

thicknesses, respectively, and 1.76mm and 4.4mm for iron,

also assuming 0.2mm and 0.5mm surficial zone thicknesses,

respectively. In fact, depletion of both iron and

manganese is evident from ICP analyses of weathering rinds
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and underlying relatively fresh rock. Comparison of

weathering rinds with rock interiors (Table 23) indicates

that the rinds are relatively depleted in iron and

manganese. One major exception is the basalt. Manganese

appears significantly depleted in the subsurface zones of

ash flow tuff samples BM-46, KS-57, and SW-30 (Table 23)

relative to deeper zones within the rock. SEM-EDX

compositional profiles through the coating zone and rock

substrate down through the secondary zone of cementation

also indicate iron and manganese depletion in a typically

bleached zone just below the coating layer (Table 25).

Manganese is depleted within the leached layer just below

coatings by up to 50% to 65% in the ash flow turfs (Table

25) and iron by 10% to 30%. Thus depletion appears

congruous with the leach model mentioned above and

developed more fully below.

GEOCHEMICAL MODEL

The zoning and ion concentration relationships observed

in the data presented above support a leaching process in

the weathered cortex of volcanic rocks at the study sites

much like the solution front system described by Krauskopf

(1967) for caliche formation in aridic soils. A leach

mechanism is envisioned to initiate the derivation of

desert varnish elemental constituents from rock substrate.

Recycling of spalled-off rinds with desert varnish layers



187

would tend to enrich soils with iron and manganese. This

iron- and manganese-rich dust could then form feedstock for

progressive iron and manganese enrichment in desert varnish

through time (Figure 64).

A slightly acidic carbon dioxide and carbonic acid

enriched solution created from atmospheric interaction and

biogenic processes at the rock's surface is envisioned

soaking into the surface, permeating the porous tuffs to a

greater extent than the more dense flows. Carbonate rich

cortexes and dark hydration layers develop near the lower

extent of solution front advance where magnesium rich

calcite and amorphous, opaline deposits precipitate from a

solution supersaturated in these components as a function

of leaching the overlying substrate (the CO 2 was already

present in the leachant) and evaporating the water which

would move by capillary action back toward the surface and

out of the rock. More soluble components remain in the

retreating solution and are precipitated when

supersaturation levels are reached as the solution

regresses toward the rock surface. Sodium appears to

concentrate very slightly in the upper part of the

weathered cortex. Iron and manganese remain in solutionn

to be precipitated at the rock surface. Figure 66

graphically represents this leach-solution pump model.

Important outcrop relationships and recycling of desert

varnish rich dust are depicted in Figure 64. The process
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likely requires optimum wetting and drying cycles. Too

much water influx too often would dispense leached iron and

manganese into the rock.

The lamination relationships in layered desert varnish

and the Fe/Mn ratio of coatings may be explained in context

of this solution pump. Manganese tends to concentrate at

the outer edge of the varnish and to form concentrated

layers within some of the varnishes at lower levels. The

Fe/Mn ratio generally increases toward the lower edge of

the coatings and iron is sometimes concentrated in a layer

at the rock interface. This relationship seems opposite to

that which one might expect if all the iron and manganese

were leached from surficial dust, since manganese is the

more soluble and mobile of the two elements. If both iron

and manganese were contained in a solution that was

undergoing extraction out of the rock by evaporation, iron

would be expected to precipitate at the rock-air interface

in response to higher Eh conditions, possibly forming a

poorly crystalline ferrihydrite phase which some workers

¢

(Johnston and Lewis, 1983) feel could be an important

coating component. Manganese should remain in solution

longer and precipitate out at the coating-air interface in

response to evaporation and supersaturation.

Another explanation for the high manganese zone at the

outer coating surface could be successive resolution and

redeposition of the relatively mobile metal; however, one
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might expect more dispersion in this case and manganese

distribution to greater depths, like iron. A sensitive

wetting-evaporation cycle is implied. If the

water/evaporation ratio were too high, leaching would be

progressive only without regressive transport, and desert

varnish development would be thwarted. In this case a

layer of diffuse iron enrichment would likely occur within

the upper few mm of the rock surface. Another reason for

manganese concentration at the surface, which other workers

have suggested, is microbial fixation, possibly through

ubiquitous bacterial activity.

Some correlation between underlying host rock and

coatings and a possible genetic link is indicated from

differences in iron and manganese relationships between the

more mafic units and the more felsic units. Basalt

coatings exhibit a higher Fe/Mn ratio than coatings from

more felsic rocks and higher overall iron and manganese

content as well (Table 22). Some geographical differences

in desert varnish composition also were detected (Tables 21

and 22). Cerium, for example, is enriched in desert

varnish on Gold Flat Tuff which contains high cerium, and

other units within the Black Mountain study area reflect

high cerium as well. This relationship suggests at least a

partial underlying host rock origin rather than an

exclusive exogenous wind blown dust source; however, such

circumstances would not preclude dust which could originate
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from the same unit.

Thus a leaching model is proposed to initiate both iron

and manganese supply for desert varnish formation with

continued concentration and development propelled by a wind

cycled feed stock of dust derived from comminuted

weathering rinds and rock surfaces.
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SPECTRALCHARACTERISTICS
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This chapter is devoted to a review of the spectral

(reflected) properties of the rock types in each of the

study areas and the effect of differential amounts of

desert varnish on spectral measurements. Focus is on the

TM interval. Twenty-two lab spectra, 81 field spectra,

and over 80 TM band DN values and band ratio values for

major rock assemblages, and band DN values vs

petrochemistry plots were evaluated.

FUNDAMENTALS OF REFLECTED ROCK SPECTRA

Spectral profiles for most rock-forming minerals and

many major rock types have been published by Hunt and

Salisbury (1970); Hunt, Salisbury, and Lenoff (1973a, b,

and c and 1974); Hunt (1977); and Hunt and Ashley (1979).

These publications provide a spectral library for

comparison and general reference.

Reflected rock spectra are controlled by the

illuminating source and direction and by rock mineralogy

(disregarding instrumentation). If illuminating source and

direction are held constant, mineralogic variations are the

fundamental control of reflectance. Minerals are

crystalline solids composed of chemical compounds held

together by definite and multiple proportions and are
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electrically neutral. As long as the overall structure is

held essentially intact, some ions can occur

interchangeably at certain sites within the crystal

lattice, either as discontinuous isomorphous exchange or as

impurities. Some ions or molecules (water for example)

cause characteristic spectral features. Thus, in the

visible spectrum some mineral species can be any of several

colors depending on trace element content or isomorphous

element ratios. There are two fundamental interatomic and

intermolecular processes that control mineral and rock

spectra: electronic and vibrational (Hunt, 1980).

Excitation of electrons in the atomic structure causes

transitions in energy levels. This process is called

electronic (Hunt, 1980). Energy transitions are always at

some multiple of Planck's constant or E=vh, where E=energy,

v=frequency of the electromagnetic radiation, and

h=Planck's constant. Energy absorption or absorption of

incoming radiation at some given wavelength or frequency at

the atomic level can occur when Planck's equation is

satisfied. Thus for any electron orbiting within a shell

or subshell with a set energy level, absorption will only

occur at definite wavelengths. Spectral profiles are, in

this way, altered characteristically, depending on

composition of the target. Spectral features that can be

used for identifying purposes include sharp absorption

peaks at given wavelengths and changes in slope.
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Transition metals, particularly iron, dominate

electronic absorption phenomena in minerals. Electrons in

the unfilled orbitals of transition metals in a mineral

compound are unpaired and their energy is unbound as in the

free ion state. Different energy levels are assumed by the

d orbital electrons due to surrounding crystal field

electronics and incoming radiation is absorbed accordingly

(congruent with Planck's formula). Thus any transition

metal can cause different absorption features depending on

relationships with the surrounding mineral (or amorphous

material), the nature of the mineral, and the transition

metal itself. Ferrous iron, the most common transition

metal in silicate minerals, causes a broad band absorption

peak to about 1.0-1.1um. This property could retard

reflectivity in TM band 5, causing steeper spectral slopes

between band 5 and 7.

Molecules and anion groups such as OH and CO 3 vibrate

at fundamental modes and at combinations of fundamental

modes and overtones (Hunt, 1980). Vibrational behavior is

caused by electronic instability between the molecule and

the surrounding electronic field. Groups of anions tend to

vibrate as a whole against the lattice structure.

Vibrational absorption peaks tend to be quite sharp and

those caused by fundamental modes occur at longer

wavelengths than the TM limit at 2.5um.
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LAB SPECTRA

Twenty-two select samples of rock surfaces were scanned

for visible/infrared spectral characteristics at the Jet

Propulsion Lab on their Beckman lab spectrophotometer

(Figures 67 and 68). Results from the lab spectra tend to

support band reflectance relationships of TM imagery,

exhibited in contrast enhanced single band images and

hybrid composites involving band ratios. Of most

significance (Figures 67 and 68):

II Shorter wavelength bands are more

absorbent to surfaces with desert

varnish (coated).

1 At longer wavelengths - bands 5 and 7 -

varnish absorption becomes less

significant since lower E radiation

penetrates deeper.

1 The progressively decreasing influence

of varnish absorbance at longer

wavelengths causes lower 5/7 ratio

values for surfaces with varnish.
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FIGURE 82 Beckman lab spectra (visible/near infrared), comparing uncoated weathered surfaces to surfaces
with desert varnish (coated). (Only one uncoated sample shown for Antelope Springs Rhyolite.)



197

100

1 2 3 4
k---P-4 _ P-_

RED CIVET CAT CAP

LANDSAT TM BANDS

5
k-------t

7
I

10

DARK CIVET CAT CAP

DATED

LU
0
z
<
p-
0
lU
_J
u.
lu
n-

20

10

30

TRACHYANDESlTE (KANE)

TOPAZ RHYOLITE (Kane)

10

30

10

SYENITE FLOW DOME (KANE)

BASALT (Stonewall)

m

UNCOATED

COATED

UNCOAT EO

COATED

UNCOATED

6O

0

KANE WASH TUFF -V2 MEMBER

I I i I I
0.5 0.7 0.9 1.1 1,3

UNCOATED

I I I I I
1.5 1.7 1.9 2.1 2.3

WAVELENGTH IN MICROMETERS

FIGU RE 68, Beckman lab spectra (visible/near infrared), comparing uncoated weathered surfaces to surfaces
with desert varnish (coated). (Only one sample shown for Syenite flow and dark Civet Cat Cap
samples.)
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values should decrease.
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. The slope of the reflectance curve for

Gold Flat Tuff, a highly evolved unit

with a high concentration of

incompatible large-ion-lithophile

elements, between bands 5 an 7 is

quite steep, which should lead to very

low 5/7 values.

. Felsic units with a high concentration of

varnish should exhibit higher 5/2 values.

These observations help explain imagery contrast and

band relationships at each of the three study sites in

instances where similar relationships exist between desert

varnish occurrence, magmatic evolution, and petrochemistry.

The following two sections present binary and ternary plots

which exhibit these relationships, graphically.

FIELD SPECTRA

To help clarify radiance and TM imagery differences

attributable to various cover types, 81 field spectra were

collected with the Mackay School of Mines' Infrared Imaging

Spectroradiometer (IRIS). Spectral measurements were made
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of most major rock types as well as rock surfaces with

varying amounts of desert varnish (Figure 69-86) at both

the Stonewall Mountain and Black Mountain study sites.

Field photographs of samples representative of IRIS

spectral targets are presented in Figures 87 and 88. In

addition, a few spectral graphs were plotted over some

vegetation and soil cover as well (Figures 79, 85, 89, 90,

and 91).

STONEWALL MOUNTAIN SITE. Reflectance variations of

differential amounts of desert varnish on dense to

moderately welded Civet Cat Canyon Tuff of Stonewall

Mountain are shown in Figure 69. civet cat canyon Tuff is

an unusually dark rhyolitic ash flow tuff due to

interstitial iron oxide produced during auto-oxidation

effects upon deposition of an extremely hot ash flow. The

primary rock spectrum is thus fairly low in reflectance due

to low albedo. Spectral comparison of Figure 69 reveals

superior discrimination within the TM band 5 interval with

all variations of secondary mineral coatings bunched at

lower wavelengths, and all but the moderately coated

samples converging within the band 7 interval.

Reflectance spectra over glassy cap rock of Civet Cat

Canyon Tuff (Figure 70) show that very heavily coated

surfaces are relatively absorbent in lower wavelengths of

the TM range but more reflectant beyond the band 4 region.
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FIGURE 70. Field spectra comparing varying degrees of desert varnish coating on Civet Cat Tuff (glassy).
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Spectral responses of heavily varnished surfaces are

similar to very lightly coated surfaces. Sample 5 (Figure

70) is a glassy, orangy colored cap rock. It's spectral

character is quite distinct. It responds similarly to

vegetation: relatively reflectant in band 4 and 5.

Figure 71 shows reflectance spectra for glassy cap rock

of Civet Cat Canyon Tuff. For this glassy unit absorption

versus reflectance relationships are ideal: generally

higher absorption in all bands over the most heavily

varnished samples, and greatest reflectance over those with

least varnish. Note the steep increase in the reflectance

curve through the TM band 4 to 5 region for glass

essentially devoid of coatings, a distinctive spectral

characteristic of this unit.

Spectral curves of reflectance over Spearhead Tuff with

variable varnish cover show a steeper curve in higher

variation at other TM wavelengths (Figures 72 and 73).

Spectral spread is greater for other varnish intensities at

low wavelengths, especially within TM band 3 with

convergence beyond TM band 4. The glassy unvarnished unit

is highly reflectant relative to the other samples. The

heavily varnished surface responds spectrally with a

relatively steep slope between TM bands 5 and 7.

Antelope Springs rhyolite (Figure 74) shows the same

steep spectral curve between bands 5 and 7 for heavily

varnished divergent reflectance in the shorter wavelength
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FIGURE 72. Field spectra comparing varying degrees of desert varnish coating on Spearhead Tuff (densely
welded)
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TM bands, but bunched beyond band 4 except for the most

heavily varnished sample. The very lightly varnished

surface with abundant orange lichen responds spectrally

much like vegetation.

Reflectance values for variably varnished basalt from

Stonewall Mountain (Figure 75) exhibit relationships

similar to those exhibited by lab spectra: heavily

varnished surfaces are relatively absorbent in the lower

wavelength region (TM bands 1-3) but increasingly more

reflectant at higher wavelengths. For basalt, this

relationship probably reflects either the different albedos

of alumina- and silica-rich varnish versus the lower albedo

spectral response of the underlying mafic rock, or trace

metal content in the varnish.

BLACK MOUNTAIN CALDERA. Spectra for typical Gold Flat

Tuff are presented in Figure 76. Varnished samples 1 and 2

(Figure 76) show expected variations: intense absorption

over the heavily varnished sample (1) at short wavelengths

(TM bands 1 and 2) with reflectance values converging at

longer wavelengths. The satiny, glassy section exhibits

relatively high reflectance in band 4, similar to glassy

Civet Cat Canyon cap rock and more similar to vegetation

than other rock types. Dull, orangy basal glass (Figure

77) also exhibits steep spectral slopes in this region.

Heavily varnished vapor phase altered Gold Flat (Figure 78)
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Tuff shows expected high absorption at shorter wavelengths

and steep curve and crossover of other spectra beyond TM

band 4.

Similar relationships are shown by Labyrinth Canyon

Tuff (Figures 79 and 80), Rocket Wash Tuff (Figure 81), and

Trail Ridge Tuff (Figures 82 and 83). Variably varnished

Labyrinth Canyon units show greater diversity of

reflectance at shorter wavelengths, with convergence around

bands 5 and 7. Heavily varnished Labyrinth Canyon (Figure

74), which is less reflectant than less varnished samples

at TM bands 1 through 3, exhibits steeper curves beyond.

Heavy lichen cover (Figure 80, spectra 5) behaves

spectrally much like typical vegetation. Black vitrophyre

is spectrally flat (Figure 80) and spectra tend to converge

and cross over at wavelengths beyond 1.0um (Figures 79-82).

Pronounced spectral divergence occurs in the TM band 3

region due to "red" radiance sensitivities to more reddish

colors of lightly varnished surfaces. Limestone and

pervasive hydrothermal alteration with characteristic high

relative reflectivities at shorter wavelengths and

absorption peaks around 2.2 to 2.3um are shown in Figures

82 and 83.

Spectra for lava deposits, including Trachyte of Hidden

Cliff and Lava of Ribbon Cliff (Black Mountain caldera) are

presented in Figures 84, 85, and 96. Relationships match

those seen in laboratory spectra. Heavily varnished
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surfaces, slightly more absorbing at short wavelengths, are

more reflectant in the TM band 5 and 6 region. Curves for

low varnish varieties are flat.

Tables 29, 30, and 31 show spectral curves of many of

the major rock units from the Stonewall Mountain, Black

Mountain, and Kane Springs Wash study sites, respectively,

and compare the spectra with lithologic and petrochemical

properties of the units. Table 32 compares spectra of

unvarnished rock surfaces with spectra of heavily varnished

surfaces. The Table includes unit lithologic and

petrochemical properties as well.

SOIL, DESERT PAVEMENT, VEGETATION

A few field spectra were collected over vegetation,

soil, and one mosaic of desert pavement for comparison with

rock spectra and to assess influence of these cover types

on rock spectra. Sandy soil (Figure 89) whose source was

mostly adjacent Labyrinth Canyon Tuff is spectrally quite

similar to lightly varnished Labyrinth Canyon (Figure 79,

spectra 3). Soil, regolith, and desert pavement could be

expected to respond spectrally similar to their parent rock

source, with variation attributable in part to variable

desert varnish development, a relationship consistent with

the correlation of alluvium and rock detritus with adjacent

outcrop on TM imagery. Indeed, spectra of desert pavement
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Figure 87. IRIS spectral samples from the Stonewall

Mountain site. Top row: Antelope Springs rhyolite showing

very heavy varnish coatings on left, then heavy to

moderate, moderate, light to very light and finally a

sample with lichen growth on the far right. Bottom row:
basalt from the Stonewall site with very heavy desert

varnish coating on the far left sample, then heavy,
moderate and finally light desert varnish on the right.

Figure 88. Platy float weathered from glassy Civet Cat

Canyon Tuff cap rock. (Pen in lower left for scale.) Note
variable desert varnish coatings.
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mosaic derived from Spearhead Tuff (Figure 73) are most

similar to Spearhead spectra with heavy desert varnish

cover. This observation should be expected inasmuch as

desert pavement in general develops some of the more

extensive and dark desert varnish present in the study

sites. Spectra of caliche samples (Figure 89) exhibit very

high overall reflectivities.

Lichen, a mixture of algae and fungi, which includes

the common green variety known as moss, has been described

over various rocks in the study areas in previous sections.

Pale army green lichen is prevalent on much of the vapor

phase altered turfs of Kane Springs Wash where it can

anchor efficiently and where a porous rock surface provides

relatively abundant residual water after rain showers. It

also occurs over much of the vesicular Trachyte of Hidden

Cliff at Black Mountain. Bright orange lichen

preferentially homesteads the Antelope Springs rhyolite at

the Kane Springs Wash volcanic center. Although lichen

undoubtedly influences surface spectra to some degree, it

is a minor cover type when considered within the 30x30m

pixel sized resolution cell of TM. Spectra of the

distinctive orange lichen are shown in Figures 74 and 80

over Antelope Springs Rhyolite and Labyrinth Canyon Tuff,

respectively. Lichen cover on these hand samples was

exceptional - 60-70%. The spectral curves exhibit shapes

typical for most types of vegetation - very steep curves
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between TM bands 3 and 4, and high 4/5 ratios - quite

different from rock spectra.

Spectra for sagebrush and atriplex (Figures 90 and 91)

from the study areas also exhibit classic vegetation curves

- very steep slopes between TM bands 3 and 4, and high 4/5

ratios compared with rock. The woodier atriplex specimen

(Figures 90 and 91) is more reflective than a somewhat more

leafy counterpart through the TM band 4 interval, but less

reflective at longer wavelengths. Spectra for sagebrush

are apparently indistinguishable from atriplex. The sample

tested (Figure 81) exhibited spectra largely conformable to

the interval between 2 atriplex samples, one more woody

than the other (woodier in terms of exposure to the

sensor).
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SPECTRAL INFLUENCES ON LANDSAT TM DATA
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This chapter will address the influences of various

cover types within the project areas on spectral

compositions, focusing on lithologies and desert varnish

and the Thematic Mapper band intervals. The study has

revealed important relationships between rock

petrochemistry and desert varnish and the influence both of

these criteria and the variations and vagaries among them

exert on visible/near-infrared spectra (Spatz, Taranik and

Hsu, 1987b, 1987c and 1988, and Spatz and Taranik, 1988).

Results bear importantly upon Landsat TM interpretations.

This Chapter Includes correlations of Landsat TM DN values

with petrochemistry and desert varnish, discusses

importance of rock-varnish albedo differences, and ends

with a section on mapping applications.

LITHOLOGY AND PETROCHEMISTRY

Figures 92 and 93 present reflectance values for TM

bands of most major lithologic units from each of the study

sites. Appendix K contains pixel statistical information

for each lithologic unit represented in the graphs. The

ternary plots, on the other hand, were compiled from a

different set of data, but relationships are consistent
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with those from Appendix K. Both binary and ternary band

vs band diagrams and band vs composition diagrams for units

from each of the study sites follow. Emphasis in these

plots is on bands and band relationships which have been

most illuminating with respect to Landsat TM and laboratory

and field spectra. Although points on the graphs are

limited by the restricted number of mappable imagery units

in the scenes, some otherwise unapparent trends and

groupings of units can be delineated on the basis of

relationships involving felsic tendencies, degree of

magmatic evolution, and extent and maturity of desert

varnish. The trends and groups that are interpreted on

these diagrams and those that follow are consistent with

the imagery and laboratory spectra presented in earlier

sections.

A regression intersection method of adjusting image

data for additive path radiance (Crippen, 1987) was applied

to each scene to test atmospheric effect on band ratios.

Raleigh scatter due to atmospheric interference is extreme

in band i, but histogram and deep shadow methods of

measuring additive path radiance in band 2 proved negative

and atmospheric scatter is considered unimportant for most

of the applications described in the thesis. To test the

effect of atmospheric interference on band ratios,

particularly 5/2 ratios, Crippen's (1987) regression method

was tested. It was found that DN values needed to be
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adjusted downward 9 digital numbers in band 2 over the Kane

Springs Wash study site and downward by 7 over both Black

Mountain and Stonewall Mountain. Band 5 required a nominal

adjustment of 3 digital numbers at Kane Springs Wash and 2

at the other two sites. The result does not alter relative

positions of points on the graphs that follow, for example,

5/2 values for basalt, topaz rhyolite, and Kane Wash Tuff

from the Kane Springs Wash study site using raw DN values

(Table 16) are 1.87, 2.37, and 2.69, respectively. After

the regression adjustment, values converted to 2.24, 2.70,

and 3.05, respectively. The effect is slightly less at the

other two sites. Values converge a little, but not enough

to affect the interpretations that follow. Discrimination

of rock assemblages or surface cover very similar in albedo

within bands being used in ratioing, however, might benefit

from adjustments for additive path radiance.

STONEWALL MOUNTAIN VOLCANICS

The more magmatically evolved late flows of the

Stonewall Mountain caldera - the ash flow tuffs - show

lower 5/7 values than the basalts and rhyolites derived

from the Mount Helen caldera (Figure 94). Although a

straight line albedo relationship exists among the units on

the band 5 vs band 7 plot, divergence on the other graphs

seem to follow 2 trends: one involving the ash flows of

the Stonewall caldera, the other involving the units from
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Mount Helen. The lower 5/7 values bf the ash flow units of

Stonewall are probably due both to the existence of more

extensive, well developed desert varnish on these units and

to the relatively high concentration of incompatible

elements they contain. The two groups plot along separate

trends on the band 2 vs band 5 graph, due apparently to

absorption of varnish in band 2. The higher albedo of more

felsic and evolved units leads to parallel trends within

each of the two groups. The 5/2 vs band 7 diagram

distributes the units in a broad relationship congruent

with magmatic evolution - higher band 7 and 5/2 values.

Ternary band DN plots for the Stonewall units (Figure

95) distribute the deposits in predictable patterns

according to relationships depicted in the binary diagrams.

The linear distribution on the 5/2-5/7-3/2 triangle is

believed to be due in part to both rock petrochemistry,

with the highly evolved units plotting away from the 5/7

apex and toward the 5/2 apex, and to desert varnish, with

the ash flow ruffs, which tend to develop more extensive

varnish, falling toward the 5/2 apex. Figures 96 and 97

show band vs compositional diagrams for the Stonewall

units. Distinct trends result from a correlation of albedo

with felsic tendency; enrichment in incompatible elements,

which indicates degree of magmatic evolution; and extent

and intensity of desert varnish. It seems worthy to note

that reflectivity trends of 5/7 and 5/2 ratios with respect
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'to silica content indicate a slight negative slope and a

decrease in 5/7 values with an increase in silica as

expected, but 5/2 ratios decrease as well, and sharply, as

silica increases. As we will see from plots of values from

the other 2 study sites, an increase in 5/2 ratios seems to

indicate an increase in magmatic evolution, more as

measured by peralkaline tendency (higher Na20+K20), rather

than silica. Band reflectivity plots against the rare

elements reveal linear relationships, particularly between

5/7 values and fluorine. The correlation between

reflectivity values and the trace elements is superior to

linear relationships between reflectivity values and the

major oxides, reflected in part (Figure 97) by the

differentiation index (DI) and Felsic index (FI).

BLACK MOUNTAIN VOLCANICS

Similar relationships and trends can be found among the

band vs band and band vs compositional plots for units from

the Black Mountain and Kane Springs Wash study sites

(Figures 98-105). At Black Mountain, highly evolved

peralkaline Gold Flat Tuff and Labyrinth Canyon Tuff

(distal Spearhead Tuff from the Stonewall caldera) form

separate trends and groups since they both have relatively

high albedo and exhibit relatively well developed desert

varnish. Both units have high values in band 5, low values

in band 2, thus a high 5/2 ratio (Figure 98). The Gold
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Flat Tuff is an unusual, quite highly evolved late magmatic

differentiate with a low 5/7 ratio and high relative

fluorine and alkaline components (Figure I00). The ternary

plot of 5/4-5/7-3/2 values distributes rock assemblages

according to alkaline tendencies and incompatible element

content, with lowest to highest from Trachyte of Hidden

Cliff (T), Lavas of Pillar Springs and Trail Ridge Tuff

(PR), older Thirsty Canyon Tuff (C), Labyrinth Canyon Tuff

(L), to Gold Flat Tuff (G). The correlation between lower

5/7 values with degree of magmatic maturity is again

apparent in reflectivities vs minor element plots,

particularly thorium, rubidium, and fluorine (Figures i00

and I01).

KANE SPRINGS WASH VOLCANICS

At Kane Springs Wash interesting spectral

characteristics are apparent between the 3 highest albedo

units, the Hiko Tuff, Kane Springs Tuff, and Topaz Rhyolite

which are congruent with differences in tendencies toward

magmatic maturity and desert varnish formation. The final

flow from the Kane Springs volcanic center was the Kane

Springs Tuff which consists of 3 cooling units. Each is

peralkaline and fairly well evolved. They were followed by

intracaldera lava domes consisting of topaz rhyolite, also

highly evolved. Divergence exits from the more typical

plots established among the units at the other 2 study
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sites. On a 5/7 vs band 5 plot, for example (Figure 103),

a linear correlation emerges, compatible with magmatic

evolution, whereas on the plot 5/7 vs 5/2 plots, Kane Wash

Tuff and topaz rhyolite appear to plot along divergent

trends due possibly to the greater development of desert

varnish and higher 5/2 values on the former. More

extensive varnish may account for the departure of Kane

Wash Tuff from an otherwise linear distribution on the 5/2

vs Na20+K20 and 5/2 vs SiO 2 diagrams (Figure 104). Again

the large-ion-lithophile (LIL) elements and other

incompatible elements provide positive correlation with

band 7 and 5/7 plots. Particularly vivid linear

relationships are exhibited with tantalum, rubidium,

ytterbium, and fluorine.

DESERT VARNISH

Much has been presented in previous sections about

desert varnish and secondary mineral coatings on volcanic

rock assemblages at the three study sites. Nature,

geochemistry, spectra, origin, and Landsat significance

have been addressed. This section is intended to bring

these observations and relationships together in a synopsis

of the influence of desert varnish on surface spectral

compositions and on Landsat imagery.
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OCCURRENCE AND DISTRIBUTION

Desert varnish is characteristically thin translucent

and discontinuous (Figures 8, 9, 14, 16, 50, 51, and 52).

The coatings are a reddish brown to dark brown amorphous

mass that tends to coat mineral grains at the surface and

penetrate as a thin film intergranularly up to l-l. Smm into

the rock substrate. SEM scans reveal that the surface

laminations or encrustations rarely exceed 10-20um and that

even a well coated surface is dominated by much thinner

films of coating. Thick 10-50um deposits are sporadic and

discontinuous, concentrated in minute protected recesses.

Desert varnish develops to an advanced stage of

maturity only where rock surfaces are resistant and

durable. Horizontal and vertical discontinuity are

characteristic. Where coated surfaces become breached by

weathering or where deposits have not matured to an

advanced state, relatively fresh rock is exposed. Over any

given surface, 3x3m or so square, desert varnish rarely

exceeds 50% by visual estimates. Removal of coated

surfaces is expedited by development of weathering rinds,

.25-2.0cm thick, which spall off outcrop surfaces. It is

this process that leads to case hardening and exfoliation.

EFFECT ON TM SPECTRA

Penetration of electromagnetic energy within the TM

range was studied by Buckingham and Sommer (1983) who found
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that maximum penetration for pulverized samples of clay

minerals was about 50um (Figure 106). A mixture of

goethite and kaolinite - 75/25 - stopped penetration of

0.8-1.0um energy at around 25-30um. Amorphous, translucent

compounds like those that make up the coatings of this

study would transmit light further than crystalline

mixtures of iron oxide and clays. In other words, light

would penetrate in part (increasingly with increasing

wavelength) completely through even the thickest

concentrations of desert varnish yet discovered in this

study reflecting to at least some degree the primary

character of underlying rock to the extent that it is

unaltered.

The effects of coatings on the spectral response of

volcanic units in the project areas to the TM

electromagnetic range were presented in preceding sections

on lab and field spectra. Coated surfaces are compared to

uncoated but somewhat weathered surfaces (Figures 67 and

68). Note that shorter wavelength energy is absorbed by

desert varnish to a greater extent than longer wavelength

energy. Beyond about 0.7-1.3um, depending on mafic

affinity of the host rock, reflectance becomes less

dependent on coatings for some units. In the case of the

sample of Gold Flat Tuff, coatings tend to simply attenuate

reflectance throughout the TM interval. (A similar

relationship was reported by Farr, 1981.) The basalt,
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FIGURE 106. Penetration measurements of 0.9 micrometer radiation. Target is mixture of

goethite and kaolinite (75/25). Reflectance is affected by increasing thicknesses of target to

28 micrometers, then remains constant with greater thicknesses. (after Buckingham and Som-
mer, 1983).
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mafic trachyte, and ash flow tuff (dark, ferruginous Civet

Cat Canyon Tuff) samples show the typical absorption of

coatings in the lower wavelength interval, but actually

record higher reflectance beyond 0.7 to 1.3um for the

coated samples. This relationship may be due in part to

the relatively higher absorption and low albedo of fresh

melanocratic rocks relative to coatings which consist of

amorphous translucent compounds high in silica and

aluminum. This relationship is supported by the general

tendency "for reflectance to increase with an increase in

wave number for coated samples, but decrease or level off

for the uncoated samples. Thus 5/7 values tend to decrease

for coated samples relative to uncoated ones. This

relationship is apparently inherent to spectra of desert

varnish itself.

Field spectra, presented in Chapter VI, emphasize

spectral contrasts of various lithologic units with

variations in intensities of desert varnish development.

Comparisons of reflectance values within Landsat TM bands

for variably varnished surfaces for most of the units are

tabulated in Table 33. Figures 107 and 108 show graphs of

reflectance values for wavelengths within each TM band

plotted against variable but unified and systematic

differences in desert varnish development. Important

relationships apparent from these graphs include:
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FORMATI ON

TABLE 33. SPECTROPJ_IOMETER(IRIS) MEASUREMENTS

(in percent reftectance)

FOR VARIABLY VARNISHEDROCKSURFACES

WAVELENGTH(micrometers)

.56 .66 .83 1.65 2.21

Spearhead Tuff

Heavy 19.1 20.2 26.5 36.0 39.3

Moderate 26.2 31.1 38.3 48.5 48.0

Light 24.3 31.2 38.5 52.4 51.9

Very Light 32.8 38.0 44.0 50.8 50.3

Civet Cat Canyon

Very Heavy 15.4 18.2 28.0 40.0 40.0

Heavy 18.1 23.6 32.8 44.5 38.1

Moderate 16.0 20.8 31.9 46.7 47.9

Civet Cat Dark GLass

Heavy 14.0 18.2 25.8 38.5 41.7

Moderate 15.6 19.3 26.5 39.4 40.9

Civet Cat Red Grass

Light 14.8 20.6 33.0 64.7 61.9

Very Light 20.8 26.5 39.0 84.0 78.5

Fresh 22.0 29.4 42.8 92.7 79.5

AnteLope Spr. RhyoLite

Heavy 16.8 20.0 24.7 38.8 44.0

M(x:lerate 19.9 26.5 32.7 54.6 52.6

Light 28.0 36.1 40.1 56.7 56.0

Very Light 38.8 44.2 48.9 58.9 49.7

Late BasaLt

Heavy 11.5 12.4 17.5 25.6 20.8

Moderate 15.6 18.0 22.8 27.0 23.6

Light 12.1 15.5 21.6 25.3 20.7

Very Light 16.7 18.5 20.0 16.8 14.5

GoLd Fret Tuff

Heavy 14.9 16.5 23.7 33.9 39.8

Moderate 20.1 22.8 31.2 40.3 40.6

Light 24.6 27.3 33.6 56.0 59.9

Labyrinth Canyon Tuff

Heavy 19.3 26.4 36.1 58.3 56.1

Moderate 20.8 30.5 41.9 61.6 57.0

Light 30.5 40.0 51.0 66.8 65.4

Very Light 39.7 &7.2 57.4 69.3 64.8

Ribbon CLiff Law

Heavy 12.0 16.3 24.2 33.0 30.5

Light 16.0 22.8 29.4 3/,.1 31.2

Fresh 23.7 26.7 30.3 29.2 27.2

Trachyte Hidden CLiff

Heavy 11.8 12.9 19.8 32.6 35.0

Noclerate 13.3 15.4 19.3 23.7 21.5

Light 21.5 24.6 31.1 32.2 28.1
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1 At shorter wavelengths (bands 2, 3, and 4)

reflectance increases almost straight-line

for the more felsic formations as the amount

of varnish decreases, if curves are smoothed

visually from high varnish to low varnish.
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e Reflectance increases about 6-10% or an

average of about 8% at shorter wavelengths

(bands 2-4) with each increment of the

varnish scale. This relationship holds for

the more felsic or low albedo units only.

(Antelope Springs rhyolite, Spearhead Tuff,

red glass of Civet Cat, and all units shown

from Black Mountain) and for lower

wavelengths - through TMband 4.

• The slopes indicate about a 0.5% increase in

reflectance with each percent decrease in

varnish cover, if we assume 100% cover at the

very heavy end of the varnish scale and no

varnish at the fresh end; however, since very

heavy varnish cover is only about 50% total

rock cover in most instances, reflectance

values would actually change about 1% with

each 1% change in total varnish cover for the

lower wavelength TM bands 1-3.



• Radiation around TM bands 5 and 7 responds

differently from the higher energy range.

Reflectance slopes tend to increase between

heavy and moderate varnish in the TM band 5

range for Antelope rhyolite and Spearhead

Tuff, indicating a reflectance increase of

around 1.5% for each percent decrease in

varnish cover, again assuming about

50% varnish cover for very heavy varnish.

At lower magnitudes of varnish distribution,

however, the rate of change in reflectance

decreases, and at wavelengths of 1.65um

reflectance no longer seems affected by

moderate to light varnish. This relationship

was expected from lab and field spectra and

5/2 ratio plots over heavily varnished units.

The longer wavelength bands are less

attenuated by desert varnish which is much

more absorbent to higher energy radiation•
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o Thus for longer wavelength radiation - 1.65

and 2.21um, reflectance does not appear

affected except over the most intensely

coated samples. This is most apparent with

regard to more felsic or high albedo rocks.

Basalt on the other hand exhibits decreasing



reflectance with decrease in varnish, a

relationship, again, expected from

laboratory spectra.
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. Reflectance divergence among units in both TM

bands 5 and 7 is apparently caused by two factors:

first, primary rock composition and second, higher

reflectances of light to very light varnish which

typically includes basal varnish clay and

carbonate.

ROCK-VARNISH ALBEDO DIFFERENCE

With an increase in desert varnish formation on a given

host, both in terms of intensity or thickness and

pervasiveness, there would be a concomitant increase in the

value of the TM 5/2 ratio if a significant difference

exists between the composition and albedo of the varnish

and that of the underlying host. As host felsic tendency

increases so too would reflectance values as wavelength

increases. With an increase in thickness of varnish,

reflectance would be increasingly attenuated due to

increased absorption by varnish relative to underlying

host. Desert varnish on mafic rocks is indistinguishable

due to similarities in albedo. The varnish divergence

trends interpreted on the graphs above are controlled by
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both the difference in composition between the varnish and

host rock and the extent of varnish development. The 5/2

ratio can be a helpful measure of extent of varnish

development. Its applicability increases with felsic

tendency of host rock. Attenuation of reflectance by

varnish is inversely proportional to wavelength. As

varnish accumulates on a given host, TM bands 2 and 5 are

disproportionately affected, with shorter wavelengths

attenuated most. This should result in a hyperbolic curve

if varnish thickness were plotted against a 5/2 ratio to a

point where band 2 reflectance reaches a minimum and the

curve slope stabilizes.

It seems useful to introduce a new concept that should

aid discussions of TM imagery relationships involving

desert varnish. Detection of desert varnish, according to

principles outlined above, depends on the compositional

difference between the varnish and the underlying host.

This difference, perhaps best defined in terms of the

ferromagnesian components, is herein termed the Rock-

Varnish Albedo Difference (RVAD) which is controlled by

mafic tendency of host rock and measured by the proportion

of mafic constituents in varnish relative to underlying

host rock or:

wt% Mn and Fe oxides in varnish/

wt% MnO + FeO + Fe203 + MgO in host rock
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A plot of the 5/2 ratio and RVAD, represented by a mafic

composition ratio between rock host and varnish, is

represented in Figure 109, and data for unit 5/2 values and

the RVAD are compiled in Table 34. Varnish compositions

were probed by scanning electron microscope (SEM) with an

energy dispersive X-ray system (EDX). Since SEM analysis

is typically inaccessible to many investigators it is

useful to realize that the FeO+MnO content of varnishes

investigated remains fairly constant - 40-50% - on felsic

units. The RVAD, therefore, for these suites of volcanic

rocks is determined chiefly by the felsic tendency of host

rather than by variations of iron and manganese in the

varnish. For sake of desert varnish identification by TM

imagery, which largely involves detecting a difference

between varnish and host composition, we can say that the

more felsic rocks have a high RVAD potential.

VEGETATION

Vegetation at each of the study sites was described in

general in Chapter I and more specifically by rock units in

Chapter III. Field spectra for sagebrush, atriplex, and

lichen were presented inn Chapter VI. Vegetative cover

varies markedly from study area to study area. TM band 4/3

and PC3 images highlight vegetation in bright tonal

contrast, and these images help identify pixels with
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TABLE 34.

ROCK-VARNISHllIOEX OF NAJORUNITS

DESERT FRESHROCK (wt_l)

VOLCANIC UNIT VARNISH (utZ) (Average of several samples) TN BANDS

FeO 14nO FoO+Fe203 Pig@ PlnO RVAD 5/2

Civet Cat CO) 7.28 39.48 2.63 0.69 0.10 13.67 1.71

Spearhead (S) 14.57 24.78 2.55 0.24 0.06 13.81 2.08

Antelope Spr.
rhyolite (R) 15.77 29.30 0.63 0.12 0.01 59.30 2.42

Anteto1_e Spr.
Lat|te (A) 8.33 18.63 1.44 0.47 0.04 13.83 1.64

Basalt from

StoneuaL L (BS) 23.64 33.77 8.01 3.49 0.13 4.94 1.59

Labyrinth
Canyon (L) 14.99 29.13 1.42 0.43 0.06 23.01 2.94

Trachyte H.C. (T) 13.07 42.43 5.72 1.41 0.15 7.62 2.67

Rocket Wash (RW) 14.76 20,31 3.78 0.77 0.14 7.48 2.10

Gold FLat (G) 8.98 27.77 4.88 0.25 0.17 6.83 2.69

Hiko Tuff (H) 11.96 28.39 2.13 0.70 0.04 14.06 2.42

Kene Wash

Tuff (K) 12.13 28.67 2.10 0.66 0.04 14.57 2.69

Basal t from

Kane Spr. (B) 31.88 28.13 7.62 3.93 0.11 5.15 1.87

Syenittc

Complex (SC) 15.49 33.69 4.05 0.11 O.OS 11.68 2.42

* RVAD is measured by wtX FeOqtnO in varnish, divided by wt% Fe203+NgO+W_ in underlying host.
(iron oxides represent total iron.)
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vegetation dominated spectra. This section will describe

vegetation influence on TM imagery, focusing on Black

Mountain where relationships were most instructive.

There are three gross mappable vegetative cover classes

at Black Mountain: sagebrush and atriplex dominant,

foxtail and cheat grass dominant, and zones with low

juniper and other evergreens. Vegetation varies

considerably over the Gold Flat Tuff. Sagebrush/atriplex

dominate over the broad Gold Flat capped mesa in the

southern part of the project area, whereas the unit

supports foxtail and other grasses with low evergreen

shrubs where it forms an elongate north-northwest ridge in

the west central portion of the study scene. As will be

demonstrated later, these two vegetation types can be

discriminated in some composite vegetation sensitive images

but are virtually indistinguishable on certain

lithologically dominated composites involving TM bands 5

and 7.

Outcrops of Trachyte of Hidden Cliff on Black Mountain

host about 10% dusty moss green to greenish gray lichen

with some bright orange lichen as well. Coatings are

distinctively gray - light to medium - and moderately well

developed. Inasmuch as Trachyte of Hidden Cliff underlies

the summit of Black Mountain and its flanks, vegetation

with higher altitude affinities, such as shrubs and

scattered scrub evergreens are present. The western flank
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of the mountain, however, tends to be dominated by golden

grasses which extend over Labyrinth Canyon Tuff without

discernible distinction from a distance. It will be shown

later, however, that band composites with lithologically

dominated spectra effectively differentiate Trachyte of

Hidden Cliff from Labyrinth Canyon Tuff.

Labyrinth Canyon Tuff forms mesas which lap onto the

western flank of Black Mountain. In spite of a golden

grass canopy which overlies Labyrinth Canyon Tuff and its

contact with underlying Trachyte, the two units exhibit

distinctive spectra which are easily contrasted on some of

the composite images. Orange lichen can be considerable -

up to 15% of cover - on some outcrops.

Gold Flat Tuff is an unusual rock petrochemically and

is distinctive spectrally as well. Gold Flat Tuff is

relatively bright in bands 5 and 7 and PC1, very dark and

anomalous in PC2, and dark as well in PC3 except over its

northern exposures where it is masked by the bright

response of vegetation due to dominant contribution of band

4 reflectance in PC3.

Mafic trachyte forms the central volcanic edifice and

is very dark in all bands except 4 and 5 in which it is an

indistinct medium gray. Spectral response appears to be

influenced by vegetation, which in this case is chiefly

foxtail grass and lichen with some scrub evergreen and

rabbit brush at higher elevations. The unit is very bright
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relative to other cover in the scene in the 5/7 and 4/3

images in a slightly stripped pattern that apparently

follows drainages and is probably caused by high vegetative

reflectances in bands 4 and 7. In individual PC's the

deposit is quite dark in the first PC, very light due to

vegetative interference in the third. It is indistinct

from other lavas in the PC2-PC4-PC5 image, due apparently

to absence of a parameter responsive to vegetative

reflectance.

Labyrinth Canyon Tuff is spectrally similar to Gold

Flat Tuff. It tends to be moderately to only slightly

bright in TM bands 1, 2, and 3, quite bright in bands 4 and

5, somewhat less so in band 7. It is slightly less

reflectant in band 7 than Gold Flat which aids its

discrimination in false color composite images which

incorporate this relationship. The unit is bright in PC1,

dark in PC2. It appears masked by the bright vegetative

response of golden grasses in PC3.

Contrast enhanced composite TM images of longer

wavelength bands, particularly bands 3, 5, and 7 and

composite images of these three bands in contrast enhanced

mode (scaled), provide striking lithologic contrast among

most volcanic deposits at both the Black Mountain and

Stonewall Mountain areas. Over most pixel sized areas,

vegetative cover is subordinate to rock/soil, especially at

Stonewall Mountain where vegetation rarely exceeds 30% of
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cover. Since some formations are uniquely exhibited in

color contrast on some images, yet bear diverse vegetative

canopies, it is apparent that the unique color contrast is

more a result of lithologic spectral response than a

vegetative control. The longer wavelength bands (bands 5

and 7 especially), PC2, and intensity and hue images of

bands 3, 5, and 7 isolate reflective spectral contrasts

that highlight lithologic character at the Black Mountain

site. Color composites involving vegetation enhancement

bands help distinguish vegetative influence and explain

diversity among many of the composite images.
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CONCLUSIONS AND APPLICATIONS
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This final chapter emphasizes conclusions drawn from

the research and data analysis described in preceding

sections. Chapter I includes a list of the major

scientific questions addressed by this study, to which the

reader is referred.

Results of this investigation bear importantly on

concepts of the origin of desert varnish, desert varnish

occurrence and distribution, its spectral characteristics

and influence on TM imagery, and variations in the physical

and chemical properties of desert varnish or other

secondary mineral coatings that could be dependent on

underlying host rock and which might be used as an aid to

specific lithologic discrimination on TM imagery. A

geochemical model for the origin of iron and manganese in

desert varnish has been proposed (Chapter V). Whole rock

and trace element analyses of a wide range of volcanic rock

assemblages at each of the three study sites have been

correlated with both laboratory and field spectra,

resulting in a better understanding of the lithologic and

petrochemical spectral controls which lead to distinctive

contrast on TM imagery. Rock-Varnish Albedo Differences

(RVAD) help identify units with extensive, spectrally

important, desert varnish development, using standard
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product TM data. An applications section incorporating

much of the findings of this study is included at the end

of this section. It includes a summary chart and a binary

decision rule flow diagram to aid TM imagery applications

in volcanic terrain. Details of these findings are

expanded below. Each section addresses those questions

outlined from the original objective and listed in Chapter

I.

NATURE AND ORIGIN OF DESERT VARNISH

Although this study included an investigation of all

secondary mineral coatings, including any thought to have

formed diagenetically or during the cooling phase of

volcanic flow deposition as well as products of weathering,

classical desert varnish was the only secondary coating

type (save some hydrothermal alteration) of any consequence

identified within the 3 study sites. Secondary coatings

that could be construed as distinct from desert varnish -

light reddish iron oxides and minor secondary clay - appear

instead to be early stages or phases of desert varnish

formation. Clay minerals are stable at the weathering

rind/underlying rock interface due to greater humidity,

longer moisture residence time and higher hydrogen

activities. When exfoliated minor caliche also coats some

surfaces.
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Desert varnish encrustations are an extremely thin,

less than 0.1mm thick deposit at the rock-air interface.

X-ray diffraction, infrared spectrophotometry, and

microscope petrographic analyses of desert varnishes and

the very shallow subsurface beneath varnishes (0.5mm

thicknesses) indicate that amorphous silica, alumina, iron

and manganese enriched compounds are the chief

constituents. Most desert varnishes contain some potassium

and titanium and occasionally calcium and cerium. Clay

minerals - kaolinite and i11ite - although identified in 3

samples of coatings by XRD do not appear to be important in

the varnish zone. Analcime was identified in one sample of

coating from Gold Flat Tuff of Black Mountain.

Compositional zoning within desert varnish crusts was

evaluated with the SEM-EDX instrument. Iron was found to

be fairly consistent throughout laminated encrustations.

Manganese, on the other hand, is enriched in discrete

layers. The layering within laminated varnish is probably

due to periodic increases in manganese concentration in

response to climatic changes. One hypothesis is that

increases in precipitation lead to higher acidity and

leachant strength, greater wind disturbance, and increases

in atmospheric dust content. Under these conditions higher

levels of manganese would be put into solution and made

available for subsequent precipitation in the desert

varnish zone. Mn/Fe ratios tend to decrease throughout
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coating thicknesses to the coating-rock interfaces where

iron is highly enriched relative to manganese. This

relationship is apparent from outcrop observation as well,

where extracted exfoliation rinds carrying desert varnish

are followed closely in time by development of thin bright

reddish iron oxide staining on the newly exhumed rock

surface.

An attempt was made to identify differences between

desert varnishes on different rock assemblages (physical

character or composition) that could be correlated with

underlying host lithologies. Desert varnish within these

study areas is impressively monotonous for the most part

except that varnishes on basalt were found to be higher in

total combined iron and manganese and Fe/Mn ratios,

implying some genetic association with host rock. Also,

desert varnish on Gold Flat Tuff of the Black Mountain

caldera is anomalous in cerium, a trace element

characteristic of that unit and other highly evolved

peralkaline deposits. The presence of cerium in desert

varnish on other units at the Black Mountain study site

(Trachyte of Hidden Cliff for example) may provide a

genetic trace to source turfs such as the Gold Flat tuff.

Secondary layers of mineral accumulation or cementation

were discovered in the near surface substrate of most rocks

studied, especially the more porous ash flow ruffs. These

thin secondary layers - typically 1-3mm thick - occur just
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below the weathered surface of the outcrop and conform

stratigraphically with current weathered surface contours.

The layers are darker than enclosing rock, porcelaneous in

luster, and dense. They appear opaline megascopically and

cloudy in thin section. SEM-EDX probe work documented

consistently high calcium concentrations in these layers

and less consistently high magnesium as well. Thin section

observation identified carbonate cementation in the layers

in a few instances. XRD analysis was inconclusive. These

secondary layers are apparently accumulations of amorphous

siliceous compounds similar to secondary surficial coatings

with variable concentrations of calcium and magnesium

carbonate. SEM-EDX analyses revealed that sodium

concentrations occur occasionally in a lighter colored

bleached zone just above these dark secondary zones.

The secondary layers of cementation apparently form

much in the same way as caliche horizons in aridic soils, a

model which bears importantly on source considerations for

the iron and manganese in desert varnish. An acidic

solution, originating as rain water with relatively low pH,

attributable in part to contact with surficial lichen and

other organic remains, leaches the rock substrate soaking

deeper into the more porous rocks. Analytical profiles

observed within surficial sections cut through these layers

are consistent with element solubilities under these

geochemical conditions. Calcium and magnesium would be
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expected to leach more readily and be transported to

greater depths within the rock. A solution front is

created which would begin to retreat as source water starts

to dry up under the influence of evaporative pressure in

semiarid environments. As the solution is pumped back out

of the rock by capillary action in response to evaporation,

calcium would likely precipitate first, followed by

magnesium and then sodium. When the surface of the rock is

reached, the more mobile iron would precipitate in response

to higher Eh conditions at the rock-air interface.

Manganese could remain in solution longer and travel

furthest - to the outer rock-coating-air interface - a

relationship consistent with observations both in the field

and with the SEM.

Desert varnish develops on unstable exfoliation

surfaces that spall off the outcrop leading to a cyclic

process with important consequences for desert varnish

development. The caliche model presented in the previous

paragraph probably accounts for incipient concentrations

and the initial origin of iron and manganese in desert

varnish; however, a recycling mechanism from regenerated

surfaces due to exfoliation probably enhances iron and

manganese concentrations. Exfoliation surfaces, which are

discarded from the outcrop, carry mature desert varnish

accumulations with them. This anomalously rich iron and

manganese crust degrades to detritus and dust which then
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becomes a potential wind-storm feedstock for redeposition

back on the rock surface as minute particles. Iron and

manganese are available from the wind blown dust for

dissolution during rain showers and for deposition and

incremental accretion within the desert varnish. This

local source model for the iron and manganese in desert

varnish places constraints on speculation regarding

concepts of desert varnish genesis that might be applied to

age considerations and geochronological interpretations.

SPECTRA AND DISTRIBUTION OF DESERT VARNISH

INFLUENCE ON TM IMAGERY

The distribution of desert varnish in our study areas

was found to be discontinuous and limited. Heavy, thick

encrustations of varnish are relatively unimportant to

overall surface spectral compositions within the spatial

resolution of Landsat. Even within hand-sample sized areas

of moderate to heavy desert varnish accumulations, fresh

mineral grains and zones of very light varnish stain are

present. Indeed, SEM scans and gray level density slices

of hand samples indicate dense varnish, even on the

"heavily" varnished samples, rarely exceeds 50%. Field

observations also indicate limited heavy to moderate desert

varnish formation over any approximately 5x5mm sized area.

In addition, radiation penetration studies by other workers
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(Buckingham and Sommer, 1983) indicate that a 0.9um

wavelength penetrates to over 25um depths, well below most

desert varnish accumulations. Results of these

observations lead to the conclusion that desert varnish

exerts minimal radiance influence on any Landsat pixel

sized area, particularly within longer wavelength bands.

Laboratory and field spectral profiles over variably

varnished rock surfaces show that desert varnish is

relatively absorbent at shorter wavelengths within the TM

range, bands 1-3, but generally unimportant to spectral

compositions at longer wavelengths. Spectral measurements

over varnished surfaces selected at regular increments of

varnish development show a generally straight line

reflectance increase with decrease in varnish extent and

intensity. Reflectance decrease is approximately 1% for

each percent increase in varnish cover for TM bands 2, 3,

and 4. At longer wavelengths, heavily varnished surfaces

exert some attenuating influence on reflectance over felsic

units but for surfaces with moderate to light varnish cover

reduction in reflectance is about 0.5% for each approximate

percent increase in varnish cover. Since desert varnish

attenuates radiation penetration of felsic rocks in

decreasing proportion to wavelength, spectral curves of

varnished surfaces tend to exhibit steeper slopes toward

longer wavelengths. This relationship causes lower TM band

5/7 values'
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The Rock-Varnish-Albedo-Difference (RVAD) was described

in Chapter VII and defined generally as the ratio of

ferromagnesian constituents in desert varnish to

ferromagnesian constituents in underlying host rock. Since

the proportion of iron and manganese in desert varnish is

fairly constant and, moreover, overwhelmed by differences

in iron, manganese, and magnesium in host rock, RVAD is

primarily a measure of a rock's felsic tendency. Thus

rocks with low ferromagnesian content, the felsic

leucocratic igneous rocks, would have high RVAD potential.

Rocks with high RVAD and with extensive desert varnish

cover can be discriminated from low albedo deposits by TM

5/2 ratios which tend to be higher on felsic rocks with

extensive desert varnish due to preferential absorption of

band 2 relative to band 5 by varnish. Rocks with low RVAD

do not exhibit similar relative reflectance differences

between bands 2 and 5 regardless of varnish development

because both varnish and rock tend to be dark.

LITHOLOGY AND PETROCHEMISTRY - INFLUENCE ON

SPECTRA AND TM IMAGERY

Results of imagery processing at the 3 project sites

proved that TM data is quite effective at discriminating

certain volcanic lithologies. In general, rock assemblages

may exhibit characteristic spectra in the visible and near-
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infrared as a function of iron content or felsic index.

These major whole rock petrochemical properties give rise

to differences in rock color index and albedos resulting

typically in straight line reflectance increases throughout

the TM range from high frequency to low.

This investigation of secondary mineral coatings,

including field observation, SEM imagery, hand specimen

description, density slicing of tonal variation, and

microscopic petrography, indicates that desert varnish is

discontinuous, thin, translucent and less important to rock

spectral composition than one might suspect from the

misleading visual conspicuousness of desert varnish on the

outcrop. Still, desert varnish, we have observed, is

relatively absorbent to shorter TM wavelengths - bands 1

and 2 especially - and dark tones on band 1 and 2 images

can help map areas with anomalous desert varnish

accumulations; however, low albedo rocks such as mafic

igneous formations are also dark on these images. A TM 5/2

image helps identify relatively extensive desert varnish on

rocks with high rock-varnish albedo differences, basically

felsic or leucocratic rock assemblages.

The relatively high reflectance around 2.2um in both

laboratory and field spectra for certain of the more highly

evolved flows of each study area is reflected in TM band 7.

Rock assemblages expressing thisproperty include Kane Wash

Tuff "V" series tuffs, Topaz Rhyolite of Kane Springs Wash,
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Gold Flat Tuff of Black Mountain, and to a lesser degree,

glassy cap rock of Civet Cat Canyon Tuff of Stonewall

Mountain. This relationship leads to low 5/7 values and

dark tonal contrast on 5/7 images. Plots of 5/7 values

against rock chemistry reveal excellent correlation with

high concentrations of certain incompatible trace elements,

especially fluorine, rubidium, ytterbium, and the rare

earth element suite, and fair correlation with

peralkalinity and total K20 and Na20 content. Although

some correlation is apparent with regard to whole rock SiO 2

and other major elements, consistency is inferior when

compared with the trace elements, and some correlation

should be expected anyway, since the more felsic and

siliceous deposits tend to be the more evolved

differentiates with anomalous concentrations of

incompatible trace elements and large-ion-lithophile

elements (LIL). It appears that high sodium minerals,

iron, and the incompatible trace elements including the

transition metals and some LIL elements are likely sources

of the unusually high reflectance in TM band 7 and low 5/7

values for the highly evolved late magmatic differentiates

of the three study sites. Ferruginous, glassy zones at the

base of some of the ash flow tuff deposits are relatively

reflectant in TM band 4 and behave much like vegetation in

5/4 and 4/5 ratio images.

Thus, congruency between imagery contrast, band DN
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values over the various lithologic units, lab spectra, and

binary and ternary plots of band vs band and band vs

composition for the various volcanic rock formations lead

to discrimination potential based largely on straight line

albedo differences in the longer wavelength bands and on

5/7 and 5/2 ratios. Figure 110 is a binary decision rule

flow-diagram for TM imagery analysis of volcanic settings

in arid to semi-arid environments based on these

relationships.

IMPLICATIONS FOR GEOLOGIC MAPPING

Lithologic mapping applications of Landsat and other

narrow band sensors have not been studied in great detail.

The spectral data published by Hunt and Salisbury (1970);

Hunt, Salisbury, and Lenoff (1973 a, b, and c, and 1974);

Hunt (1977) and Krohn (1985) have had inferential value for

Landsat imagery applications. Other workers have discussed

lithologic mapping using Landsat imagery, including Taranik

and Trautwein (1977), Abrams and Siegal (1980), Baird

(1984), and Davis and others (1987). Sultan and others

(1987) contrasted lithologic criteria of some lithologies

with TM band DN values and band ratios.

The cause for the unusually steep spectral slope

between about 1.0 and 2.2um likely lies in electronic

processes involving the incompatible and LIL elements and
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their matrices. Contributing factors may be mafic mineral

content and transitional relationships of iron which cause

absorption over a broad band at about 1.2um (Hunt and

Salisbury, 1970). Energy absorption by iron at these

frequencies causes depression of spectral curves in the TM

band 5 range, which could effectively lead to steeper

spectral slopes beyond and low 5/7 values. Spectral plots

for biotite and hornblende-bearing plutonic rocks (granite,

monzonite, and diorite, for example) exhibit similar

spectral relationships (Hunt and others, 1973b); however,

absorption by amphibole at 2.3-2.4um would increase its 5/7

value. This could partially explain relatively high band 7

and low 5/7 values over Civet Cat Canyon Tuff, which is

anomalously high in biotite; however, the relationship is

not as pronounced in Antelope Springs latite or Hiko Tuff,

both of which contain appreciable biotite, so I suspect the

spectral characteristic is more a result of trace element

content in glass matrix, devitrified glass, or late

groundmass minerals. Since desert varnish tends to

decrease 5/7 values as well due to steepening of the

spectral slope from around 1.0 to 2.2um as a result of

gradual decrease in desert varnish absorption at longer

wavelengths, some varnish coatings would enhance these

features.

Other possible mineralogic causes for high reflectivity

in TM band 7 and low 5/7 values might include chloritic
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content and chloritic alteration of mafic minerals, such as

in a diabase whose amphiboles have altered to chlorite.

Such rocks exhibit steep spectral curves between the TM

band 5 and 7 interval; however, they also produce

absorption peaks at about 2.3um, which tends to counter a

low 5/7 tendency. Acidic rocks in general show steeper

curves throughout the near IR region. A number of

compositional characteristics in sedimentary rocks can

produce such spectra, but they will not be considered here.

Clay minerals, muscovite, oxide minerals and hydroxides

produce flat spectral curves throughout this interval.

Titanium bearing minerals possess similar spectra - futile

and titaniferous andradite garnet for example. Titanium is

a transition metal with unpaired d orbital electrons with

special absorption properties similar to iron. Other

parallel spectral geometries include iron-rich epidote;

hornblende; augite; titanium-, sodium-, and iron-rich

jadeite; sphene in which thorium, strontium, barium, and

rare earth elements substitute for calcium and OH and

fluorine replace oxygen; tourmaline with fluorine, lithium,

iron, manganese, boron, and sodium. Riebeckite is one of

the characteristic accessory minerals of Gold Flat Tuff and

its thorium, yttrium, titanium, cerium, and lanthanum

produce parallel spectra to that of the highly evolved

magmatic differentiates of the study sites. Of published

rock spectra, close parallels include nepheline syenite,

rich in sodium. Trachyte and syenite do not correlate
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well. The fit for anorthoclase is reasonable, less so for

orthoclase and quartz. Andesine produces an excellent

parallel.

To recap, it appears that high sodium minerals, iron,

and incompatible elements are likely sources of the

unusually high reflectance in TM band 7 and low 5/7 values

of the highly evolved late magmatic differentiates at the 3

study sites. Congruency between rock assemblages and

imagery units, band DN values, laboratory spectra, and

binary and ternary plots of band vs band and band vs

compositional criteria lead to lithologic identification

and differentiation potential based largely on straight

line albedo differences in the longer wavelength bands and

on 5/7 and 5/2 ratios. Figure 110 is a binary decision

rule flow-diagram for analysis of volcanic caldera settings

in arid to semi-arid environments based on these findings.

Table 35 summarizes important imagery features for a

general igneous rock classification scheme. These summary

exhibits utilize the observation that rocks with a high

rock-varnish albedo difference (RVAD) are felsic relative

to desert varnish and thus bear potential for varnish

identification. RVAD and high 5/2 values seem potentially

applicable also to discrimination of matrix iron resulting

from autooxidation or other secondary effects from more

mafic units with low straight line albedos and low 5/2

values. They also depend heavily on the observation that

magmatically evolved units tend to be relatively reflectant
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in TM band 7 and produce low 5/7 values. Figure ii0

expresses a bias toward TM bands 5 and 7 which contain

strongly lithologically driven radiance values.

The principles described above should apply to any

volcanic rock assemblages, regardless of age. This study

has shed further light on the importance of rock

compositional variation in controlling reflectance

differences. Of course older volcanic terrain is more

likely to have been subjected to tectonic strain and

possibly metamorphic effects which could alter mineralogies

and composition and concomitant spectral properties.

Although these study sites are in a semi-arid environment

and subject to minimal vegetative interference (25-40% of

cover), spectral controls of other Landsat images could be

controlled by other dominant cover types and by variations

in spectral composition. If surface cover is vegetation

dominant but reasonably consistent in type, spectral

variation could be rock/soil dominant, and lithologic

imagery contrast still apparent. Lithologic interpretation

without ground control and spectral mixing models under

high vegetation conditions would be more difficult and

dubious. Under more humid conditions or over terrain with

subtle differences in rock composition, atmospheric

correction could improve imagery performance.

Although these principles were developed with volcanic

subjects and obviously are most applicable to volcanic
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terrain, they should also apply to some degree to any

igneous terrain involving rock assemblages with

compositional and mineralogical differences and also to

metamorphic terrain with either pervasive metamorphic

mineral assemblages or which were derived from igneous

protoliths.

As we have seen, desert varnish does not exert

appreciable radiance influence in the longer wavelength TM

bands (bands 3-7). Application of the RVAD principle and

5/2 ratios for detection of surfaces with extensive desert

varnish could be effective in any arid to semiarid

environment where desert varnish is present. Quaternary

geologists concerned with variable ages of alluvial fans or

archaeologists interested in surface disturbance in desert

environments might find this application useful.

Applications to extraterrestrial situations should also

follow similar principles. Most planet surfaces are

igneous in origin with minimal sedimentary features.

Inasmuch as rock assemblages vary in composition and

mineralogies, spectral character would also vary.

Lithologic boundaries would likely be discernible and

mappable, particularly since vegetation is absent. On

Mars, the Mariner missions (6 and 7) detected hydrated

minerals from infrared spectrometry (King, 1976).

According to King (1976) rocks on Mars are dominantly

basaltic with possibly minor differentiated varieties.
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Spectral variation among these rocks based on petrochemical

differences is likely, and longer wavelength TM bands or

principal component images should display the contrast.

The presence of hydrated minerals might lead to absorption

peaks in band 7, resulting in further radiance differences

and imagery differentiation. Hapke (1966) conducted

irradiation experiments on a volcanic rock suite, variable

in composition from rhyolite to basalt. He found that

bombardment with both gamma and hydrogen ion radiation

darkened all samples, effectively lowering albedos. So for

extraterrestrial surfaces albedos could be expected to be

lower and radiance differences obscured or converged.

Imagery enhancement techniques and complex statistical

transformations like principal components might be required

to discriminate lithologic variation.

It is unlikely that any desert varnish is present on

the surfaces of rocks on Mars and Venus. Development of

desert varnish on Earth appears dependent on rather

sensitive annual precipitation rates. Elvidge (1979)

discovered that desert varnish does not tend to accumulate

where precipitation levels exceed 25cm per year; however,

desert varnish formation is believed to be dependent on

some rainfall. The lower the precipitation levels the more

extended the likely period for varnish development. There

is no detectable water in the atmosphere of Mars (Mutch,

1976). Surface temperature and pressure are too low for
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water to be stable. There are, however, semi-permanent

polar ice caps of H20, and the presence of dendritic scarps

indicates surface water has been active on Mars. A problem

with extraterrestrial surfaces, however, including Mars and

Venus, is the higher rate of meteorite impact, as evidenced

by ubiquitous surface breccias, and on Mars extreme wind

velocities which lead to abnormal surface abrasion. We

know that varnishes at the Earth's surface are recycled on

unstable exfoliation surfaces. It is likely the surfaces

on other planets may be even more unstable. The presence

of desert varnish at the Earth's surface today is

dependent on constant varnish accumulation and

regeneration. The Martian surface is likely not developing

desert varnish currently and what varnish may be present is

subject to constant erosional influence by meteoritic

impact and wind abrasion. Surfaces with extensive desert

varnish development on Mars are unlikely.

Other workers have conjectured that bacteria and other

organics may be a necessary component in the formation of

desert varnish on Earth. If true, desert varnish would not

be expected on most extraterrestrial surfaces, at least not

on our moon, or other planets in our solar system, since

organic life does not appear present (King, 1976). Mercury

is thought to have no atmosphere to speak of, and Venus'

atmosphere is largely CO 2 with surface temperatures at 450

degrees C. Liquid H20 would not exist on Venus either,
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FUTURE RESEARCH

This investigation followed several different lines of

research interest, focusing on implications for remote

sensing, but with specific applications to other related

earth science fields as well. To better understand

relationships and concepts that have resulted from this

research and to address new related questions, future

investigative efforts in the following areas could prove

illuminating:

DESERT VARNISH

The distribution and occurrence of desert varnish is

difficult to document because of the extreme discontinuity

of varnish and its variable thickness and mode of

occurrence (encrustations vs impregnating films).

Radiation penetration experiments and radiance measurements

at varied visible/near-infrared frequencies directed at mm

square surface areas with thickness controls by SEM

observation would move the general conclusions we can draw

from this study into a much more detailed and quantitative

arena. Suites of rocks of variable composition and

variable varnish thicknesses could be evaluated.

Instrumentation would require a highly focused beam at
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specific wavelengths.

This study resulted in a genetic model for derivation

of iron and manganese in desert varnish. The study is

lithologic specific - Tertiary volcanic caldera deposits

involving extensive porous ash flow ruffs. Although I have

observed the secondary layer of Ca enrichment in volcanic

rock assemblages all over the American Southwest, a similar

investigation and search for secondary layers of Ca

enrichment or accumulation of leached elements in non-

Tertiary or sedimentary terrain would help establish

whether or not this is a localized (geographic or

lithologic) phenomenon or is a model with broad application

to desert varnish formation.

SPECTRA

There is a need for more reference spectra for the less

common rock types. We know that a few 100ppm of boron,

manganese, chromium, iron, and other elements, especially

the transition elements, cause spectral shifts in minerals

and glass (Nassau, 1983). This study revealed special

spectral properties for the highly evolved late magmatic

differentiates, characterized by peralkaline tendencies and

anomalous amounts of the incompatible and LIL elements.

Ferruginous glass also exhibited unique spectra. Extensive

laboratory and field spectral measurements of rocks and

glassy turfs or fabricated glass with compositional
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controls would help advance correlations of Landsat

radiance measurements and DN relationships with lithologic

cover and help provide a base for spectral mixing models.

As a corollary to the above need for further reference

spectra of rocks, research into the fundamental causes of

spectra at the atomic level would aid not only theoretical

explanations of radiance origins, but help advance

predictive models as well. If we knew more about the

vibrational effects of a given element both within

different mineral lattices and within other atomic

environments, we could speculate on spectral properties and

ultimately predict sensor responses.

IMAGE ANALYSES

We have adequate data at the 3 sites investigated in

this study to compose spectral mixing models to compare

with Landsat TM data. Knowing some cover types, their

relative proportions, and spectral characteristics of each,

we could effectively subtract the radiance contributions of

knowns to arrive at spectral properties of unknowns. If

the remaining spectral contribution is thought to be

lithologic dominant, we could compare residual spectra with

a computer reference file of rock spectra to arrive at

likely candidates, similar to SPAM software for AIS and

other very narrow band sensors. Models for desert varnish

and petrochemistry could be compiled in a reference file
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and evoked by an operator for comparison.

In concert with computer programs to help analyze

surface cover as proposed in the above paragraph,

algorithms incorporating textural variations, spacial

frequencies, and geometric and tonal pattern configurations

could begin to advance computer analyses of terrain to a

near human interpretive capacity or at least provide

alternative computer tests to aid interpreters with varied

backgrounds.
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APPENDIX A

Identities and dates of Landsat TM

scenes used in this study
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PATH ROW QUADRANT SCENE ID DATE OF

ACQUISITION

PRODOCT

39 34 1,3,4

40 33 3,4

40 34 1,2,3,4

41 33 3,4

41 34 1,2,4

50139-17440 July 18,1984

50475-17451 June 19,1985

50491-17450 July 5,1985
50539-17444 Aug. 22,1985

P,T(no band4},N(band 4),
B/W prlnt,l:250,O00

P,N,B/W prin%,l:l,000,000
P

P,N

50066-17481 May 6,1984 P,N,B/W

50466-17512 June I0,1985 P,N
50482-17510 June 26,1985 N

50530-17503 Aug. 13,1985 P,N

50466-17515 June 10,1985 P,N

50482-17512 June 26,1985 P,N
50530-17510 Au4. 13,1985 P,N

50546-17505 Aug. 29,1985 P

50578-17502 Sept. 30,1985 P
50594-17501 Oc%. 16,1985 P
50562-17503 Sept. 14,1985 P

50121-17553 June 30,1984

50409-17575 April 14,1985

50457-17573 June 1,1985
50473-17573 June 17,1985

50489-17573 July 3,1985

50569-17564 Sept. 21,1985

print,l:250,000

P,T(bands 3,6),N(bands 1,

2,4,5,7),B/W prin%,l:250000
B/W print, 1:l,000,000
P
P

P

P,N

Landsat 5 TM Data Acquisitions



298

APPENDIX B

Landsat 5 thematic mapper
instrument and orbit information
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/ T_

Components of lhe platform of Lar_sats 4 and 5.

Comn_n_ca.o_$ network for Landsa_s 4 and 5.
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I_alkxrns and orbits of first and second generations of Landsat

Landsats 1, 2. and 3 I.andsats 4 and 5

Cl'mractedstJcs of Lands= imaging system=

Multist_ctral Return-beam Themat)c

scanner (MSS) v=dicon (RBV) mapper (TM)

Tarr,lun covenlga

East-west direction 185 km 99 km 185 lun

Nort_south direction 185 km 99 km 170 km

/ncalnteneocm rteld of wew

Vi=gble and reflected IR 0087 mrad

Thermal IR (TM band 6)

G_md resolution cell

Visib_ and reflected IR 79 by 79 m

Thermal IR (TM band 6)

NumDer of picture elements

S_ngle band 76 x 104

/UI bands 30.4 x 106

0.043 mrad 0043 mrad

m 0.17 tared

40 by 40 m 30 by 30 m

-- 120 by 120 m

6.1 x 10" 39 x t06

6.1 x 10 e 273 × 106
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Themmac-m_ spect_J bands

8ar_ Wave_mgm, _ Ctwactem_i_

1 0.45 tO 0.52

2 0,52 tO 0.60

3 0.63 to O.6g

4 0.76 to 0,90

5 1.55 to 135

6 10,40 to 12.50

7 2.0e to 2.35

81ue<jreen---_o MSS equNalen¢ Maximum penetrabon of wate¢,

whrJn +s useful for bamymemc rmmpv_j in shaNow wa1_,

Use/u_ for d_mr, guisr.n_ so_ from _ and deoduous

from con_m_s I_ants.

Gmen---comockm_ mm MSS mm¢l 4. _ gr_m _Id_m

peak of vege_allon, wl_i¢_ _s use<ul for asses.._ng _ wgor.

Rea---c_node_t ve_ MSS band 5. Mmcrms a ,cttlom_ot_tl _d_soq_on

band _at iS _nl_lam for d_cnmmabng vegma_o_

Reflected I_ent w_tb _ of MS_ bands 6 and 7.

Useful for dm_'n_nm 9 b_nm conmnt a_d for mapp,_

sho,-e_rms.

Rofl_'led IR InCliclles moisture _ of so_ and w_getalzon.

PeneCiWs ¢,m ck_ls. Go_ con0"a_ pefw,N_ v_n types.

Thermal IR. Nighttime imago_ anl _ for trmcmal reaping

and for e,J_mating sol moisture.

Rejected IR. _s _ _ ab_K_'_on band _ by

hyclto,_d _ in mm_'ats. Rlt_os of bands 5 anti 7 am

pO_In_4_t Ul_ for mapplt_j hydro(ll_crnally a_lzc_d rocks

assocmllKl _ mi_al d_
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APPENDIX C

Mackay School of Mines

Image processing system components
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FACILITIES AND DAFA PROCESSING EQUIPMENT

Mackay School of Mines has acquired a VAX-based Electromagnetic Systems

Laboratories (ESL) Interactive Digital Image Manipulation (IDIMS) System and a

personal computer image data analysis laboratory consisting of the following:

Manuf. Model

DEC 7BDXA-AE

DEC BA-DO-II

DEC FP7BO-AA

DEC RUAB1-CA

OEC RUA60

51 9700-5)

DEC AIOO-BA

DEC VTIOO-AA

DEC LPll-AA

DEC ll/2_-OC

DEANZA IPBSDD

DEANZA IPBS-M

DEANZA IPBS-OVP

CONRAC 7211

ESL

DEC 0EIOO-VZ

DEC QEI26-VZ

DUNN 63A

CALCDMP 9160

DEC OECNET

SYNTAX $P-2_5/_5]

} CDM 5DIE

IBM P-_T

MOA MERIDIAN

Description

VAX ll/YB0 CPU with 8 MB memory, (256KB Boards)

Expansion Box and expansion backplane

Floating Point Accelerator
_56 MB Fixed Disks (2 each)

205 MB Removable Disk

800/1600/6250 BPI, 125 ips Tape Drives (2 each)
Oecwriter Tecminal

Z-Video Terminals

300 ipm Printer

LSl iI/2_ Controller with LMB Memory

Gould-OeAnza Image Array Processor

8-1mage Memory (512xSiZx8 Bit) Planes

Digital Video Processor with Tracball and

Assoc. Inter?aces

19" High Resolution Monitor

IDIMS, GES, ERIS, Data Catalog Software License

Fortran License

Pascal License

Color Camera

Digitizing Station

Ethernet

Network Softare

Network Hardware

IBM PC-AT with 30 MB Hard Disk NO. 9 Graphics 3oar_,
AST Preview Card, Monchrome Monitor, Elsctronome Color

Monitor, Summamouse, and 80287 Chip, (16 rerminals)

MacDonald Detweiler Interactive Display and Analysis
Software
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APPENDIX D

IDIMS Landsat data processing functions



IMAGERY PROCESSING FUNCTIONS

COMMONLY USED IN THIS INVESTIGATION
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The following list provides a brief description of

some of the IDIMS software functions utilized for this

project and should help clarify captions on images

presented in preceding sections. Discussions of image

enhancement techniques have been presented by Taranik

(1978b) and Sabins (1987).

SCALE. Each band was linearly stretched using IDIMS

function "scale", whereby an arbitrary amount of both the

high and low tails of the brightness range distribution of

pixels for each band is assigned to the maximum and minimum

values respectively, and remaining intensity values

stretched throughout the complete scale of 256. For final

computation a histogram is calculated by the function.

Experimentation yielded a consistently attractive value for

truncation of 0.5 for most image manipulation applications.

For principal component analysis, however, a truncation

value of 0.2 proved superior. The result is a contrast

enhanced image with brightness values extending the entire

range of system resolution capacity, thus providing maximum

brightness contrast between cover types.

RATIOS. Band ratios (Band x/Band y) are computed
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through IDIMS function "divide" and involve dividing pixel

intensity values in the numerator band by corresponding

pixel intensity values for the band in the denominator.

Resulting values tend to smooth out topographic reflectance

and provide relative brightness values representative of

cover type.

KERNEL. Edge enhancement techniques or filters

involve either coarse or fine scale adjustments to smooth

out contrast variations or sharpen them. For our purposes,

the edge enhancement function sharpens the edges of remote

sensing units by increasing the contrast at unit

boundaries. A "kernel" or mask is produced by IDIMS

function KERNEL. A 3 x 3 pixel size area was selected for

the mask. The mask centers on each pixel in the scene and

weights the surrounding pixels according to preset amounts.

The sum of the new weighted values of surrounding pixels is

then compared to a new weighted value for the central

pixel. If the value of the central plxel is less than the

summed value of surrounding pixels then the central pixel

value is changed to the latter. The kernel is moved over

each pixel by the function "CONVOL". Directional filters

operate similarly, except that the values of the kernel

grid are biased directionally to give resulting edge

enhancements with linear bias.
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ISH. The ISH transformation is a commonly applied

computerized image manipulation technique which subdivides

colors in color composite images into the optical

parameters - intensity (I), saturation (S), and hue (H)

(Buchanan, 1979; Haydn, et al., 1982). Red, green, and

blue are transformed to intensity, saturation, and hue, and

resulting 3 image composites thus represent I, S, and H,

rather than the individual input bands. (Three input bands

are allowed.) The IDIMS function ISH applied throughout

this project plots the three primary colors at the vertices

of an equilateral triangle. Intensity is defined as the

average of the intensities of each color (each of the

original bands). Saturation indicates the purity of a

color with respect to departure from achromatic (white)

which plots at the center of the triangle. Saturation

would thus be at a minimum at the center, a maximum on

triangle apexes. Hue is defined in relation to color. It

begins at red (minimum), increasing toward green, then

blue, and up to a maximum at red again. Each parameter -

I, S, and H - ranges from 0-255. An RGB function IDIMS

converts ISH to red, green, blue.

PRINCIPAL COMPONENTS. Descriptions of principal

components statistical analysis (PC's) are given by Davis

(1973) and Joreskog, et al. (1976). Application to remote

sensing imagery transformation has been described by

Fontanel, et al. (1975); Podwysocki, et al (1977); and
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Taranik (1978). PC's, the basis of modern factor analysis

schemes, are the elginvectors of a variance-covariance

matrix. The variance of two variables, in this case

intensity values of two bands, is plotted on an x-y

coordinate system. A point is then located perpendicular

from each coordinate at the variance value extending a

distance equal to the covariance. An ellipse is plotted

with its center at the coordinate origin and bound near one

end by the two points. The vector from origin to the apex

of the ellipse is PC1 and all intensity values are

regressed to that vector. PC2 is perpendicular to PC1,

extends through the coordinate origin, and is bound by the

ellipse. It is always much shorter than PCl and resultant

intensity values considerably lower. Podwysocki (1977)

describes resultant values as "new variables (components)

which are linear combinations of the original variables;

each component contains uncorrelated information". All six

TM bands may be entered and a complex principal components

analysis computed, resulting in 6 PC's. The IDIMS function

KLTRANS takes a covariance matrix computed through function

ISOCLS and computes PC's. The principal components

transformation typically provides maximum contrast between

cover types and PC composites aid distinction between

lithologies, vegetation, and topographic effects.

PICSTAT. PICSTAT computes statistics on a designated
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image. The image can be outlined by only a few pixel

dimensions for class identification. The algorithm

calculates maximum and minimum values, mean average values,

and the standard deviation for each band.

HISTOG. HISTOG provides image histograms. Histogram

plots for all bands of an image can be evoked and outputted

on the line printer or monitor screen. The plot shows

frequencies of occurrence for each digital number value in

the image.

ISOCLS. ISOCLS applies a clustering algorithm to a

multispectral image, in this case, 6-banded images, in

order to partition multivariate data points into disparate

categories with similar statistical properties. The

function operates by "split" and "combine" iterations,

involving the distance between data points and the cluster

means. If a data point's standard deviation is greater

than the default value of 4.5, "splitting" occurs and a new

cluster is created. The maximum number of clusters

computed for images presented herein was 16, the default

value. The result is an unsupervised classified image.

ISOCLS statistics are utilized by the KLTRANS function

which produces the PC images.

CLASFY. CLASFY is a classifying algorithm that
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operates on statistics generated by STATS and stores in a

statistics file for the image. CLASFY evaluates all pixels

according to a maximum likelihood decision rule based on

class covariance matrices and mean vectors. The procedure

involves definition of training sites using display

function, TR and TA, which are then assigned to a special

file by IRRECV. Training sites are typically based on

previous operator identification of cover types. The

result is supervised classified image with as many classes

as designated by the operator.

RECLAS. Classified images can be smoothed by

reassigning erratic or extraneous pixels (individual pixels

surrounded by a different class) by function RECLAS. A 3 x

3 grid is usually selected as a kernel and moved over the

image. Any central pixel in the grid, which differs from

surrounding pixels of a different but unified class, is

reassigned to the class of the surrounding pixels.
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APPENDIX E

Analytical geochemistry procedures
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ANALYTICAL PROCEDURES

i

C)IBCF_X ', mI_4BF_.R ! DETECTION ueffEIt

COOE _tES! DPS(_N. t PT I ON M_THC_ LIMIT LIMIT

5q2

594

556

593

SS8

599

S2I

5q5

59?

5q6

542

475

540

5 SiO2 %: Whole rock ICP-AES O. O l

5 A120$ 96: Whole rocIL ICP-AES O • O I

5 P'e2034total) qb: Whole rock ICP-AES O., 0

5 MIO 96: Whole rocI[ ICP-AES O. 0

5 ' CaO qb: Whole roclr ICP-APS O , O

5 Na20 _): Whole roct ICP-AES 0. O

i K20 %: Whole roc/[ ICP-AES 0

5 ' Ti02 %: Whole roct ICP-AES 0,0

5 P20$ %: Whole root ICP-AES O . O

5 MnO %: Whole root ICP-AES O O

5 BoO %: Whole roclr ICP--AZS O . O

5 '_ L.OI. qb: Lots on ismtioo FURNACE 0 . 0

5 Totsl _ CALCULATION O. O

9q O0

99 OO

99 OO

q900

99 00

99 00

99 .O

')9. OO

9q .00

9<) 00

99 O0

99 O0

N/A

ANALYTICAL PROCEDURES

DETECT 1ON UPPF.R

I_ES¢_ I PT I ON blE_ LIMIT LIMITCODE _SAMPLILS

]1 3

5O 3

lO 3

_S 3

,34 .1

.17 3

4I 3

.111 )

_6 3

21 3

U ppm: Gamma coqm;m 8

Th ppm: Trace roct, soil

L_ ppm: Truce roc&, soil

Co ppm: Truce rocfL soft

Sm ppm: Trace rocJL soil

Eg ppm: Trsct root. soil

T% ppm: Trace roc/L soil

%'% pl)m: Trace rocJr., soil

Lu ppm: Trace root, soil

Nd ppm: Trace roct. soil

NAA I l OOOO

NAA 1 1000

NA.A I l OOO

NAA 2 1 OOO0

NAA O. I SO0

NAA 0. 5 I OO • 0

NAA 0. I 1000

NAA O. I 1000

NAA O. I $OO

NAA $ 1000
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ANALYTICAL PROCEDURES

C34_ NllkmE_ , DETEC'FION UPPER

CYCLE D_SQt I PT1ON METHOO L IMI T L |MIT

el* 4

921 4

q22 4

923 4

924 4

925 4

926 4

927 4

928 4

929 4

930 4

()31 4

932 4

933 4

951 4

q34 4

935 4

936 4

937 &

9_8 4

939 4

940 4

941 4

942 4

943 4

q52 4

944 4

945 4

946 4

947 4

948 4

949 4

930 4

Ai %: 32 element, toil • rocl_

Ag ppm: 32 element, toil • roc[_

At ppm: 32 element, soil • rock

3s plPm: 32 elem_t, soil • rock

Be ppm: 32 element, toil • rock

Bi ppm: 32 element, toil • rock

Ca %: 32 element, toil • rock

Cd ppm: 32 element, toil & roclr

Co ppm: 32 element, soft • reel

Cr ppm: 32 element, soil A rock

Cu ppm; 32 element, soil • rock

Fe _: 32 element, soil & roclc

Ge ppm: 32 element, soil • rock

H8 ppm: 32 element, soil • rocJt

[ q_ _2 element, toil & rock

La ppm: 32 element, soil • roc Ir

MS %: 32 element, toil • roc Ir

Mn ppm: 32 element, soft • rock

Me ppm: 32 clement, soft • rocl_

Nt q_ 32 element, toil A roc Ir

Hi ppm: 32 element, toil • rock

P ppm: 32 element, soit• rock

Pb ppm: 32 element, soil • reek

Sb ppm: 32 element, soil • roctr

Se ppm: 32 element, soil • roclt

Sr ppm: 32 element, soU • rock

Ti _ 32 element, toil • roct

1"1 ppm: 32 element, soil • rock

U ppm: 32 element, soil • roof[

V ppm: 32 element, soil • to,at

W ppm: J2 elemotat, soil & rock

Zn ppm: 32 element, soil • rock

O,Ol

ICP-AES O, O I

ICP-AEE O. 2

ICP--AES $

[CP-AES ! O

ICP-&ES O $

ZCP--AlnS 2

ICP-APS O • O I

ICP-AEG 0 ._

ICP-AES t

ICP-AES 1

ICP-A£S I

ICP-AES 0. O I

ICP-AEE I 0

ICP-AES I

ICP-AP._ 0.0 l

ICP-AES t O

ICP-AES 0.01

ICP-AES l

ICP-AES t

[CP-AES 0. 0 l

ICP-AES 1

ICP-AES I 0

ICP--AES 2

ICP--ARS $

ICP--AES I 0

ICP-APS l

ICP-AES 0.0 l

ICP-AES l 0

ICP--AI_S I 0

[CP-AES I

ICP-AES

ICP-AES 1

Ion on

L$.OO

200

OOOO

OOOO

on O

OOOO

500

OOO

OOOO

0000

0000

$.00

0000

0000

O.OO

OOOO

5 on

OOOO

OOOO

5.00

I0000

10000

I0000

leone

leone

IOOOO

5.00

IOOOO

IOOOO

lO000

IOOOO

IOOOO
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L

i

C0D8 iS_a'LES

$7] 28

22 28

I) 28

565 21

34 28

23 25

40 21

I $4 28

7 28

576 21

36? 28

135 28

t SI 28

369 28

563 28

_77 21

140 28

137 28

21 2|

31 2|

41 28

IOO 28

107 25

566 21

I IO 25

S60 21

27 28

136 28

570 28

168 28

ANALYTICAL PROCEDURES

D,£SC_ I PT I (3tl IdE_

Ai 9g 24 o/ement, rock • core ICP-AES

Sb ppat: HCI-KC|03 diee4t, exttac AAS--BgGD COU

As ppm: IGqOS-equu rqia d/star _.5-HYI)KIDS/RDL

h pl_eg 24 element, rocg & core ICP--A_

k ppm: HClO4-HNO3-H1B die_tion AAS

Bi ppm: HCI-KClO3 di&est, extrac

ppm: Trace rock, *oil

pip e. HNOS-aqua res/a dieest

i CI _: element, rocg & core24

C c_ Leco induction furnace
Ce ppm: Tract race, *oil

Cs ppa_ Trice rock. soil

Cr ppm: 24 element, rock & core

Co ppm: 24 element, rock & core

ppm: 24 element, rocg • cote

ppm: Trace rocL sou

tel ppm: Trace rocL sou

P' ppm: Carbonate--n/trite fusion

0.OI

0.2

I

I

0. I

AAS-teEGD CORJL O. !

P'USION-ICP i 0

NAA O. $

AAS-BKGD COKK O. 1

[CP-AP._ O. O l

LECO-IK DETWCTOK O. O 1

NAA 2

NAA 2. O

ICP-ABS l

ICP--AJSS l

ICP--A/Lq I

NAA I

NAA O. $

SPteClPIC ION 20

Ga ppm: HCIO4--HNOS-HSP dt8., ezt AAS-teKGD COKe

G_ ppm: HCIO4-HNO3-H/r diseetion AAS

Au ppb: prm IO 8 8ample ffA-A,AS

HI ppm: Trace tact. *oil NAA

lee _ 24 element, rocg • core ICP"ABS

La ppm: Tra_8 reel ooil NAA

l'b ppem: 24 element, reef & core ICP-AHS

I./ ppm: HCIO4-HNO)--H]P' dileetion

Le ppm: Trace tocL sou NAA

)4 8 9b: 24 qdement, rocg • core ICP--AHS

MI ppe. 24 eAemeat, rocJg • core ICP-AteS

I

5

S

2

0-01

I

2

I

O.I

O.0l

I

UPPKR

LIMIT

25.0

IOOO

lOOOO

IOOOO

lOOO

IOOO

IOOOO

lOOO

200

25,O

I00.0

tO000

I0000

tOOOO

tO000

I0000

500

I00.0

i0000

10000

lOOOO

IOOOO

I000

25.O

1000

i0OO0

IOOOO

500

25.0

IOOOO
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ANALYTICAL PKOCEDUKES

_EK DETECT | ON U PP

_8 S._44_LESI DIESCI I PT I oIq METI4iOO LIMIT LIMIT

2O

554

128

564

19l

$$9

584

)0

134

103

16

)78

575

553

_S2

3|0

lSl

24

14l

)9

IS0

19

S79

18

IS2

$72

801

558

914

28

28

28

28

25

25

28

28

28

2S

28

28

H 8 ppb: HNO3oHCI dilPmtion AAS-FrLAMBLESS S

Me ppm: 24 elememL toot • core ICP-AES 1

Nd ppm: Trace tool toil NAA 5

Ni ppm: 24 element, roc_ • core ICP-AES l

Nb ppm XKF 5

P ppm; 24 element, rock • cote ICP-AES l0

• _ 24 element, ro¢ Ir • core ICP-'AES O. 0l

Rb ppm: HCIO4-HI_O3-HP dilreS¢ioa AAS [

Sm ppm: Trees toclr, soil NAA 0 l

S¢ ppm: Trace ro_k, soil NAA 0. I

So ppm: HCI-KCIO3 direst, czt AAS-BKGD CORK 0, 2

SIO2 _6: Carbonate fusion GKAVIMET_IC O. 01

2S

28

18

28

28

2|

28

2S

28

2a

A$ ppm: 24 element, reel[ • core _ 0. 5

Na _ 24 element, roci[ A cote ICP-AES 0, O I

St ppm: 24 elcment, root • core ICP-AP$ I

S %: Leco /nduc_ion furlmce LI_CO--IK DETECTORO. 001

Ta _: Trace rock, soft NAA

Te ppm: HBr-Br2 dillmtl, exttac AA_-BEGD COKK

"Z'b ppm: Trace rock, toiJ NAA

'TI _m: HCIO4-HNO3-H_ dis., ezt AAS-BKGD COKK

"In ppm: Trace rock` ted NAA

I Sn ppm: NH4I ,ubl/maUon. extrac AAS

28

28

21

28

28

2

28

Ti _: 24 e/mat, rod • core ICP-AP.S

W pps_ K pyronffate tenon COLONIC

U ppm: Trace rock` sou NAA

V pgm: 24 eJtment, rock • core ICP-AIS

Ylb _: Tt*.ce rocL _ NAA

Y ppm

7._ ppm: 24 element, rock • core ICP-AP.S

Zr ppm

2

0.05

O.I

0.1

O.5

2

0.01

1

0.2

I

O.I

S

I

5

tOO

IOOOO

IOOO

IOOOO

IOOOO

lOOOO

20.O

IOOOO

500

IOOO

I000

lO0.O0

500

lO.00

10000

lO0.O

IOOOO

100,0

IOOO

tO00

IO00.O

1000

tO100

IO00

I000

I0000

10OO

lOOOO

10000

10000
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APPENDIX F

Geochemical analyses of Stonewall Flat Tuff of

Stonewall Mountain (unpublished data from

Professor D.C. Noble and Steve Weiss, 1987)
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NAJORAND TRACEELEMENTANALYSES

FROMTHE STONEWALLNOUNTAIN STUDYAREA

(From 0. C. NobLe, 1986, urq_ubtished data)

Spearhead

Tuff

StO2 74.60

At203 12.4

F%N 2.o7
CaO 0.45

NgO 0.5O

T|O 2 0.13
MrO O.08

,,2O 3.96

KZO 5.37

p205 0.2O

Total 99.76

La 46.43

Ce 111.10

Sm 7.31

Eu .....

Tb 1.43

Yb 6.56

Lu 0.88

Be .....

Co ....

Cu ....

Pb ....

Ni ....

Sr ....

Th ....

Zr ....

V ....

Zn ....

Spearhead

Tuff

69.1

13.9

2.32

0.41

0.50

0.15

0.09

5.20

5.52

0.03

97.22

80.43

156.2

11.92

0.064

1.61

6.69

1.23

°.°.

.°°.

Spearhead Spearhead Spearhead Civet

Tuff Tuff Tuff Cat

74.1 72.8 71.8 72.7

12.8 12.7 13.5 13.8

2.16 2.13 2.37 2.2

0.32 0.42 0.47 0.94

0.12 0.11 0.08 0.18

0.13 0.14 0.15 0.28

0.07 0.07 0.10 0.09

4.05 4.21 4.97 4.83

4.39 5.53 5.01 5.43

0.01 0.03 0.02 0.06

98.15 96.14 98.47 100.51

72.33 78.98 104.0 102.7

132.96 147.50 192.5 164.4

10.69 9.75 13.4 9.95

0.03 0.03 0.05 0.78

1.47 1.65 1.51 1.23

6.95 7.52 6.99 5.07

1.24 1.32 1.29 0.91

............ 4.20

............ 4.0

............ 3.0

............ 40.0

............ 4.0

............ 51.80

............ 27.00

............ 158.00

............ 11.30

............ 81.00

Civet

Cat

71.3

13.0

2.02

1.73

0.16

0.23

0.10

4.79

4.90

0.08

98.31

98.82

176.80

11.19

0.42

1.26

5.90

1.12

4.30

3.0

6.9

15.0

4.0

95.2

32.0

303.0

4.8

102.0

Average of

Spearhead

72.48

13.06

2.21

0.41

0.17

0.14

0.08

4.49

5.16

0.02

76.43

147.95

10.61

0.43

1.53

6.94

1.19

Najor oxides reported in Z, trace etements in ppm.
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MAJORELEMENTANALYSESOF ROCKSOF THE CIVET CAT CANYONMEMBEROF THE STONEWALLFLAT TUFF

SampLe # 11 21 31 41 51 61 71 82 92 103 113 123 131

Subunit Tsco Tsco Taco Taco Tsco Taco Tsco Taco Tscm Tscm CZ Tscu ST

,,o2
AtzO 3
FeO*

_0

CaO

Ne20

X:zO"

tiO z

..%
P2o_

(:02
CL

F

LO[

Total

72.7 71.3 71.3 72.92 67.8 67.8 66.12 63.25 59.82 60.8 51.3 66.1 72.8

13.8 13.0 14.5 13.50 15.7 12.4 16.28 17.0 16.64 17.3 16.5 16.1 13.8

1.98 1.82 2.14 1.76 2.72 1.58 2.51 3.31 5.27 2.42 7.23 2.31 1.83

0.18 0.16 0.28 0.15 0.42 0.08 0.39 0.84 0.85 1.35 3.36 0.63 0.20

0.94 1.73 0.85 0.80 1.4A) 1.04 1.83 2.07 2.58 3.13 7.19 1.41 1.0

4.83 4.79 4.1 4.37 5.01 4.52 4.93 5.23 4.80 4.78 3.73 5.03 4.0

5.43 4.00 5.3 5.28 6.30 5.00 6.05 6.45 6.30 5.07 2.69 5.68 4.8

........ 0.45 0.23 ........ 0.15 ........................

........ 0.19 0.21 ........ 0.17 1.154 ....................

0.28 0.23 0.22 0.15 0.48 0.14 0.48 0.63 1.06 0.91 1.14 0.39 0.16

0.09 0.10 0.08 0.08 0.13 0.07 0.12 0.10 0.12 0.12 0.17 0.10 0.08

0.06 0.08 0.06 0.01 0.13 0.03 0.11 0.16 0.31 0.32 0.50 0.12 0.04

........ 0.33 0.10 ........ 0.51 .................... 0.23

............ 0.04 ........ 0.01 .................... 0.05

............ 0.17 ........ 0.06 .................... 0.11

.................................... 0.39 1.31 1.16 ....

100.5 98.3 99.8 99.86 100.4 92.8 100.0 100.5 98.2 99.0 96.8 99.4 99.1

0.848 0.862 0.811 0.862 0.792 0.917 0.778 0.687 0.777 0.500 0.549 0.667 0.839

AL 1.002 1.014 0.861 0.956 0.959 1.036 0.900 0.917 0.887 0.772 0.548 0.896 0.853

Note: VaLues are tn weight _ except FeOe/FeO*+MgO and Me+K/At ratios, FeO* = total FE as FeO.

ST=Shard Tuff, CX • congnate inclusions extracted from sample #10. 1 • unpubi|shed data from

NobLe, D.C., pars. com., 1984. Samptee 1, 2, 5 and 6 by Barringer-Nagenta using lCP

methods, 3 and 13 by rapid-rock methods (Shapiro and Brannock, 1962) and 4 and 7 by wet

chemical Imthods (Peck, 1_). 2 - data from Foley (1978), Fe, Fed), NnO, NgO and P205 by wet

chemical methods, St02, AL203, TtO2 im¢l CaO by X-ray fluorescence methods and lie and g by

stngte-ftam photometry. 3 • new data by X-RAL Ltd., using Li-BO 3 fusion Mith X-ray
ftuorescenceaethods. 4 • total volet|Lee, .... = not measured. (After Yetss, 1987). Tsco

• outflou sheet; Tscm and Tscu • near vent Luffs.
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APPENDIX G

Geochemical analyses of volcanics from the
Black Mountain caldera (unpublished data from

Professor D.C. Noble)
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MAJORAND TRACEELEMENTANALYSESFROM

THE 8LAO( NOLINTAINCALDERA

(From D. C. Nc_Le, 1986, unpublished data)

Pahute Rocket Trai t Trai t Trachyte Trachyte Ribbon GoLd

Mesa Wash Ridge Ridge Hidden Hidden CLiff FLat

Tuff Tuff Tuff Tuff CLi ff CL{ ff Lava Tuff

SiO2 73.60 65.90 68.80 72.60 55.74 60.713 62.67 61.60

At20 3 12.40 11.20 13.30 12.80 17.09 17.56 17.70 14.60

FezO3 3.49 1.82 2.65 3.65 7.68 5.45 4.59 4.28
COO 1.06 1.48 0.57 0.42 5.90 2.94 2.88 1.55

14gO 0.21 0002 0.24 0.56 3.25 4.42 0.88 0.29

TiO2 0.23 0.08 0.21 0.23 1.32 0.96 0.84 0.30
NnO 0.14 0.05 0.09 0.11 0.17 0.14 0.10 0.13

Na20 4.30 4.25 4.43 4.21 4.78 5.18 5.Z3 6.05

K20 5.88 4.50 5.89 5.70 3.86 5.08 4.77 5.47

P203 0.03 0.02 0.02 0.01 0.71 0.57 0.32 0.08

Total 101,34 89.32 96.20 100.09 100.50 103.00 99.98 94.35

Sc 2.22 0.22 2.06 4.34 13.96 8.48 6.89 1.93

Zn 232.68 236.50 150.70 128.30 96.21 123.30 131.20 260.40

Rb 247.10 496.70 312.40 151.90 81.17 123.10 145.80 403.30

Sb 0.66 0.76 0.56 0.54 1.00 0.17 0.22 0.76

Cs 5.11 7.48 5.30 8.82 0.04 0.67 1.54 6.24

Hf 35.62 29.37 20.54 17.30 10.25 14.14 16.81 55.88

Ta 6.38 9.83 7.94 2.51 1.82 2.72 4.51 12.82

Th 35.02 51.28 37.57 21.94 9.49 17.89 17.4/, 75.25

La 188.50 51.33 93.88 147.60 82.94 114.10 109.00 229.90

CO 374.50 103.70 199.00 266.40 153.90 201.80 194.80 438.20

Sm 19.24 9.46 13.65 13.35 8.53 11.82 11.68 25.38

Eu 0,26 0.04 0.15 1.93 2.17 1,87 2.35 0,89

Tb 2.61 3,06 2.08 1.28 1.07 1.26 1.22 3.67

11) 12.93 15.76 11.76 5.88 4.16 5.45 5.07 19.94

Lu 2.49 2.65 1 .(_ 0.89 0.03 0.23 0.80 3.51

Be 10.20 22.60 11.10 4.00 0.00 11.50 0.00 20.20

Co 14.00 7.00 4.00 15.00 0.00 7.00 0.00 13.00

Cu 5.40 7.60 1.20 3.40 0.00 4.00 0.00 4.20

Pb 35.00 65.00 40.00 25.00 0.00 35.00 0.00 55.00

Nf 3.00 2.00 10.00 42.00 0.00 58.00 0.00 6.00

Sr 16.60 14.60 34.30 13.40 0.00 12.713 0.00 150.00

Th 65.00 65,00 45.00 50.00 0.00 45.00 0.00 105.00

Zr 1130.00 659.00 523.00 1294.00 0.00 558.00 0.00 2080,00

V 4.30 0.10 8.50 4.10 0.00 0.80 0.00 7.40

Zn 207.00 244.00 160.00 187.00 0.00 132.00 0.00 222.00

Major oxides reported in _, trace etemms in plum.
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APPENDIX H

Geochemical analyses of volcanics from the

Kane Springs Wash volcanic center (Novak, 1985)
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Table 2 Cbcm,cs/_ym of l,C_ue Sprm&s volcsalc rocks

B_a]t_ Intr_:s/ders m_c I,vu

SLmple 370 392 lg 317 139 144 364

S,O 2, 524 47g 504 SIS 490 56g 605

Major element, smsd_es

5,02 51.1 46 g 505 51.0 _:3.1 55 g 58 5

AJ203 14 8 169 156 16 6 15.3 IS5 1S 2

D'e203 gso 107 105 I0 4 10 4 g.14 775

Ml_) 7 54 6 71 7 60 4 g8 3.86 378 2 30

CsO 1.20 11.5 8 83 7 43 7 04 6.14 4.57

N_20 2 5g 2gg 2 93 3.24 3 76 37'7 3 U

K20 1.74 33 12_q 2.24 2 31 2.82 352

T_O 2 1.34 1.29 189 201 183 I 48 1.20

P205 49 16 4g .,'7 0.3g 02'7 0.9.3
MnO .13 14 .15 .15 0 17 015 013

H20+ 1 40 .M O.'_n 1.02

Total 100 I 995 97 7 ga 9 g8 9 I00 0 974

_F analyses

Rb 44 7 4 24 44 19 57 B2

Sr 683 333 57"7 026 524 266 243

Zr 208 log 1116 298 200 454 525

¥ 26 25 30 36 34 4S 50

Nb IS 55 24 25 15 28 33
N, _ IO7 136 57 52 30

Zn g2 7'7 84 go )09 g5 10'7

Ga _ 17 17 21 21 24

Pb !.2 3 7 12 5 12 14

INAA Anslvses

l.,s 396 851 232 _0 8 277 55,7 63 3

C* 86 4 1g.3 517 110 62g 118 137

Nd 43 8 145 32 8 532 38. I $2.4 51 0

Sm 8 52 36g 7.O2 10 36 805 10.24 118

Eu 2. IS 1.30 203 275 2.81 2.40 2.34

Tb ,93 66 .g2 1.21 1.17 1.40 1.58

Tm 34 36 .37 .4g .4S 70 75

Y'b 2.33 236 244 30T 310 4,40 512

Lu .37 39 .3_ SO 4g Tl 80

$c 24 5 33.5 24.4 200 22.g 20.1 165

Cr 465 320 .'Z70 IO4 31 80 66

Co 42.7 458 47.3 31.7 43 S 33 4 16 0

Hf 5 16 2148 438 678 480 10.0 11.7

Ta 104 .28 1.45 1 58 1.14 2.2'7 2.12

538 67 384 5 60 2.39 793 I0 2

U I 38 .go 1 27 0 8g l_r7 2 14
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Table 2. conUn-ed

Pos_alder8 CenuaJ Prec_der_ A._-flow tufts E_r_ meat Lzte moat

trschvte complex _t_ch_e V2 V3 V2 rhvohte rhvo!:_.e

Simple ! 270 30 i 204 gg 326 354 352

S]O2t 6] 0 709 69.6 763 75.9 67.3 7"/.1 760

Maior element anaJvses

SiO 2 59,3 70.1 5713 74.4 75.2 653 75 ! 75 3

AJ203 159 137 142 11.2 109 14.:2 123 125

_e203 5 $7 3IM_ 3.37 2.94 3 41 495 1.24 0 94

MSO 1.73 0.24 0._7 0.21 009 0 55 0 II 0 18

CLO 360 352 1.15 0.15 013 153 049 044

Na20 436 4,28 4.12 3_73 4.27 457 332 3 59

X20 449 531 5.66 4.91 4.77 555 5 14 $ 43

TSO 2 123 042 0.39 0 15 0 19 0.48 0 10 0.05

p205 0.44 0 (_ 0 06 <_ 0.5 <_ 0_ 0 09 < .02 0 0]
MnO 0 IS 0.11 007 0.05 008 0 18 0 19 0 04

H20-,. 0.91 0 $_ 0 04

Total 98 8 g9 $ 97 7 97,7 97.7 98 2 99 3 98 1 c_ .5

X_F _alw_

Rb 66 138 204 373 306 15.5 160 439

Sr 268 48 74 5 57 4 20 3 5

Zr 343 511 695 116S 123a 9(30 150 107

Y 42 64 50 124 109 55 42 123

Nb 26 62 53 14_ 119 41 2.5

2- g6 _. 99 237 223 164

IN/CA anatyses

La 66 1 814 114 1301 75 9 8 60

Ce 138,$ 194 239 2S0 141 28 0

Nd 64 74.7 91.4 114 51

Sm 10 9 143 15 1 17 4 102 9 18

Eu 280 1 43 1.12 1.0 0.174 0 0115

Tb ! 43 1.8.5 2.03 2,2 I 36 2

3.97 5.92 728 68 $ 05 11 86

Lu 063 1,12 1,17 1.00 0,732 1 79

Sc 10.23 4.03 4 .57 .581 1 90 2 01

Cr .5.7 <10 <I0 20 <2 <1 5

Co 9.13 077 _10 243 045 004

Hf 9.35 17,3 189 20.9 6 39 792

Ta 190 44.5 5 37 3 .50 2 92 6 35

Th 8,2.5 19 3 24 0 157 24 5 33 7
U I 75 .551 6 63 3 6 4 S 10 8
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Table 10. Chemical aaLlyses of intr_-Idera m_c and intermediate farM.

Rock tTpe AB AB AB TB TA TA TA A A

Sample# 142 140 139 143 365 144 364 417 28.°

SiO 2• 48.1 48.3 49.0 49.5 54.3 58.9 60,5 62.4 63.7

XRF ma/or.d,meat inalp_*

SiO 2 47.9 48.2 47.5 50.4 53.1 55.9 58.3 61.7 81.8

AJ,_O 3 15.8 16.2 15.8 15.8 l,q.8 15.5 15.2 14.4 14.0

_'re20 3 13.8 13.9 13.6 14.4 10.4 9.14 7.75 7.99 7.98

MgO 4.78 4.64 4.73 3.72 3.86 3.78 2.30 1.67 1.43

CaO 8.68 8.,24 8.33 7.01 7.04 0.14 4.57 4.77 4.44

Na20 3.55 3.57 3.48 3.84 3.78 3.77 3.88 2.98 2.89

K20 1.31 1.27 1.35 2.00 2.31 2.82 3.62 3.10 3.15

TiO 2 2.78 2.70 2.77 2,97 1.83 1.48 1.20 1.43 1.36

P205 0.82 0.63 0.65 0.59 0.39 0.27 0.23 0.50 0.51

MaO 0.18 0.18 0.18 0.19 0.17 0.18 0.13 0.14 0.11

H20+ 1.10 1.33 0.28 1.02 0.86

1120- 0.48 0.54 0.16 0.40

Tots/ 100.7 99.4 99.6 09.8 100.5 99.4 98.7 98.7 98.5

XRF trace-element ana/ya,_(ppm)

Rb 17 19 25 57 82 82

Sr 515 524 432 288 243 327
Zr 181 200 248 454 525 330

Y 32 34 35 45 50 39

Nb 14 15 18 - 29 33 23
Ni 48 52 28 - 30 28

Zn 102 109 102 - 96 107 90
Ga 20 21 24 24 28 22

Pb 5 5 5 12 14 18

INA.A ,,e/F,e,(ppm)
Ls - 28 56 64

Ce - 63 118 137

Nd 36 52 61

Sm 8 10 12
Eu 2.8 2.4 2.3

Tb 1.17 1.40 1.58

Tm 0.45 0.70 0.75

3.1 4.4 5.1
Lu 0,49 0.71 0.80 -

S¢ 22.9 20.1 16.5 -

Cr 31 80 68

Co 48 33 18

Ba 7,50 - 800 900

Ht 4.8 - - 10 12

Ta 1.1 - 2.3 2.1

Th 2.4 7.9 10.2
U 0.9 1.9 2.1

ABms/kaJl bualt; TBmtrschybuaJt; TAmtrtehytndesit_; AmFe-rich tndesitn; _O_'mSiO;f when normtJi*_] vo_a-
tile frte sad with mol_ Fv_'4/Fs"v'¢--O.I$.
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T_ble I I. Chemical sna/ys_ of precaldera trachyt_ and Kzne Wiah Tuff.

Prec_]dera KAne W_h Tuff

trzch_'tes VI-B V2-B V2-B V2-M V_TF v3-M

S,,mple# 2.'23 301 .°45 6g 204 171 326 g8

SiO 2. 63.3 69.6 75.5 76.5 76.3 76.5 67.3 76.3
A.]. 0.79 0.g3 0.96 1.0`5 1.06 1.05 o.gg i .0.4

XRF m*]or.etemenl ..olysee

SiO 2 63.8 67.3 ti.8 73.1 74.4 76.3 6S.3 7$.7

AI20 3 15.4 14.2 12.1 11.1 11.2 11.3 14.2 11.1

Y-Fe20 3 6.77 3.37 2.39 2.72 2.9.4 2.78 4.95 '2..80
M60 1,19 0,27 0.16 0,10 0.21 0.09 0.55 _e

C=O 2.58 1.15 0.7,° 0.28 0.16 0.-01 1.53 0.43

N&20 4.50 4.1= 3.g7 4.04 3.73 4.1.3' 4.67 391
KoO 4.44 5.66 4.69 4.29 4.70 4.01 5.5,5 4.70

T_O 2 1.31 0.39 0.23 0.17 0.15 0.15 0.48 0.1g

P20$ 0.44 0.06 < .02 < .0,5 < .0S <: .03 0.00 < .05
MnO 0.15 0,07 0.04 0.04 0.05 0.06 0.18 007

H20÷ O,gl 1.0.2 1.7 0.54 066
F 0,08 0.08 0.34 0.-00 0.06

CI 0.08 0.06 0.17 < .05 < 03

Sum 100.7 g7,7 86,1 g7.0 g7.7 101.9 g8.2 00.$

O=F,CI 0,0,5 0.N - 0.18 0.0,_ 0.03
Total g7.6 g7.0 - 101.7 gS.l g9.$

XRF tr,'ee-elemene onal_ee (ppm)

Rb I12 204 -046 3,51 373 342 155 243

• $r 223 74 24 10 6 6 74 -08

Zr 458 605 497 1110 118,_ 680 gO0 000

Y 44 60 72 148 124 152 55 80

Nb 36 53 70 137 146 130 41 67

Zn gg -018 237 203 164 188

Ga 24 28 30 30 25 .01

Pb 27 50 38 44 32 40

IN.,L-t =hair,e, (Fpml
Ls 82 114 116 106 130 9`5

Ce 173 239 239 242 260 °.25

Nd 77 91 108 101 114 g3
Sm 13 16 17 -01 17 17

Eu -0.3 1.1 0.93 0.3.'2 1.0 0,23

Tb 1.8 2.0 2.8 3.g -0.2 3.1

Yb 5.3 7.3 10.3 14.6 - - 6,8 1l,g

Lu 0.82 1.2 1.6 2.2 - 1.0 1.8
Sc 10.1 4.6 1,4 0.5 - - 5.8 0,4

Cr 1.5 < 10 1.0 < 1 -°.0 < 1

Co g.8 0.4 0.2 2.4 01

Bs 1165 365 70 55 442 < 50

Hf 14.6 18.g 21.2 3,5.6 20.9 31.8'

Ta 2.g 5.4 6.7 g.l 3.5 68
Th 12.7 24.0 30.5 44.1 15.7 31.2

U 3.1 6.6 8.1 11.3 3.6 8.1

A.l.ms4psJUe iadez (.V.c_sr Nt-_-K/A$). Bmb=si vitmphyr*: Mmmiddl,e; Tmtop; TFmtrachy_.* fltmme
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Ttble 14. Chemical ,ma/yses of trachytes, syenites, tad -IkaJi syenices of the ¢entra_ com-
plex.

Sample# 1 274 328 202 330 298 390 273 339 270 345 297

SiO2* 61.0 81.2 62.9 63.0 63.8 68,2 66.5 67.7 680 70.1 75,7 76,9
A.I.- 0.78 0.79 0.80 0.78 0.88 0.87 0.88 0.80 0.82 0.93 |.00 0.99

SiO 2

A1203

EFe203
MgO

CaO

Na.O

K_3
Ti'O2
P205
MnO

HoO+

XRF meior.deme.ta.alye.

59.3 89.8 63.3 63.6 85.5 67.1 67.4 89.4 88.3 70.1 73.7 75.1

15.9 l$.g 16.6 18.7 17.1 16.8 16.6 14.5 15.7 13.7 11.6 11.2

6.57 8.39 0.26 0.40 4.90 4.45 4.70 3.97 4.28 3.88 2.88 2.83

1.73 1.59 0.52 0.68 0.36 0,23 0.25 0.26 0.12 0,24 0.15 0.13

3.60 3.62 2.33 2.23 1.25 0.69 0.57 !.36 1.41 0.67 0.35 0.14

4.38 4.50 4.67 4.62 4.88 4.79 4.94 4.31 4.28 4.28 3.93 3.88

4.49 4.71 5.14 5.00 5.81 6.25 5,92 5.41 5.39 5.31 4.74 4.66

1.23 1.20 1.18 1.19 0.80 0,66 0.63 0.54 0.67 0.42 0.23 0,19

0.44 0.42 0.40 0.39 0.24 0,16 0.14 0.16 0.15 0.08 <.05 <.05

0.15 0,14 0.11 0.09 0.10 0. i0 0.15 0.19 0.00 0.11 0.08 0.04

0,91 0.58 - - 0.28 0,45

Sum 08.8 98.9 100.5 100.9 1009 101.o 101.3 1043.1 100.3 g9,5 97.9 98.6

.X_F trace-element ana/v,e, (ppm]
Rb 68 74 52 01 88

Sr 268 217 113 57 44

Zr 343 282 215 378 335

Y 42 37 23 42 33
Nb 28 25 19 34 28

Zn 96 Ol -

Ga 24 27

Pb 16 45

- 158 138 231

125 48 17

388 811 804

46 64 91

33 82 80
82

28

23

La 68

Ce 139 -
Nd 84 - -

Sm lO.g -

Eu 2.8

Tb 1.4

Yb 4.0

Lu 0.83

Se 10,2

Cr 5.7

Co 9.1
Ba 1500

HI" 0.4

Ta 1.9

Tb 8.3
U 1.8

INA.4 analyse,/ppm)

- 63 69 82 81

- 120 126 164 194

- 55 62 69 75
9,08 10.5 11.1 - 14.3

3.3 2-2 1.7 ° 1.4

1.I 1.3 1.4 1.9
3.0 4.1 4.7 6.9

0.47 0.65 0.76 1.12

8.8 6.1 5.1 4.0

1.2 <1.7 <1.1

1.7 0.8 0.7 0,8
2230 890 680

8.7 10.0 11.7 17.3

1.3 2,1 2.4 - 4.5 -

5.3 8.6 I0.0 - 19.3

1.4 2.1 2.3 5.5

A.L--qlp';tlc iodex.

Sample 1, F--0,08; utmple 27£ Fro0.09.
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Tsb]e 10. ChemicM asnldysm of Iste most rhyo]ites.

S_mple# 347 352 3SS 284

SiO 2, 76.6 76.0 77.0 76.7
A.I. 0.84 0.91 0.92 0.90

X_F ,,,a/or.,le.,e,,tana/T"e"

SiO 2 75.1 75.3 7S.5 74.8

AJ20 3 12.2 13.0 19.5 12.9

EFe20 3 i .38 0.94 0.93 0.8?
MgO 0.24 0.18 0.04 0.12

CaO 0.78 0.44 0.44 0.42

Na, O 9.50 3.59 3.85 3.84

K_) 5.58 5.45 4.77 4.60

T_O 2 0.14 0.05 0.03 < .02

P205 0.03 0.01 < .01 < .05
MnO 0.03 0.04 0.03 0.03

Sum 98.1 99.0 98.1 100.5

._Ftroce-elem,,_ i,al_se,/ppm/

Rb 158 439 359 524

Sr 47 4 10 18

Zr 101 107 98 156

y 22 1".3 92 10g
Nb 14 72 58 89

INAA anal_ee. {ppml

La 8.8
Ce 28

Nd 92

Sm 9.2

Eu 0.012

Tb 2.8
Yb 11.0

Lu 1.8

S¢ 2.0

Co 0.04
Ba 15

H_' 7.9

Ta. 6.4

Th 38.7

U 10.8

12

38

9.3

9.5
0.008

.o.8
14.4

2.3

'2..2
0.02

25

10.8

8.3
45.8

13.2

S,mple _4: F1_O+--2.4. FmO.49, Cl--O.OS
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APPENDIX I

Scene data statistics for each

of the three study sites
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IMAGE STATISTICS

FOR THE STONEWALLNOUHTAIN SUBSCENE(512x512)*

COVARIANCEMATRIX FOR CLUSTERI

BANDS 1 2 3 4 5 6

1 281.98

2 187.56 130.57

3 281.88 197.20 306.89

4 220.05 154.54 241.63 194.74

5 404.28 286.89 447.76 363.63 812.86

6 189.81 135.00 211.03 172.99 &02.59 222.75

TOTAL NUMBEROF POINTS ,, 262144

SYNSOL POINTS tN CLUSTER

1 262144

ITERATION # 1

CLUSTER1

)lEANS

BAND1 BAND 2 BAND 3 BAND4 BAND5 SAND 6

162.74 81.15 117.54 9?.43 165.8.t 99.75

STANDARDDEVIATIONS

BAND1 BAND2 BAND3 BAND4 BAND5 BAND6

16.79 11.43 17.52 13.95 28.51 14.92

CORRELATIONMATRIX (R)

BANDS 1 2 3 4 5 6

1 1.00 2

2 .98 1.00

3 .96 .98 1.00

4 .94 .97 .98 1.00

5 .84 .88 .89 .92 1.00

6 .76 .79 .81 .83 .95 1.00

R • Covariance/(sta_d. dev. x)(stand, dev. y)

*Statistics computed by IDIMS function ISOCLS
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]MACE STATISTICS

FOR THE BLACKMOUNTAINSUSSCENE(512x512)*

COVARIANCEMATRIX FOR CLUSTER1

BANDS 1 2 3 4 5 6
1 130.57

2 79.23 51.37

3 120.77 80.20 136,23

4 88.18 61.0& 10q.05 100.12

5 160,74 106.63 186.15 173.81 523.03

6 112.54 73.97 123.71 107.46 353,06 260.27

TOTAL NUMBEROF POINTS : 262144

SYMBOL POINTS IN CLUSTER

1 262144

ITERATION # 1

CLUSTER1

MEANS

llANO 1 BAND2 BAND 3 BAll) 4 BAND 5 BAND6

129.04 61.00 87.69 78.38 146.99 89.85

STANDARDDEVIATIONS

BAND1 S_J_2 BAND3 BAND4 BANDS BAN06

11.43 7.17 11.67 10.01 22.87 16.13

CORRELATXORMATRIX

BANDS 1 2 3 4 5 6

1 1.00

2 .97 1.00

3 .90 .96

4 .77 .85

5 .62 .65

6 .61 .64

1.00

.93 1.00

.70 .76 1.00

.65 .67 .96 1,00

*Stat|st|cs computed by IDIMS function ISOCLS
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IHAGE STATISTICS

FOR THE KANE SPRINGS WASHSUBSCEME(512x512)*

COVARIAHCEMATRIX FOR CLUSTER1

BAJIDS 1 2 3 4 5 6

1 160.25

2 97.40 62.26

3 165.61 105.83 185.68

4 96.22 65.26 111.88 100.99

5 238.10 157,85 279.01 197.79 564.53

6 159.22 103.68 183.28 116.92 354.47 237.11

TOTAL NUMBEROF POINTS - 262144

SYMBOL POINTS IN CLUSTER

1 262144

ITERATION# 1

CLUSTER1

MEANS

SAND 1 BAND2 BAND 3 BAND 4 BAND5 BAND6

124.34 57.39 80.62 71.66 125.67 71.78

STANDARDDEVIATIONS

BAND 1 BAND2 BAND3 BAND4 BAND5 BAND6

12.66 7.89 13.63 10.05 23.76 15.40

CORRELATIONMATRIX

BANDS 1 2 3 4 5 6

1 1.00

2 .96 1.00

3 .96 .98 1.00

4 .76 .82 .82 1.00

5 ,79 .84 .86 .83 1.00

6 .82 .85 .87 .76 .97 1.00

*Statistics computed by IDINS function ISOCLS
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PR]NCIPAL CC]MPONENTS STATISTICS

_TONEMALLMOUNTA[H AREA

! EIGENVALUE (i)

1 1797.656250

2 118.011215

3 17.116089

4 12.9L:_66&

5 2.660455

6 1.412745

TUNSFOIIMATION MATRIX (E]tU_NVECTOtS)

0.368303 O. 257Trj69 0.396771 0.319566 0.657626 0.323108

-0.506020 -0.285845 -0.3802M -0.223752 0.512003 0.453217

0.5180&1 0.0586Q1 -0.241535 -0.287526 -0.359411 0.676766

0._880/._ 0.00/.007 -0.4_&738 -0._36638 0.&19167 -0.48127'8

O. 27?976 - O. 571174 * 0. 382229 0. 670S61 - O. 01/,,871 - 0. O227&7

-0.156429 0.722676 -0.572811 0.353322 -0.016803 -0.006083

BLACK VA3UNTA|N CALDERA

I EIGENVALUIE (I)

1 100S. 116760

2 151.75&O28

3 31.0796_9

4 10.118806

5 2.4767?5

6 1 .O44413

TRANSFORIqATIOII MATRIX (EIGIENVECTORS)

0.27686_ 0.1817_ 0.307719 0.7.68180 0.71)1000 O.k81qS9

0.529437 0.329714 0.49807"2 0.30364;' -0._&013 -0.3278&3

-0.531388 -0.157900 0.179655 0.63_960 0.237_2 -0._81

-0. &36_/. 0.030353 0.352061 0.178230 -O. 496&'F_ 0.637&6&

-0.2b_29 0.041677 0.661288 -O._.g_;) 0.19691/. -0.220261

-0.3119_. 0.911400 *0._2/.05 -0.030350 0.05_76 -0.0_354

Y_tNE SPfl I NGS MASH

I EiGIENVALUE (I)

1 1185.29S0&&

2 81.124?63

3 32.2S318S

4 6. O22783

5 5.21576_

6 0.892326

TUNSFOIUMTION MATRXX (EIGENV1ECTORS)

0.328391 0.213222 0.3731/.5 0.250498 0.675531 0.434013

0.5957"29 0.305867 0.464812 0.085820 -0.519128 -0.2t,2165

-0.1917'88 -0.002714 -0.0S8222 O._A:..X&.T_ 0.067267 -0./.180Q6

-O.]OO&_ 0.01017/. 0.124051 0.3252.36 -0.512271 0.7"25291

0.59666/. -0.057100 -0.737¢87 0.194919 -0.083320 0.227836

-0.2128_1 0.926073 -0.2_0 -0.07/.986 0.01_11 -0.015090

Star|sties ¢_q:utedv|th ]DINS functi_[LTRANS
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APPENDIX J

Lithologic class statistics for

supervised image classification
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STQNEblALLMCXJNTAJMSITE

IMXII4UN LIICELIIK)O0 STATISTICS GENERATEDUSING STATFILE: SWSTATTRAINING CLASS STATISTICS

NIJLTISIq[CTIUtLCKAAACTERISTICSFOIl TRAINING CLASSALLWIUN

DETERNIHNIT • 0. 2761#_334M*09

OONSTAIITTERM• -15.22_,

us • 121.76 127.55 138.54 137.64 136.82

INVERSECOVMIANC1_ IMTRIH
0.04

-0.01 0.07

0.00 -0.02 0.06

-0. 047, -0.03 -O.OS 0.10

-0.01 0.00 0,00 -0.01 0.06

0.00 0.00 0.00 0.00 -0.02 0.03

IqULTISPI[CTRALCHARACTERtST|CSFOR TRAININGCLASS ALLt,rvIuN 2

OETERMIIL4JIT* 0.293195_+10

CONSTANTTERN• -16.&131

MEAMS• 92.06 89.50 93.47 100.58 96.78

IIIVERSE COVAJIIAMCEMATRIX

O.Oa,

-0.03 0.07

-0.02 -0.02 0.08

0.01 -0.01 -0.05 0.07
-0.01 0.00 0.02 -0.03 0.05

0.00 0.00 0.00 0.00 -0.02 0.04

MULTISPECTRALCHARACTERISTICSFOil TRAINING CLASSALLWIUIq 3

DETERNINNIT - 0,I7139729E+I0

CONSTANTTERN • -16.1447
MEANS• 167.83 166.40 171.&3 173.82 183.50

INVER_ CO_AIIIAMCE_4ATRIX
0.03

-0.01 0.05

-0.01 -0.02 0.07

0.00 -0.01 -0.04 0.07

0.00 0.00 0.00 -0.03 0.06

0.00 0.01 -0.01 0.00 -0.02 0.03

IqULTISI_CT_L CHA#.ACTERtST[__ F_ TItAIiitNG CL6_S ALL_VI_ 4
DETERNIIIANT• 0.56491412E+10
CONSTANTTERM • -16.7&I0

Nr_liS - 170.55 I"/'9.95 188.29 189J08 204.61

INVERSE COVANIAI_ NATRIX

0.03

-0.01 0._

-0.01 -0.02 O.IM

0.00 -0.01 -0.03 0.06

0.00 0.00 0.00 -0.02 0.06

0.00 0.00 -0.01 0.01 -0.02 0.03

165.71

109.68

173.43

222.26
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STGN[IdALL MOUNTAIN S1TE

IqAXIflUN LIKELIHOOD STATISTICS GENERATED USING STATFIL|: SUSTAT TRAINING CLASS STATISTICS

MULTISI_ECTRAL CRARACTERISTICS FOR TRAINING CLASS BASALT

DETERMINANT • 0.29e&1322E+O8

CONSTANT TErn • -14.1193

I4[AItS ,, 13.37 11.59 8.55 6.76 6.37

INVERSE COVUlA/IaE MATRIX

0.06

-0.06 0.1&

-0.02 -0.11 0.33

0.01 0.04 -0.21 0.24

O.OO -0.02 -0.02 -0.02 0.19

0.01 -0.01 0.04 -0.00 -0.13 0.17

4.70

WJLTISPIECTRAL CHARACTERISTICS FOR TRAINING CLASS CIVET CAT CANYON TUFF CAP ROCK

DETERNINANT • 0.353060"r_÷08

CONSTANT TERM • -l&.203&

NSANS = 44.77 5"47.73 53.96 76.33 181.69 214.52

INVERSE OOVARIAMCE MATRIX

0.05

-0.03 0.10

-0.01 -0.06 0.16

-0.02 0.01 "0.12 0.17

0.01 -0.02 0.03 -0.04 0.09

0.00 0 01 -0.02 0.01 -0.05 0.07

MULTISPECTRAL CHARACTERISTIC_ FOR TRAIN|NQ I_I.AS$ CIVET _AT _r_IdYQN TVFF (_AP RO_K
DETERMINANT • 0.15651370E+09

CO_;TANT TERM • -l&.9_dlO

MEJUtS - 67.16 61.M 56.68 73.84 157.00 207.52

IHVIERSE COVARIAMCS MATRIX

0.07

0.00 0.07

-0.02 -0.01 0.11

-0.02 -0.06 -0.06 0.14

0.00 0.02 0.01 *0.04, 0.04

-0.01 -0.02 "0.01 0.04 "0.02 O.O&

MUt.TISP|CTILAL CHARACTERISTICS FOR TRAINING CLASS CIVET CAT CANYON TUFF

OETEIDIINAMT • 0.379_5651E+09

C_NSTNIT TERN • -15.39_

MEANS • 26.95 17.85 12.9/* 10.14 9.67 18.65

INVERSE COVARIANGE HATRZX

0.03

-0.01 0.10

-0.02 -0.05 0.11

0.00 -0.03 -0.04 0.11

0.01 0.01 0.00 -0.03 0.(_

-0.01 -0.01 0.00 0.01 -0.04 0.03
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STOilEtMLLN(XJilTAIII SITE

PMXIMJ4 LIaLII_ STATIST|CS GEIIERATEDUSlIiG STATFILE: SUSTAT TRAINING CLASS STATISTICS

ILA.T[SI_CTRAL CHARACTERISTICSFOR TRA|NING CLASS HITELOI_ SPRINGS LATITE

DETEImlIMJIT • 0.11S79_7E÷12
COIIITAIIT TEIM • -18.2S17.

NENIS • 162.08 136._ 124.4.3 114.20 81.0S 91.&7

INVERSECOVNIIA/ICE NATRXX

0.01
-0.01 0.04

0.00 -0.03 0.05

-0.01 0.00 -0.02 0.0k

0.00 0.00 0.01 -0.01 0.04

0.00 0.00 0.00 0.00 -0.03 0.03

14ULTISIq[¢TUL CHAJUM:TERISTIC$_ TRA[M][I_j CLA_ 9_tAIIT'_ITE _LOMERATE
DETERNIIMJIT • 0.66/,_47421['_9

CatSTMIT TERN• "15.6712

liF.NIS • 18.65 20.86 26.16 20.25 19.6_ 2.3.16
t

IIIVI[RSE COVARIA_/Q[IMTRIX

0.0_

-0.04 0.09
-0.01 -0.02 0.08

0.01 -0.02 -0.04 0.07

-0.01 0.07. 0.00 -0.03 0.09

0.00 0.00 -0.01 "0.01 -0.04 0.0S

141JLTISPECTRALCHNAACTER|ST|CSFOIt TRA[MING CLASSANTELOPI[SPRINGS RHYO_.[T[

DETERNIMAJdT• 0.1_;91_191E÷1"_

COMSTAJITTERN • -19.&752
NEA/IS • 192.41 199.63 _.09 201.99 220.31 209.78

IUVERSECOVARIAJIC£NATRIX

0.01

• 0.01 0.03

-0.01 -0.01 0.05

0.00 -0.01 "0.03 0.05

0.00 0.00 0.00 -0.01 0.02

0.00 0.00 0.00 0.00 -0.01 0.01

NULTISI_ECTR/U.CHARACTERISTICSFOIl TRA[NINGCLASS HYOROTHERMALLYALTEREDRIIYOLITE
DI[TERNIBAIIT= 0.45164,62_+11

C_IISTNIT TEM! • -17._

NEAJIS• 121.22 141.26 147.09 151.80 198.59 168.41

INVERSECOVARIN_CEIMTRIX

0.01

-0.01 0.07

0.00 -0.03 0.08

0.00 -0.02 -0.03 0.06

0.00 0.00 -0.01 0.00 0.01

0.00 0.00 0.00 -0.01 -0.01 0.02

14ULTISPECTRALCHARACTERISTICSFORTIL41MIIIGCLASSSPEARHE/IOTUFF

DETERNIMAJIT• 0.9/_.69_E÷10
CCIISTJUITTERN • -16.9970

NF.AJiS• 86.02 73.88 6A.59 66.61 87.55 118.15

INVERSE COVARIA/IC_MATRIX

0.03

-0.01 0.06

-0.01 -0.03 0.10

-0.01 -0.01 -0.06 0.08

0.01 0.00 0.00 -0.03 0.05

0.00 0.00 0.00 0.02 -0.03 0.02
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ILAa( IICUNTA_N CALOERA

NAXII4JN LIKELINOCO STAT[STICS GENERATED USING STATFILE: IIMSTAT TRAINING CLASS STATISTICS

NIJLTISPECTRAL CHARACTERISTICS FOIL TRAINING CLASS ALLIJVIUN

OETERNINANT • 0.1916_s39E*05

C_ISTA/IT TERN • -10._1

MEANS • 116.50 67,31 101.09 89.92 156.79

INVERSE COVARIAXCE NATRIX

0.27

-0.27 1.07

-0.05 -0.26 O.SO

0.04 -0.05 -0.37 0._3

-0.02 -0.08 0.04 -0.06 0.19

0.0Z 0.06 -0.07 0.08 -0.14 0.19

97.14

NULTISPECTRAL CNARACTERISTIC$ FOR TRAINING CLASS GOLD FLAT TUFF

DETERMINANT • 0. 6092631_)&

CONSTANT TERN • -9.6721

NEAMS • 1_.05 65,24 91.19 79.50 180.65 120.10

INVIERSE COVANIANCE MATRIX

0.27

-0.26 I. 14

-0.11 -0.21 0.72

0.05 -0.24 -0.56 0.85

0.01 0.02 -0.01 -0.09 0.15

-0.02 -0.06 -0.03 0.08 -0.12 0.29

NULTISPECTRAL CHARACTERISTICS F(_I TRAINING CLASS LABYRINTH CANYON TUFF

DETERMINANT • O.2T'/'3_71E_05

CONSTANT TERM • - 10.6288

MEANS • 132.30 63.57 96.65 91.21 191.06 114.96

INVERSE COVARIANCI[ MATRIX

0.';.6

-0.47 1.17

-0.18 -0.30 0.76

0.0_ 0.01 -0.31 0.27

0.01 0.06 -0.02 -0.05 0.12

-0.03 -0.10 .0.05 0.07 -0.13 0.24

NULTISPECTRAL CHARACTERISTICS FOR TRAINING CLASS BASEMENT LAVAS

DETENNIIC_iT • O.aO552481E_6

CONSTMIT TERN • "12.3133

MEA/IS • 150.10 _J.41 106.0/_ 91.90 160.05 104.31

INVERSE COV,_qI.IU_E MATRIX

0.18

-0,22 0.95

-O.O& -0.28 0.43

0.01 -0.I0 -0.25 OJ,_

0.01 0.02 0.02 -0.07 0.05

-0.03 -0.06 -0.05 0.07 -0,06 0.12

MULTISPECTRAL CHARACTERISTICS FOR TRAINING CLASS PILLAR SPRINGS LAVA

DETERIQNJWT - 0.2042T_'06

COllSTNiT TERN • "11.6272

lOdeS • 118.81 53.09 72.42 64.25 119.01 72.46

111'1/[111,_ COVMIIAIIC[ I_TRIX

0.21

-0.24 1.06

-0.08 -0.30 0.1,5

0.04 -0.19 -0.15 0.39

-0.04 0.03 0.04 -0.0g 0,08

0.04 -0.03 -0.09 0.07 -0.08 0.14
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BLAC:XMCUMTAIMCALDERA

IM._II4JM LI[ELIN(X]O STATISTICS GENEUTI_ USJMGSTAI'F|LE: IMSTAT TRAINIIdG CLASS

HULT|SPECTRALCHARACTERISTICSFOR TRAINING CLASSP|LLAR SPRINGS LAVA 2'

DETEI_IIMXT • O.12,K)OOOSE+OS

CQNSTAJITTERN • -I0.2264

NEAMS• 117.28 53./*9 74.76 71.22 133.13 7'8.33

INVEIISJECOVANIANC][MATRIX
0.29

-0.28 1.0e

-0.09 -0.29 0.40

0.04 -0.16 -0.06 0.56

-0.01 0.03 0.06 -0.16 0.16

0.00 -0.03 -0.1& 0.04 -0.17 0.34

MULTISF1ECTRALCHAPJ_CTERISTICSFOR TRAXI4|i4GCLASS RlgSt3UCLIFF LAVA
DETERNDL4MT• 0.6_7288871Ee0S

CCMSTAMTTERN • -11.(Y326

INVERSECOVAJtIANCEMATRIX

0.24

-0.22 1.16

-O.OV -0.46 0.52

0.00 -0.03 -0.15 0.43
0.00 -0.04 0.06 -0.15 0.14

-0.01 0.04 -0.10 0.06 -0.12 0.24

NULTISPECTRALCHARACTERISTICSFOR TRAINIMG CLASSTRACHYTEOF HIDDENCLIFF

DETERNINA/IT • 0.20943ST_*_*'04

CONSTANTTERM • -9._;37t

I_UI8 • 122.72 $S.17 74.74 61.77 106.84 65.69

IMVERSECOVANIANa[ MATRIX
0.03

-0.26 0.9e

-0.20 -0.'14 0.65

0.12 -0.;5 -0.32 0.85

-0.03 -0.02 O.OS -0.14 0.12

O.OS 0.06 "0.15 -0.07 -0.12 0.41

MULTISIHECTRALCHARACTERISTICSFOR TRAINIMG CLASSLAVASOF YELLOWCLEFT

DIETERNIMANT• O.267287'vJSE'_6

COlISTANTTERN • "11.7617

)EAII$ • 1:_..04 59.46 87.11 82.20 lt,7.54 85.09

IMVERS_ COVARIANCIfMATIIIX
0.20

-0.34, 1.28
-0.01 -0.47 0.44

0.06 -0.09 -0.00 0.13
-0.04 0.10 0.00 -0.05 0.10

0.08 "0.10 -0.11 0.04 "0.12 0.24
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J(ANESPRINGS IdASNV(X.CAM|CC_NTEII

NAXII4UN LIKELIHiX)D STATISTICS GENERATEDUSING STATFILE: KSSTAT TRAINING CLASSSTATISTICS

MULT|SPECTRALCHARACTERISTICSFORTRAINING CLASS ALLUVIUM

DETEmlMAJIT • 0.73323921E+06

C_IISTAIIT TERN • -9.9637

NEA_S • 134.69 64.08 93.70 77.63 155.02

INVERSECOVARIMICEMATRIX

0.19

"O.Z1 1.27

-O.O4 -0.39 0.62
-0.01 -0.25 -0.61 0.83

0.03 0.03 0.03 -0.07 0.16
0.01 -0.01 -0.05 -0.03 -0.19 0.37

92.74

NI_II,TT_)IECTRALCHARACTERISTICSFORTI_XIlING CLASSALLUVTUN2
OETEI_I|IUUIT • O._8TT2394E+03

C_NSTAMTTERM• "0.6_

SEAMS• 133.10 60._?. 8&.65 66.8/, 118.16

INVERSE OCNA_IANr_ MATRIX
0.33

-0.17 1.30

-0.15 -0.30 0.72

-0.06 -0.2? -0.36 1.23

0.01 0.06 -0.01 -0.28 0.72.

-0.03 -0.11 -0.12 0.04?, -0.09 0.42

70.16

M_II,TISPECTRA], CHARACTERISTICSFORTRAIM|MG CLASSBASALT
OETERMI_UIT • 0.40190681E+04

CONSTMJTTERM • -9.6630
MEAMS• 103.0 z, /,6.6/, 61.60 63.61 91.85

|MVEBSECOVARIAMCEMATRIX
0.34

-0.19 1.37

-0.16 -0.38 O.SO

0.09 -0.29 -0.12 0.6a

-O.O& -0.01 0.01 -0.06 0.20

O.OS -0.01 -0.13 0.04 -0.23 0.38

51.6_

MULTI_ECTRAL CHARACTERISTICSFORTRAINING CLASSTOPAZRHYOLITE

DETERMIMANT• 0._917'_5E+07

COMSTA/ITTERM • -12.8976
NE_S • 132.99 63.80 91.92 &?..Oil 152.23 87,76

IMVI"RSECOWAIIIAMCEMATRIX
0.17

-0.26 1.03

-0.02 -0.30 0.38

-0.01 "0.16 -0.16 0.38

0.02 0.05 -0.01 -0.06 0.06

0.00 -0.03 -0.05 0.04 -0.07 0.15

MULT|SPECTRALCHARACTERIST|CSFOR TRA|MIMO CLASSAIRFALL TUFF

OETERMII4AIIT• 0.1717401mE+06

C_IISTAMTTERN • -11.54,,05
_AMS • 177.96 9_.00 162._ 116.54 _'17./,?. 130.15

JMVEItSECOVAJIIAJI¢_MATIIJX
0.=?

-0.30 2.40

-0.03 -O.&8 0.69

0.06 -1.10 -0.19 1.22

0.01 -0.01 0.00 0.00 0.02

-0.05 0.21 -0.01 -0.16 -0.02 0.10
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[ABE SPt|k_S klASJIVOLCANICr_NTER

NAXINUN L|KELIHQCO STATISTICS GENERATEDUSIMG STATFILE: DSSTAT TRAINING CLASS STATISTICS

NULTISPt[CTRALCHARACTERISTICSFOIl TRAINING CLASSMIKO TUFF

DETEiUiIIINIT • 0.9_'$560_E+05

CONSTAIdTTERN • -11.2352

;4E,US • 1&2.42 69,12 101.11 87.09 167,36

INVEtlSI COVaUIlJ_ IMTRIX

0.18
-0.18 0.94

-0.06 -0.21 0.43

-0.02 -0.25 -0.27 0.69

-0.0; O.O& 0.00 -0.08 0.11

O,OS -O.O& -0.06 0.07. -0.13 0.26

96,]4

XU_TIT._CTRA_,¢_;X_eI_TICS _ _RAININ0cLAss_NEws. _UFFo q v .e_ERS
DETERNIIMJIT • 0.2TL1127'_+05

CONSTANTTERN • -I0.6197

NF,AIS • 131,1& 61.62 89.55 78.90 13&.2& 78.58

INVERS! _IANCE NATRIX

0.29
-0.28 1.07

-0.08 -0.19 0.48
0.0_ -0.23 -0.35 0.65

-0.04 0.00 0.05 -0.05 0.08

0.02 0.03 -0.07 -0.03 -0.12 0.34

NIJLTISI_I;TRAL _NAR_(;TERISTICS FOlt TRAINING CLASS SYENITE CCMPLEX

DETERMUOdIT• 0.4327_-'95E'b07
CCNST.4UdTTERN• -13.1S39

NEANS• 118.64 53.81 73,46 71.24 119.50 65.86

INVERSE _AIII_ 14ATIIIX

0.20

-0.25 0.97

-0.04 -0.29 0.28

0.02 -0.13 -0.02 0.1&

-0.02 0._ 0.01 -0.08 0.09

0.02 -0.05 "0.07 0.09 -0.12 0.20

NULTISPECTRALCHARACTERISTICSFOIl TRAINING CLASS TRACNYANOESITE
DI[TERNIIL4,MT• 0.92._7_[+05

CONSTNIITTERN = -11.2316

NF,ANS • 113.h& 51.64 71.71 67.01 113.09 59.26

INVERSE ODV&ilIIUICSHATRIX
0.29

-0.1) 1.30

-0. I$ -0.S& 0.52

-0.01 -O.Oh -0.17 0.41

0.0O 0.0& 0.07 o0.11 0.10

-0.03 -0.07 -0.11 0,09 -0.16 0.38

NJLTISPECTUL CHARACTERISTICS_ TRAINING CLASSrJUIE WASHTUFF V NEIq4ERS
DETEIINIIIRNT • O.91330(AIBE+O&

C_ISTANT TERN " -10.0_

I_EANS• 137.39 68.56 102.50 87.87 180.52 109,59

INI_IISE COVMIANCE _TJlIX

0.27

-0.29 I ._

-0.04 -0.26 0.66

-0.05 -0.29 -0.64 1.00

0.02 0.08 -0.03 -0.12 0.12

0.02 -0.08 -0.07 -0.02 -0.I0 0.28
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APPENDIX K

Statistic of training site data (pixel groups)

over the major volcanic formations

at the three study sites
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UNITS

Civet C8_ Crayon

Cap Rock

S_erheed Tuff

BasaLt

AntetopeSl_ings

Rhyolite

Ante[ope gf_Jngs
Latite

Qullrtz_te

CCmli[_rlte

STQIIENALLMGJNTAIli AREA

NIMINUN NAXINUN

NL IS _ LI_SANP V_ Li_.CdU4P _L_ VARIANCE

5 5 1 I 1 1.330_+02

5 5 2 1 1 6. IO00E+O1

5 5 3 I 2 9.2000E+01

S 5 4 4 1 8.3000E+01

5 5 5 3 4 1.9700E+02

5 5 6 4 4 1.2300E*02

4 5 1.440OE*O2 1.3T20E,'.O2 9.9202£,,00

5 5 7.1OOOE+01 6.576OE+O1 4.?426E+0G

5 5 1.03OOE+O2 9.5880E÷01 8.5059£+00

4 5 9.0000£_01 8..580OE+01 3.9201E+00

1 1 2.1000E+02 2.0188E÷02 8.4250E+00

1 I 1.3000E_02 1.2520E_2 2.1604E+00

5 5 1 5 1 1.1900[+02

5 5 2 5 1 5.5000_01

5 5 3 5 1 ?.3000E*01

5 5 4 4 2 6.5000£_,01

5 5 5 1 4 9.9000£,,.01

5 5 6 1 4 6. IOOGE÷01

4 6 1._OOE'_?. 1.348,6E'b'02 3.0614E-'-01

4 4 6.700_+01 6.1600E+01 8.0800E÷00

4 5 9.2000E'H)1 8.6640E*01 2.0950E÷01

I 1 7.6000E_01 7.0000E._01 8.8000E,,.00

2 I 1.I_0E*02 1.05T2E÷02 2.1962E*01

I 2 7.2000E_01 6.5920E_)1 8.7137E+00

10 10 1 2 10 1.6&OOE+O&

10 10 2 1 I0 6. ?O00E*01

10 10 3 I 10 9.3000E+01

10 t0 4 1 ? 7.6000E+01

10 10 5 I 7 1.3200E+02

10 10 6 1 7 8./*O00E'H)I

9 10 1.6800E-'.02 1.5611E+02 2.7_78E+01

8 10 8.3000E_01 7.(,220E...01 1.3332E+01

9 10 1.1900E,',02 1.0_d[-,02 3.3]_E+01

9 10 9.9000E',01 8.&920E÷01 2.4074E+01

3 1 1.7000E*02 1.5_0E+02 1.06_E+02

3 1 1.08001[+02 9._I_+01 4.2598£÷01

5 5 1 2 1 1.0700E+02

5 5 2 2 1 4.3000E+01

5 5 3 1 3 5.4000E+01

5 5 4 1 3 4. lO00E÷01

$ 5 5 2 2 6.700(_+01

5 5 6 4 I 3.6000E*01

4 1 1.2300E+02 1.1528E+02 2.1802E+01

1 5 5.4000E+01 4.8640E÷01 8.6304E+00

5 3 7.0000E+01 6.32001E+01 1.94_0E'*.01

1 5 5.3000E+01 4.MSOE+01 8.4255E+00

5 5 1.0300E+02 7.a200E+01 5.96801[,,.01

5 S 6.1000£-,.01 6.6280£-..01 3.1662E*01

5 5 1 1 1 1.6300E÷02

$ 5 2 1 1 8.5000E+01

5 5 3 1 1 1.2900E+02

5 5 & 1 1 1.1100E*02

5 S S 1 1 2.07OOE*02

5 5 6 1 1 1.26001E.H)2

4 2 1.8900E+02 1.a16_+02 3.7431E+01

1 5 1.0300E.4)2 9.788_.*.01 1.8666£,,01

2 5 1.6300E_.02 1.4956£+02 5.4167E+01

1 5 1.3500E+02 1.2796£÷02 3.2598E+01

5 3 2.50OOE*02 2.366&E'_02 1.0735E÷02

1 5 1.5900E+02 1J_I528E*02 6.2602[+01

5 5 1 2 1 1.490_-,,02

5 5 2 3 1 7.O000E*OI

5 5 3 3 1 1.0100E+02

5 5 & 2 1 8.600_*01

5 5 5 3 I 1.1200E.*.02

5 5 6 2 1 6.5000(*01

4 5 1.7000E+02 1.$936E*02 2.4711E+01

4 5 8.2000E_01 7.5960E+01 7.3986E+00

1 2 1.1900E*02 1.1072E+02 1.9482E*01

1 2 1.0000_,,.02 9._el_+01 1.7433E'*01

1 2 1J_X)OE'-02 1.2S#_'*.02 5.5766E',.01

1 2 8,0000E.*.01 7.16_01[+01 1,60701[+01

10 10 I 1 5 1.2700E.*.02

10 10 2 3 9 5.8000E+01

10 10 3 2 10 8.3000E*01

10 10 A 2 10 6. 700_*01

10 10 5 2 10 1,010_+02

10 10 6 3 10 6.10001[-,01

4 4 1.41001[-07. 1.33S81['*'02 1.248_'*'01

S 4 6.8000E.*'01 6.24001[',01 5._OOE_O

4 5 1.O000E*02 9.0850E,'.01 1.5908E+01

5 4 8._00E*01 7.5960E,,.01 1._,X_71[,01

8 9 1.2900E+02 1.1439E_12 3.1658E+01

8 9 8.0000E÷01 7.0140E_)1 1.3940E+01
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IN,ACXNOJTAJII CAU)EJU

UNITS

N I MINUR NAX ! NUIq

iL us _ LINE _LtlP VALUE title S,tMP VALUE V_l_

5 5 1 5 3 1.2_0E+02

5 5 2 5 1 6.0000E.91

5 5 3 5 1 9.3000E_01

5 5 4 1 3 8. BOOOE*O1
5 5 5 I 4 I._

5 5 6 I 4 1.0600£_02

3 2 1.380_+02 1.3300E_02 9.2805E+00

3 2 6._00E+01 6.4120E*01 3.9_57E*00

4 4 1.0300E_2 9.7720E_01 ?.2I.I_E*O0

& 2 9.9000E*01 9.2680E+01 8.137_[_)0
4 4 1.9600E+02 1.878_E÷02 1.8934E*01

3 3 1.1900E÷02 1.12ME,H32 1.06,?.(dE+01

Gold Fiat Tuff 10 10 1 9 3 1.310_*02
10 10 2 10 2 6. 200_*01

I0 10 3 10 2 8• 8000E_,O1

10 10 4 8 4 7. 7000E_01

10 10 S 8 3 1. 7/_0E4_2

10 10 6 10 1 1.1300E*02

8 8 1._*00E+02 1._88E+02 2.04/_E+01

8 8 7..T_OOE_01 6.7960E÷01 8.678_E+00

7 7 1.1100E÷02 9.7110E",01 2.7598E+01

8 8 9.500_4.01 8.4730E+01 1.8097E_01

6 7 1.9300(+02 1.83_2E÷02 2.4&?.T_01

? 9 1.2500(+02 1.1898E÷02 6.4196E.,-00

Trlchyta of
Hidden ctiff

10 10 I

10 10 2

10 I0 3

10 10 4

10 10 5

I0 10 6

1 1 1.l_OE÷02 9 10 1.3200E_-02 1.2(,40E+02 7.380211+00

1 I 5.44)00E-'.01 8 10 6.3000E,'.01 5.71N,0E+01 2.63_[_,00

5 2 7.90(X_01 9 10 9.200OE÷01 8.U*50E+01 5.BO?SE+O0

1 1 7.3000E*01 9 10 8.5000E÷01 7.7110E+01 4.2781E÷00

6 9 1./_00E÷02 9 8 1.6600E÷02 1.5479E+02 1.6686E+01

1 1 8.2000E*01 t0 9 9.7000E_01 8. 9140&*'01 8.520_E+00

Piller SpPfr_e
Lava

5 5 1
5 5 2

5 5 3

5 5 4

5 5 5

5 5 6

5 2 9.7000E+01

5 2 4.0000E÷01

5 2 5.4000E*01
S 2 4,9000E*01

S 2 9.0000E÷01

5 2 5.2000(',01

2 2 1.1500(+02 1.0840E÷02 2.200(_*01
1 3 5.2000E÷01 4.8720_*01 8.281_*00

2 4 7. I000_÷01 6.3800E÷01 1._00E+01
2 5 6.9000_*01 6.16_0E+01 3.1110E*01

3 1 1.2500E*02 1.1000_+02 6.2560_*01

3 I 7.2000E+01 6.18.80E','01 1.9Y86E'H31

Trait Ridge Tuff 5 5 1

$ 5 2

5 5 3

5 5 4

5 5 5

5 5 6

2 2 1.1900E+02

4 5 5.3000_+01

3 5 ?.30_0E_01

1 2 6.2000E*01

1 3 1.0700E*02

4 4 6.6000E+01

1 4 1.24_0E+02 1.2208E+02 1.8338E÷00

1 5 5.7000(,..01 $.4q60E÷01 9.98_E-01

I 5 7.?000E+01 7.5000E+01 8.8018E-01

4 1 6.4_00E+01 6.26_0E÷01 3.10_3E-01

4 1 1.1700E+02 1.1177JE÷02 7.6_20E÷00

5 2 7.3000E,"01 6.8_40E÷01 4.2945E÷00

Oi_r thirlty
Canyon Tuffl

3 3 1
3 3 2

3 3 3
3 3 4

3 3 5

3 3 6

2 3 1.3300(_.

3 1 6.1000['*'01

3 1 8.900_01
2 3 7.7000E*01

2 3 1.5100('_O2

3 1 9.6000('*'01

1 1 1./_)00_+02 1.3680E*02 7.4321E÷00

1 1 6.6000E÷01 6.3889E+01 2.7655[',00

1 1 9.8000E*01 9.1889E*01 ?./_?.3E÷O0
1 1 8._0_E+01 8.0000E*01 5.5557E..00

1 I 1.6600E'H32 1.5900_÷02 I._÷01

I I I._÷02 9.9222E*01 5.728_E÷00

hmement Volcanic, 10 10 1

10 10 2

10 10 3

10 10 4

10 10 5

10 10 6

4 3 1.340_@2

5 2 6.100_*01

1 2 9.000_*01

I 8 8.3000E+01

6 2 1.5500E*02

I 2 9.2000_*01

& 10 1.5q(X)E*_. 1./_18E_2 2.5868E_01

4 10 8.0000E+01 6.9710E÷01 1.1);26(-01

3 10 1.W_0E+02 1.0087E+02 2.54%T_.,-01
4 10 '9.8000E.H)l 8.9610E+01 1.051_E_01

4 10 1.9500E_.02 1.7273E,'.02 7.B937E÷01

3 10 1.2300E+02 1.0425E*02 4.8588E÷01

Lava of YatLou

Cleft

10 10 I

10 10 2

10 10 3

10 10 4

10 10 5

10 10 6

2 4 1.1700E÷02

1 9 5.50(X_+01

6 1 7.9000E+01
4 8 7.4000('*'01

1 6 1.340G_'*'02

1 6 7.7000E*01

4 I 1._÷02 1.Z,.Xi_E+02 1.1886_E*01

4 I 6._1 5._÷01 4.76641_'*'00

4 I I._ 8.56_÷01 1.1281E÷01

5 1 8.8000E+01 8.0560E_01 6.9065E÷00

8 S 1.6200E÷02 1._1E÷02 3.5262E+01

5 7 9.300_÷01 8._80E÷01 I.I_÷01

ltbbonCt|ff

Lava
10 10

10 10

10 10

10 10
10 10

10 10

1 1 1.2300E+02

1 1 5.700OE+01

1 2 7.8000E+01

7 10 6.6000(+01

i 10 1.0700E÷02
1 ? 6.60001E+01

8 3 1.3_÷_ 1.300:>F÷02 7._÷00

3 4 6.4000E÷01 5._÷01 2.0,?.I?.JE÷O0

5 4 9.0000E+01 8._÷01 5.881_+00

3 3 7.4000E÷01 7.0270E+01 3.6572E÷00

4 3 1.300GE÷02 1.1999E÷02 Z.8410E*01
5 I 7.9000(÷01 7.2230E*01 1.0217E÷01



344

IIisl(t

Htko Tuff

Trllchym_clesite

£ar4 _ Tuff,
V Nembers

_eni te Dotal

ICIme Wash Tuff,
0 & V _rs

Syim| te Porl_yry

KAN[ SPRINGSdASH VOLCANICCENTER

N| N t NUN NAX [NUN

NL NS _ LI_SAIf V_ LI_ _L_ VARIANCE

5 5 1 1 5 1.2MS_3E+02

5 5 2 1 5 6.8000E+01

5 5 3 1 5 1.0_GOE*_2

5 5 6 1 5 8.600(E+01

5 5 5 1 5 1.6300E,H32
5 5 6 1 6 9._00E_01

5 2 1.6500E+02 1.5160E+02 6.0400_*01

5 2 8.SOOOE*G1 7.5640[-01 2.0790E+01

5 3 1.260Q(,*G2 1.1116E*02 3.8934E+01

5 3 1.060_'_?. 9..5680E+01 2.1618£.*-01

5 3 1.9600E44)2 1.8008E+02 5.7916E+01

5 ! 1.180_'_! 1.082/dE+02 3.6762£+01

5 5 1 3 5 9.8000E+01

5 5 2 2 5 6.5000E+01

5 5 3 5 3 5.704X_E+01

5 $ & 5 2 6.1000E+01

5 5 5 1 6 8.3000E*01

5 5 6 I 1 6.4_00[_1

2 3 1.060(_,_2 1.02"_E+02 3.T215[÷00
2 1 4.7000E_01 4.6280E*01 4.4163E-00

3 3 6.2000E+01 5.9560E+01 1.6a_x£+O0

I 1 6.1_00E_01 6.:_60£'-01 8.3850E-01

2 6 8.7000E'*'01 8..%80E+01 1.4Ag6E,'O0

1 6 5.000_+01 4.640_+01 2._800E+00

10 10 I ? 10 1.3200E.,"G2

10 10 2 7 10 6. _XX)['*'01

10 10 3 7 10 9. _:_OOE+01

10 10 4 7 10 7.900(2£+01

10 10 5 6 5 1.5500E+02
10 10 6 6 6 8.9000(+01

2 10 1.6_0E'*_. 1.4435E_)2 6.9068E+01

1 10 ,8.2000G *01 LO680E+01 2.02_÷01

2 9 1.2'tOOE+_. 1.0_IOE_02 6.6430_*01

2 9 1.0100E_'O2 8.9&80_+01 _.8190_+01

2 9 1.92001[+02 1._'7_E+02 7.5242E+01

2 9 1. 1000_+02 9.9550E',01 2.4008E+01

10 10 1 ? 9 1.0200E+02

10 10 2 2 9 4.2000E+01

10 10 3 6 10 5.5000E+01

10 10 6 10 10 6. 9000E+01
10 10 5 10 10 7.80001[+01

10 10 6 1 10 4,1000E_01

1 5 1.190_+02 1.09_E+02 1.5067E+01

1 6 5.2000E+01 4.709gE+01 6.8619£+00

1 5 ?.2000E÷01 6.3110E*01 1.7618£+01

1 5 6.3000£+01 5.5560E+01 1.1766_+01

1 5 1.0500E+02 9.2200E+01 4.0880E+01

I 6 6.0000E_01 5.01&OE+01 1.786_E+01

10 10 I 2 6 1.2700E"02

10 10 2 3 6 6.2000E_01

10 10 3 7 8 9.I000[_01

10 I0 4 6 7 7.9000E*01

10 10 5 7 8 1.6100£+0_

10 10 6 7 7 9.8000E'*01

8 3 1.6300E+02 1.356,3E+02 1.0393E+01
? 3 7.2000_*01 6.7380E+01 5.5356E+00

7 3 1.0800E+02 1.0091E*02 1.5342E+01
I 10 9.2000E+01 8.66_0E_01 8.OSO_E_-O0

6 10 1.9000E+02 1.803a_÷02 2.9656£+01

$ 3 1.170QE+02 1.08791E+02 1.4926_+01

5 5 I 2 S 1.1800E+02

5 5 2 1 5 5.6000E'*O1

5 5 $ 2 5 7.6000[,*01

5 5 & 5 1 7.8000E.t,01

5 5 5 6 2 1.3_00[*02
5 5 6 1 $ 7.2000E*01

1 1 1.33001[+02 1.2656E+02 1.7606E+01

1 I 6.5000E't'O1 5.91K,OE+01 6.6965E+00

I 1 9.._0_+01 8./,#,_GE+01 1.8010_+01

6 9,10(N_',01 8.6080_*01 1.2954E'-01

5 4 1.5600_+02 1._,_0_02 4.1120_+01
5 4 9.1000(.01 8.16401[+01 2.4710_+01

10 10 1 9 3 1.2800_'_2

10 10 2 1 3 5.9000E*01

10 10 3 2 2 8,2000E*01

10 10 4 10 9 7, O000E*01

10 10 $ 1 2 I. 1800E'_2

10 10 6 1 2 7. OggOE_01

2 ? 1.4200_44)2 1.3401E+02 1.2610E+01

6 1 6.7000E+01 6.2050_01 3.5675E+00
6 1 9.6000E+01 8.7360E+01 7.960_+00

1 8.1000E+01 7.4700E+01 6.5100E+_0

2 ? 1.3100_'_. I.Z519E*,02 7.0337'E_00

2 7 7.9000[+01 7._6_0[+01 3.65771E+00

10 10

10 10

10 10

10 10

10 10

10 10

1 10 10 1.0500E_)2
2 4 1 6,8000E+01

] 10 10 6.2000E*01

6 2 9 6.900_,01

5 10 10 1.0200_+02

6 10 10 5.0000_01

8 6 1.3300E_! 1.20171[+02 2.2701E+01

8 6 6._00E_01 5.6_0E_01 7.6572_+00

1 6 9._001E.,_01 7.9970[*01 3.062g_01
3 2 9.10g_+01 8.0010(+01 2.1910_*01

$ 9 1.44001[+02 1.2657E+02 7.0045E+01

7 9 8.000(_'*'01 6.8860E+01 3.5340_+01
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APPENDIX L

Summary of X-ray diffraction analyses
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COATING SAMPLES ANALYZED BY X-RAY DIFFRACTION

Sample

Stonewall Mountain

44 felsic tuff
42 Civet Cat Tuff

50 Stonewall Tuff

51 rhyolite Q pot
12 basalt

30 Spearhead Tuff
13 air fall tuff

20 Spearhead Tuff

31 divitrified glass

34 rhyolite Q pot
37 rhyolite Q por

39 andesite pot
33 vitric ash

32 vitrophyre

Black Mountain

57 Trail Ridge Tuff
59 Gold Flat Tuff

58 crystal lava
61 Divitrified glass

56 crystal lava
22 Trail Ridge Tuff

Ii trachyte
62 allulvial gravel
25 Gold Flat Tuff

16 Labyrinth Tuff
60 Gold Flat Tuff

21 divitrified glass
24 Rocket Wash Tuff

20 Gold Flat Tuff

23 Trail Ridge Tuff
15 basal vitrophyre

27 Trail Ridge Tuff

10 Trail Ridge Tuff

40 trachyte

55 crystal lava

Kane Springs
52 Kane Wash Tuff

48 Kane Wash Tuff

47 Kane Wash Tuff

49 Kane Wash Tuff

56 Kane Wash Tuff

54 Kane Wash Tuff

53 Kane Wash Tuff

24 syenite dome

Minerals Detected

Q, AF

Q, AF

Q, AF

Q, AF
AF

Q, AF

Q, AF, Analcime

Q, AF

Q, AF

Q, AF

Q, AF, Kaolinite

Q, AF, Kaolinite
Glass

Glass, Minor Q, AF

Q, AF
Q, AF

Q, AF

Q, AF

Q, AF

Q, AF
AF

Q, AF

Q, AF

Q, AF

Q, AF

Q, AF
Q, AF

Q, AF

Q, AF
Glass

Q, AF
AF

Q, AF

Q, AF

Q, AF

Q, AF

Q, AF

Q, AF

Q, AF

Q, AF

Q, AF

Q, AF
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8 trachyandesite

10 rhyolite dome
21 basalt

11 trachyandesite
53 Kane Wash Tuff

38 Hiko ash flow

40 Kane Wash Tuff

26 trachytic ash
4 vitric tuff

39 pumice air fall

AF

Q, AF
AF

AF
AF

Q, AF, Illite (?)

Q, AF

Q, AF
Glass, Minor Q

Q, AF, Illite (?)

Q - Quartz, AF - Alkali Feldspar, mostly sanadine and

anorthoclase (potassian albite)
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Abstract

The present study investigates the usefulness of Thermal

Infrared Multispectral Scanner (TIMS) imagery for reconnais-

sance geologic mapping. The effects of rock coatings and

vegetation on image interpretations are also evaluated. A

decorrelation stretched TIMS image (using channels 1, 3, and

5) of the Kane Springs Wash study area allowed geologic

mapping of basalt, limestone, dolomite, and some ash-flow tuff

units on a small scale. Laboratory spectra of rock coatings

obtained from volcanic rocks in the study area showed a

dominance of spectral features attributed to illite/montmor-

illonite mixed-layer clays. When present in sufficient

quantity, rock coatings can mask rock signatures measured with

the TIMS. The reststrahlen feature of felsic rocks shifts to

longer wavelengths, while the reststrahlen feature of ultra-

mafic rocks will shift to shorter wavelengths. Some mafic

rocks, although completely coated, do not show spectral

differences due to the close proximity of the reststrahlen

features of the mafic minerals and the clays. Vegetated areas

produced lower brightness values than non-vegetated pixels due

to evapotranspirative cooling. Pinyon-juniper vegetation

lowers the emittance in TIMS channel 5 relative to TIMS

channels 1 and 3.
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Chapter One

1

Introduction

The following study addresses the usefulness of Thermal

Infrared Multispectral Scanner (TIMS) data for geologic

mapping. Rock coatings and vegetation are possible hindrances

to mapping with remotely sensed thermal infrared imagery.

These two are evaluated in order to determine their influence

on emittance received by the TIMS, and, consequently, geologic

interpretations made from the data.

Many studies have utilized emissivity variations found

in the 8 to 12 micrometer (thermal infrared) portion of the

electromagnetic spectrum for mineralogic, and therefore litho-

logic, discrimination (Lyon, 1965; Hunt et al., 1974, 1975,

1976; Vincent and Thompson, 1972; Lyon and Green, 1975;

Vincent et al., 1975; Hunt, 1980; Salisbury et al_, 1987;

Salisbury et al., 1988; Bartholomew et al., 1988, Chenevey and

Perry, 1989; etcetera).

Geologists mapping from ground-based observations can

frequently miss significant lithologic features, since

complete ground coverage of an area is many times impossible.

Airborne multiband sensors measuring in the thermal infrared

region provide a synoptic view of lithologic variations

(provided the study area is free or nearly free of vege-

tation), and thus are useful for reconnaissance geologic

mapping.

The TIMS has been used for many geologic studies (Kahle

et al., 1980; Kahle and Goetz, 1983; Gillespie, 1985; Kahle,



1987; and Kahle et al., 1989). TIMS data contains both

temperature and emissivity information, and can be processed

in such a way to enhance relative emissivity differences for

a given area. Emissivity variations are dependent on mineral-

ogical composition, and can be used to discriminate between

silicate rock types (Lyon, 1965; Lyon and Green, 1975).

The present study consists of two parts. The first part

focusses on the usefulness of TIMS imagery for mapping

volcanic and sedimentary lithologies. The second part con-

centrates on the influence of rock coatings and vegetation on

mid-infrared spectra and TIMS measurements, and how these

coatings may affect interpretations made with TIMS imagery.

The Kane Springs Wash volcanic center is the study area

for this project. The center is located in south central

Lincoln county, Nevada, approximately 70 miles northeast of

Las Vegas (Figure 1). TIMS imagery was acquired over an area

of approximately 27 km by 18 km centered over the caldera

complex on September 14, 1987.

Four geologic maps of the study area exist: a 1:100,000

scale county map (Tschanz and Pampeyan, 1970), a detailed map

of the caldera complex (Novak, 1984), a "sketch" map of the

caldera complex (Noble, 1968), and a detailed map of the

northeast portion of the image area (Scott et al., 1988). The

most detailed geologic maps are only applicable to part of the

imaged area, thus much of this project involves original

geologic interpretation based on the TIMS imagery and the

author's field excursions to the study area.
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Figure i. Location and geography of the Kane Springs Wash

study area, south-central Lincoln County, Nevada.
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Rock coatings and vegetation are two of the many factors

which may obscure geologic information in TIMS imagery.

Previous spectral studies of rock coatings have dealt with

desert varnish in the western United States (Potter and

Rossman, 1979a; Elvidge and Collet, 1982; Buckingham and

Sommer, 1983; Adams et al., 1984; Spatz, 1988; Kahle et al.,

1989; Bartholomew et al., 1989) and silica-based coatings in

Hawaii (Kahle et al., 1989). Nine studies have utilized mid-

infrared spectral data of rock coatings (Chenevey, 1989; Kahle

et al., 1989; Bartholomew et al., 1989; Potter and Rossman,

1979a, 1979b; Christensen et al., 1986; Kahle et al., 1986_

Kahle, 1987; and Podwysocki et al., 1987).

Over one hundred spectral measurements were acquired with

two mid-infrared reflectance spectrometers and one portable

emission spectrometer during the course of this investigation.

Every major geologic unit in the study area that supported

rock coatings was measured in order to determine the influence

of rock coatings on mid-infrared spectral measurements and

TIMS interpretations.

Thermal variations have been the most studied aspect of

vegetation in the mid-infrared region (Langran, 1985; Sader,

1985; Pelletier and Ochoa, 1985; Sabins, 1987). Spectral

studies of vegetation using mid-infrared wavelengths are few

(Gates and Tantraporn, 1952; Fuchs and Tanner, 1966; Wong and

Blevin, 1967; Gates, 1980; Salisbury, 1986; Salisbury and

Milton, 1988; Elvidge, 1988). Only Salisbury and Milton (1988)

and Elvidge (1988) have published continuous high resolution

mid-infrared spectra of plant material. A study of the

influence of vegetation on decorrelation stretched TIMS data

has never been published.
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Description of the Study lrsa

The geography of the Kane Springs Wash study area is

shown in Figure i. The southern Delamar Mountains, which range

in elevation from approximately 3000 feet to 7500 feet,

dominate the study area. The Gregerson Basin is a small

depression approximately three miles in diameter found on the

western side of the Delamar Mountains (northwestern part of

the area). The Kane Springs Wash is the major drainage, and

crosses the study area from the northeast to the southwest.

Part of Delamar Valley is within the boundary of the study

area to the northwest. The Meadow Valley Mountains frame the

area to the southeast.

The study area is located in the northern Mojave desert,

and is arid. Temperature and rainfall data for a ten year

period (1978 to 1988) for three stations near the study area

are given in Table 1.

Vegetation in the study area ranges from rabbitbrush and

creosote in the lower washes to big sage in the upper washes

to pinyon-juniper woodland in the higher parts of the Delamar

Mountains. Vegetation coverage ranges widely. Coverage

averages from 5 to 25% desert scrub in the valleys and washes

to 25 to 50% and sometimes up to 100% pinyon-juniper in the

mountains.

Geologic Units Within the Study Area

Geologic units exposed in the study area include those

related to the Miocene Kane Springs Wash caldera complex and

older Tertiary and Paleozoic rocks. Paleozoic units are found
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Average temperature and precipitation data

for three stations near the study area: Caliente,

Elgin, and Pahranagat Wildlife Refuge

(From NOAA annual summaries, Nevada)

Ave. Temperature (°C) Ave. Precipitation (in.)

1978 12.9 20.8

1979 12.9 10.6

1980 15.0 13.0

1981 15.5 I0.i

1982 13.2 12.9

1983 13.9 14.9

1984 14.4 13.4

1985 13.8 6.4

1986 16.0 8.3

1987 13.9 10.8

1988 14.0 7.2

Mean 14.1°C 11.7 in.



most extensively in the southern quarter of the study area,

and range in age from Cambrian to Permian. No Mesozoic units

crop out in the study area. Cenozoic units are confined

predominantly to the Tertiary period. They consist of older

ash flow sheets from westerly sources, and those units which

formed as a result of the Kane Springs Wash caldera activity.

Quaternary units are found most extensively in the Kane

Springs Wash, Delamar Valley, and Gregerson Basin.

The following is a brief description of the major

lithologic units in the study area. More detailed descriptions

of the units are presented by Cook (1965), Tschanz and

Pampeyan (1970), Novak (1984 and 1985) and Spatz (1988).

Paleozoic Units

Cambrian

Limestone and Dolomite

Cambrian Limestone and Dolomite mapped by Tschanz and

Pampeyan (1970) occur in the central northern portion of the

study area, surrounding a Tertiary granite porphyry. No

description of these units is given in the Lincoln county

report. Field inspection showed that this unit is largely

dolomite with some unidentifiable silicified fossils and does

not display noticeable contact metamorphism with the granite

stock.



Upper Cambrian Limestone and Dolomite,
Undifferentiated

Upper Cambrian Limestone and Dolomite are found in

limited exposures in the study area. The only occurrence of

these rocks is in the southwestern corner of the study area.

The units consist of a lower silty or cherty fossiliferous

limestone and an upper cherty dolomite (Tschanz and Pampeyan,

19 0 .

Devonian

Simonson Dolomite

The Simonson Dolomite occurs in the Meadow Valley

Mountains in the southeastern portion of the study area. It

lies along a northwest trending fault contact with Tertiary

volcanics lying to the west.

Guilmette Formation

The Guilmette Formation occurs in the southern part of

the study area and overlies the Simonson Dolomite (unconforma-

bly?). The basal unit consists of a laminated, silty dolomite,

and is overlain generally by massive limestone beds.
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Upper Mississippian Clastic Rocks

The "clastic rocks" lie along a northwest-trending thrust

contact with structurally lower Guilmette limestones to the

west, as mapped by Tschanz and Pampeyan (1970). No description

of this unit was presented in the Lincoln county report. The

author has visited this locality in the Meadow Valley Moun-

tains and found a continuous outcropping of northwest-trending

quartz sandstone, approximately 1 m wide, which may be part

of this unit. If the sandstone is in fact in the upper plate

of the thrust, it may be the Scotty Wash Quartzite, as

described by Tschanz and Pampeyan (1970).

Pennsylvanian and Permian

Limestone

Massive gray limestones occur at several localities in

the southern part of the imaged area, sometimes with dolomitic

facies. The limestones usually contain silicified fossils.
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Tertian/

(Predominantly Miocene)

Hiko Tuff

The Hiko Tuff consists of rhyolitic ash flows and

generally forms the basement for the older Kane Wash Tuff

units. The tuff consists of approximately 50% sanidine and

anorthoclase phenocrysts with minor plagioclase, quartz,

biotite, and amphibole (Spatz, 1988).

Older Kane Wash Tuff

The older Kane Wash Tuff is divided into two members by

Novak (1985) 7 an older member designated "O", and a younger

member, "W". These units, although bearing the name Kane Wash

Tuff, are thought to have been derived from another volcanic

center to the southwest of the Kane Springs Wash area (Novak,

1985). The basal member, O, is a compound cooling unit of

fayalite-bearing rhyolite ash flow tuff (Novak, 1985). The

second, thicker member of the older Kane Wash Tuff, W, is

identical in composition to the first member, and is charac-

terized by a prominent white, nonwelded base.



Younger Kane Wash Tuff

Ii

The younger Kane Wash Tuff consists of three members,

designated from oldest to youngest, VI, V2, and V3 by Novak

(1985). This unit represents the first extrusions from the

Kane Springs Wash caldera. It is also the most extensive unit

in the study area. Member Vl is generally a densely welded

crystal-rich tuff that grades from a nonwelded ash-rich

rhyolitic base to an upper densely welded trachytic tuff. The

unit contains approximately 25% sanidine and 3-5% mafic

phenocrysts (Novak, 1985; Spatz, 1988). Member V2 is a

comendite ash flow tuff that grades from a crystal-poor

comendite base to a trachytic top. It consists of 15% sanidine

and quartz phenocrysts with accessory mafics. Member V3 is

mineralogically identical to V2. The distinguishing feature

of the V3 member is a thicker base.

Gregerson Basin unit

The Gregerson Basin unit was mapped by Scott et al.

(1988) as a successor to the Kane Wash Tuff V2 unit mapped by

Novak (1985). The unit is found in the northwest portion of

the study area. It contains up to 25% phenocrysts in the upper

zone, consisting of 60% sanidine, 25% quartz, and 15% heden-

bergite, fayalite, and ilmenite (Scott et al., 1988).

Post Caldera Trachyte Lavas

The following volcanic units, with the exception of the

younger basalt lavas, were erupted within the caldera. The

first of these was a porphyritic trachyte, which occurs along

the southeast edge of the caldera. The trachyte contains
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anorthoclase phenocrysts up to 2 cm long, along with minor

clinopyroxene, olivine, and quartz xenocrysts rimmed by

clinopyroxene (Novak, 1985).

Central Syenite Complex

The Central Syenite Complex is a circular dome of ex-

trusive to subvolcanic syenite (Novak, 1985) located within

the central eastern portion of the caldera. Porphyritic fine-

grained syenite is the most extensive unit within the syenite

complex. This unit is composed of 20% anorthoclase and 3%

clinopyroxene phenocrysts in a fine grained matrix of alkali

feldspar and quartz (Novak, 1985).

Early Moat (Ferroedenite) Rhyolite Lavas

The early moat high-silica lavas were extruded in a moat,

or low area, lying near the north rim of the caldera. The

lavas consist of phenocrysts of sodic sanidine, quartz, and

ferroedenite (an Iron-rich amphibole) with minor mafics,

including titanomagnetite, ilmenite, and zircon (Novak, 1985).

Intracaldera Trachybasalt to Alkali Basalt Lava Flows

The trachyandesite lavas, as they are referred to by

Novak (1985), are most commonly basaltic in composition. They

outcrop in an extensive area along the southwestern caldera

margin. Trachyandesite lavas typically contain phenocrysts of
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plagioclase and olivine or clinopyroxene in a fine grained

matrix of the same minerals (Novak, 1985). Novak also states

that olivine is the dominant phenocryst phase in the basalts,

while plagioclase is dominant in the trachyandesites.

Late Moat (Topaz) Rhyolite Lavas

Late moat rhyolites occur in relatively small outcrops

in several parts of the study area. The largest rhyolite dome

outcrops along the southwestern margin of the caldera. The

domes are high in silica and contain phenocrysts of sanidine,

plagioclase, resorbed quartz, annite, fayalite, and fer-

roedenite with minor mafics (Novak, 1985).

Late Basalt Lavas

Olivine-rich basalt is found most extensively in the

proximity of the trachyandesite lavas near the southwestern

margin of the caldera. The basalts are found throughout the

study area, and tend to cap many of the mesa-like hills within

the caldera.

Granite Porphyry

A granitic intrusive stock was mapped by Tschanz and

Pampeyan (1970) south of Delamar, an abandoned mining town

north of the study area. The stock is found in the central

northern portion of the study area, and is surrounded by

Cambrian limestone and dolomite. Tschanz and Pampeyan describe

the stock as an altered porphyritic potassic granite composed
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predominantly of altered orthoclase and microcline phenocrysts

with a small amount of quartz in a fine grained groundmass of

the same minerals. The mafics have been replaced by iron

oxides.
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Data Acquisition, Processing and Instrumentation

The TIMS Instrument and Data

The Thermal Infrared Multispectral Scanner (TIMS) is a

cross-track airborne scanner which measures emittance in six

channels between 8 and 12 micrometers. The TIMS was flown in

a NASA Lear Jet over the study area at approximately 11:00 am

PST on September 14, 1987. The TIMS specifications for the

data acquired over the Kane Springs Wash study area are

presented in Appendix I. The TIMS channels are:

Band center (um) Bandpass (um)

CH 1 8.33 8.11 - 8.55

CH 2 8.77 8.58 - 8.96

CH 3 9.12 9.00 - 9.25

CH 4 9.90 9.66 - 10.15

CH 5 10.73 10.33 - 11.13

CH 6 11.41 11.28 - 11.55

The TIMS has a linear array of six mercury-cadmium-

telluride detector elements, cooled by liquid nitrogen in

order to achieve maximum sensitivity. The noise equivalent

temperature difference ranges between 0.1°C to 0.3°C

(Palluconi and Meeks, 1985). Line-by-line calibration is

achieved by two internal reference sources, one set at a low

temperature, and one at a high temperature. A mirror views the

cold reference at the beginning of each scan, and the hot

reference at the end of the scan.
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Blackbody reference source temperatures and gain must be

set before data acquisition. The blackbody reference source

temperatures are adjusted so that they include the total range

of brightness values expected for a particular scene. The

temperatures were set at i0 and 45 degrees celsius for the

Kane springs Wash data.

Gain is a multiplication factor used to modify the spread

of values in a scene. A low gain is used for a very bright

scene in order to keep all the data within a usable range. The

gain was set at 2 for the Kane Springs Wash data.

An important parameter of the TIMS instrument is the

spectral responses of the filters. The filters allow only

specific wavelength regions to be measured by each detector,

thus defining the channels. The filter responses are sensitive

to detector alignment and the specific detectors used. Thus,

whenever the instrument is serviced or modified, the spectral

responses can change. The TIMS filter responses for August 26,

1987 are presented in Appendix ii.

Image Processing

The TIMS data used for this project was obtained from the

Jet Propulsion Laboratory (JPL). Calibration techniques were

applied to the data at JPL using a program called TIMSCAL. The

corrections included convolving the data with measured

spectral bandpasses (see Appendix II), gain, and offset and

reduction of the data to physical units of radiance (photons/

sec/cm2/SR). Convolving the data with the bandpasses, gain,

and offset is performed in order to account for individual

detector response. The object of the reduction to physical

units is to translate the DNs for each scan line into physical
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units using the internal reference sources and to account for

scan to scan differences in the operation of the instrument

(Palluconi and Meeks, 1985). No atmospheric corrections were

applied to the data.

Further image processing was performed on a VAX-based

IDIMS system at the Mackay School of Mines. The decorrelation

stretch technique was used to produce an image in which hues

represent emissivity variations and intensity variations

represent temperature differences. A decorrelation stretch is

produced by calculating the eigenvalues and eigenvectors which

produce new components having zero correlation. This is

followed by variance equalization and an inverse transfor-

mation back into the original color space. Appendix Two

describes the process in detail.

The Fourier Transform Infrared Spectrometer

(FTIR)

An Analect Instruments Model 6200 FTIR spectrometer

located at the Jet Propulsion Laboratory was used to gather

biconical reflectance data. The spectra were acquired in the

mid-infrared region (2.3 to 20 micrometers) from variably

coated and freshly broken rock surfaces collected at the study

area. Each spectrum represents the average of i00 scans of the

reflected beam from the sample ratioed against the average of

I00 scans of the reflected beam from a gold standard. Spectro-

meter specifications are given in Appendix 5.

Si-C sandpaper coated with a thin layer of gold was used

as the standard for all spectral measurements (after Nash,

1986). The purpose of a standard is to reflect background

radiation into the detector in order to eliminate the added
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radiation from spectral measurements. An ideal standard should

be coated with a consistent gold layer, but because of the

irregularity of the sandpaper surface, this criterium is not

met satisfactorily by the standard used. If the standard does

not reflect 100%, when it is ratioed against any sample the

sample contrast will be reduced since the background will not

have been properly accounted for.

The FTIR utilizes a biconical reflectance attachment

consisting of two off-axis paraboloid mirrors positioned below

a specially designed rotating sample stage. The stage rotates

the sample in 0.36 degree steps after each scan so that the

source beam, a 1 mm diameter spot, can scan a large portion

(approximately 3.5 cm) of the rock surface.

The biconical attachment does not have an adjustable

focus. Instead, the focus is preset for a perfectly flat

surface. The rock surfaces were not perfectly flat, thus

sample topography usually prevented focussing of the source

beam. The effect of not focussing the beam is reduced mag-

nitude of reflectance. Although specific features are still

present and in the same places, they will not be consistent

in magnitude, even between like samples. This effect is very

important and should be taken into account when analyzing the

spectra.

The reflectance spectrometer was not sealed or purged of

water vapor during any of the measurements presented in this

paper. The effect of water vapor is evident in all of the

spectra, and is most visible in the 6 to 8 um region as small

fluctuations of the spectra (see Appendix 12 for reference

spectrum).
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(PFES)
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The portable spectroradiometer used to collect passive

emission data of the Kane Springs Wash samples was designed

and built at the Jet Propulsion Laboratory (Hoover and Kahle,

1986). Specifications of the instrument are given in Appendix

6. Spectral measurements were made at the Jet Propulsion

Laboratory in Pasadena, California, on top of building 183,

which houses the geology group (Figure 2). A higher position

reduced reflected and emitted thermal infrared radiation from

surrounding surfaces. The measurements were collected over a

period of approximately 4 hours (1 to 5 pm) on January 25,

1989. The sky was clear over Pasadena (except minor smog),

and the temperature was approximately 65°F. Two blackbodies

were used for calibration of the data; a cold blackbody

(chilled by ice), and an ambient temperature blackbody.

Blackbody temperatures were monitored before each measurement

using a standard voltmeter and thermocouples. Each spectrum

was measured four or five times and averaged to assure

reproducibility and reduce noise in the system.

The emittance of all materials will approximate that of

a blackbody at certain frequencies (Hoover and Kahle, 1986).

Blackbody spectra calculated with Planck's equation (varying

the temperature) were fitted to the sample spectra at frequen-

cies where the sample was emitting near that of a blackbody,

so that the sample and blackbody were at approximately the

same temperature. The spectra were then ratioed according to

the emissivity equation:
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e = W realbody : W blackbody

(at thermal equilibrium)

Where e = Emissivity

W = Radiant spectral emittance

Portable Field Emission Spectra of coated and fresh rock

surfaces of five rock types are given in Appendix 13.
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Figure 2. Photograph of the Portable Field Emission

Spectrometer at the Jet Propulsion Laboratory.
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Image Interpretation

Thermal Infrared Imagery

Thermal infrared imagery consists of two major variables:

temperature and emissivity. Temperature is dominant, as shown

in the unenhanced TIMS data (Figure A, Appendix Two). High DN

values are associated with southeast facing slopes. These

slopes are being heated by the morning sun. Low DN values are

found in shadowed areas. Emissivity is a measure of how well

a body radiates energy. Thermal infrared radiation is selec-

tively absorbed at certain frequencies by the vibrations

produced in molecular bonds, such as those between silicon and

oxygen in silicate minerals. The absorption features are

diagnostic, and can be used to identify specific minerals in

laboratory spectra. Wavelength dependent emissivity variations

are also present in TIMS data, and can be enhanced with

special image processing techniques (see Appendix Two).

Appendix Three describes basic thermal infrared principles in

more detail.

Interpretation of the

Decorrelation Stretched Image

The decorrelation stretch displays temperature as

intensity, while emissivity is expressed as hue (Kahle et al.,

1980). The colors in a decorrelation stretched image thus can

be related to the position of the reststrahlen feature

representative of the materials at the ground surface (rock,

soil, and vegetation).
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Figure 3. Decorrelation Stretched TIMS image (531 in RGB).
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The decorrelation stretched TIMS image (531 in RGB,

Figure 3) allowed inference of mineralogy, and thus lithology,

based on the emissivity differences. The mineralogy of samples

collected throughout the study area was determined through

petrographic analyses (Appendix 4). These mineralogic analyses

will be used as a basis for hue interpretation in the follow-

ing discussion.

Cambrian and Upper Cambrian limestone and dolomite and

the Devonian Simonson Dolomite and Guilmette Formation exhibit

distinct royal blue to blue-green signatures on the image.

The CaCO 3 emissivity minimum occurs at approximately 11.3 um,

and thus has a higher emissivity value in TIMS band I, which _

has been assigned a blue color. Interbedded sandstones within

larger limestone units (Upper Mississippian clastics ?)

exhibit yellow hues due most likely to quartz signatures

(absorption near 8.0 um) mixed with CaCO 3 signatures in

pixels.

Younger Paleozoic limestones and dolomites appear blue-

green to yellow-green and royal blue, respectively. Chert-rich

limestones, which have more of a quartz component and thus a

lower TIMS channel i emissivity, account for the difference

in hue between these units and the lower Paleozoic limestones

and dolomites.

The Hiko Tuff has a distinctive mottled red signature.

A red hue indicates that the Hiko is quartz- (or tectosili-

care) rich. Quartz-dominated turfs appear red due to absorp-

tion in channel 1 and high emissivity values in channel 5.

Spatz (1988) described the Hiko as being approximately 50%

sanidine / anorthoclase with "some" quartz.
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The older Kane Wash Tuff members 0 and W are represented

by a red to gray signature. The O and W consist of phenocrysts

of sanidine / anorthoclase, fayalite, pyroxene, and quartz

(Spatz, 1988). The signature is probably a combination of the

emission minima of the stronger bonded tectosilicates and the

weaker bonded nesosilicates and inosilicates, resulting in low

emissivity throughout the spectrum, and a corresponding

neutral color.

The younger Kane Wash Tuff units, Vl, V2, and V3 are not

separable on the image, which is to be expected, since all

three units are mineralogically similar. The V members, which

are sodium sanidine-dominated tuffs, appear yellow due to

longer wavelength absorption (i.e more green values) as

compared with quartz.

Post caldera trachyte lavas are pink on the image. Anor-

thoclase is the major mineral component of this unit. Anor-

thoclase, when an important constituent in rocks, produces a

red hue. The trachytes also contain augite and olivine in

minor amounts, which appear to be affecting the emissivity

minima by shifting it to slightly longer wavelengths, thus

producing a pink hue.

The Central Syenite Complex, where not vegetated, is

characterized by a red hue. The dominant mineral anorthoclase

appears to cause short wavelength absorption, similar to that

of quartz.

Early Moat rhyolite domes, where not vegetated, are

represented by yellow to yellow-orange hues. Sodium sanidine

and quartz are major components of this unit, thus rest-

strahlen features are a combination of absorption features
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found near 9.0 (channel 3) and 8.5 um (channel 1), respective-

ly (Salisbury et al., 1987). Yellow signatures are produced

by high emissivity values in channel 5 (red) and moderate

values in channel 3 (green).

Trachyandesite lavas have dominantly purple to magenta

hues. This unit is composed primarily of a plagioclase,

augite, and olivine-rich groundmass, which results in shorter

wavelength reststrahlen features than basalt, and is thus

separable from basalt in the image.

Late moat rhyolite lavas exhibit a yellow hue in the

image. This unit cannot be distinguished from the early moat

rhyolite or the younger Kane Wash Tuff, but is distinctive

because it lies in an area dominated by basalt and trachy-

andesite.

Basalt lava, because of its olivine- and augite-rich

composition, displays a reststrahlen feature in TIMS band 5

resulting in a dark blue signature on the decorrelation

stretched image. Several regions of dark blue have been iden-

tified as basalt through field reconnaissance. These regions

have not appeared on any previous geologic maps of the area.

A granite porphyry stock produced a unique orange

signature in the image. Potassium feldspar is dominant in this

unit (up to 40 %). The emissivity minimum of potassium feld-

spar occurs at a slightly longer wavelength than quartz

(Salisbury et al., 1987), producing the orange hue.

Alluvial areas, including the Kane Springs Wash, Delamar

Valley, and the Gregerson Basin, are varied in hue. Rocks in

the washes can be traced back to their former exposures in
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either the Delamar mountains or the Meadow Valley Mountains.

Limestone exposed in the south-central image area (Figure 5)

is an excellent example. The limestone-dominated wash can be

traced back to the outcrop from which it was derived in the

southern Delamar Mountains. The yellow portions of the Greger-

son Basin can likewise be traced back to the younger Kane Wash

Tuff from which it was derived in the northwestern corner of

the image.

Discussion

This section will be a comparison of a geological inter-

pretation map of the TIMS image (Plate 2, in back jacket,

summarized in Figure 5) with the compilation map of all

previous geologic maps of the study area (Plate i, also in

back jacket, summarized in Figure 4). The interpretation map

has been field checked.

The TIMS image was helpful for distinguishing composi-

tionally distinct lithologies. Basalt was easily located

because of its unique dark blue color. Two basalt units in

Plate 2 have not previously been mapped. These occur along the

northeastern caldera margin and west of the caldera lying on

older ash flows (compare with Plate 1).

Many of the intracaldera units can be correlated between

Plates i and 2. The syenite complex is roughly comparable

between the maps, as is the post caldera trachyte, basalt and
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trachyandesite, and the late moat (topaz) rhyolite. Kane Wash

Tuff found in the caldera is also similar to that shown on

Plate i.

Other intracaldera units were ambiguous in the imagery

or were vegetated. These units included the Early Moat

(ferroedenite) rhyolite domes, and portions of the Syenite

complex and the Pre-caldera trachyte. The Early Moat rhyolite

domes are completely masked by vegetation in their more

northern exposures. The same is true of the northernmost

exposures of the syenite.

Many of the extracaldera units correlate with previous

geologic mapping. Light brown to brown-orange colors in Plate

1 represent ash flow sheets extruded from the Kane Springs

Wash caldera, which were mapped as one unit by Novak (1984),

but as two units by Tschanz and Pampeyan (1970). The hues

which represent these units on the TIMSdecorrelation stretc-

hed image correspond with Tschanz and Pampeyan's map. The

westernmost ash flows (light red in Plates 1 and 2), part

referred to as the Gregerson Basin unit by Scott et al.

(1988), are red to pink in the image, and are more felsic (see

Geologic Units section) in composition than the younger Kane

Wash Tuff (light brown in Plates 1 and 2). Older ash flows are

shown as brown-orange colors in Plates 1 and 2. The latter

corresponds to the pre-caldera Hiko Tuff, and has not been

mapped in the southwestern part of the imaged area. This area

has been field checked, and is similar to the Hiko Tuff found

elsewhere.

The granite porphyry located in the north-central map

area correlates between the two maps. The more extensive area
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shown in Plate 2 is due to the weathering of the porphyry and

the spread of talus further than the actual outcrop.

Paleozoic limestones and dolomites, mapped predominantly

in the southern imaged area and surrounding the granite

porphyry in the northern part of Plates 1 and 2, are shown

more accurately in Plate 2 than in the geologic map of Lincoln

county. Sandstone interbeds within limestones in the western

Meadow Valley Mountains (southeastern corner of Plates 1 and

2) are mappable with the TIMS image.
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The Effeote of Rock Coatings on

Mid-infrared Spectra and Implications for TIMS

Interpretations

Previous Investigations

Rock coatings have been studied by many researchers in

the past in the form of desert varnish (Potter and Rossman,

1977, 1979a, 1979b; Elvidge, 1979_ and others, see Appendix

7) and as silica-rich coatings on volcanic rocks (Curtiss et

al., 1985; Farr and Adams, 1984; Kahle et al., 1989). Few

remote sensing-oriented studies of coatings, mainly at visi-

ble and near-infrared wavelengths, have been ventured in any

detail (Watson, 1970; Elvidge and Collet, 1982; Adams et al.,

1984; Buckingham and Summer, 1983; Kahle et al., 1989; Spatz,

1988; and Bartholomew et al., 1989). Nine studies have

reported on the mid-infrared spectra of rock coatings

(Chenevey, 1989; Kahle et al., 1989; Bartholomew et al., 1989;

Potter and Rossman, 1979a, 1979b; Christensen et al., 1986;

Kahle et al., 1986; Kahle, 1987; and Podwysocki et al., 1987).

Compositional studies of rock coatings (see references

above) have concluded that the major constituents are man-

ganese oxide, iron oxide, and clay. The minerals birnessite,

hematite, and mixed layer illite-montmorillonite were iden-

tified by Potter and Rossman (1979a) for desert varnish

collected throughout the western United States. Iron oxides

and manganese oxides were found to be spectrally flat in the
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8 to 12 um region (Potter and Rossman, 1979a, 1979b), thus

clays were the only spectrally distinct minerals composing

the coatings.

Rock coatings collected in the Carlin, Nevada area were

analyzed spectrally in the 8 to 12 um region by Podwysocki et

al. (1987). They found that the characteristic emittance

minimum of quartz shifted to longer wavelengths due to the

clay component of the coatings.

Bartholomew et al. (1989) studied varnished and unvar-

nished quartzite, sandstone, and diorite. They measured

samples with the same FTIR spectrometer that was used for this

study. Their spectra showed a varnish feature at 9.7 um which

they correlated with illite/smectite and/or kaolinite clays

in the varnish.

Kahle et al. (1986) found that mid-infrared spectral

features of quartzite are completely masked when desert

varnish is heavily coating the rock. They attributed the

coating features to clay.

Christensen et al. (1986) presented an opposing view of

the effects of rock coatings on mid-infrared spectra. They

show that a rock coating 50 um thick, although obscuring

identification of a rock in visible and near-infrared wave-

lengths, is transparent in the mid-infrared region.

Rock coatings at the Kane Springs Wash area have been

studied in detail by Spatz (1988). The following is a summary

of his results.
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SEM/EDX, X-ray diffraction, visible and near-infrared

spectroscopy and petrographic techniques were employed to

examine and analyze samples of rock coatings collected from

the Late Moat (topaz) rhyolite, basalt, syenite, and Hiko

Tuff. Thin section and SEM observations showed the coatings

to be discontinuous encrustations, generally ranging in

thickness from less than 5 um to 50 um, but not usually

exceeding 5 um. Iron, manganese, silicon, and aluminum are the

major elemental constituents. Minor elements include titanium,

calcium, potassium, and sodium.

Spatz's laboratory data, collected with the techniques

described above, indicated that iron and manganese-rich

amorphous compounds make up the coatings. No coating phases

were detected in transmission spectra of the Kane Springs Wash

samples. X-ray diffraction patterns of two Kane Springs Wash

samples showed possible clay features. Spatz stated that

"poorly ordered mixed-layer illitic clay" possibly existed in

several samples.

The Present Rock Coating Study

The plan of research for this study involved several

steps. The first step was specimen collection at the study

area. Rock coatings in the Kane Springs Wash area are very

discontinuous, thus the strategy was to collect samples

according to a qualitative scale:
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Very heavy - 80% to 100% cover to the unaided eye.

Heavy

Moderate

Light

Fresh

- 60% to 80% cover

- 40% to 60% cover

- 10% to 40% cover

- Freshly broken, interior of the rock

Two sets of coatings collected with the above criteria

were obtained from each major lithologic unit in the study

area supporting rock coatings. Each sample was collected from

a different part of the study area to insure data integrity.

The second step of the research methodology was to

analyze the variably coated samples with mid-infrared spectro-

meters. A Fourier Transform Infra-Red (FTIR) spectrometer and

the Portable Field Emission Spectrometer (PFES), both at the

Jet Propulsion Laboratory, were used to measure the rock

surfaces. Approximately 100 spectra were analyzed with the

FTIR and 10 with the PFES. Fifty-nine of the FTIR spectra

representing eleven lithologic units are presented in Appendix

12. The spectra are grouped according to rock type and are

displayed from 6 um to 14 um. The most extensively coated

sample appears at the bottom of each graph, and progressing

upward, succeeding samples with decreasing extent of coating.

The spectrum at the top of each graph is that of a freshly

broken surface. Ten PFES spectra are presented in Appendix 13.

The third step is to analyze each group of spectra and

determine what influence rock coatings have on the spectra of

fresh rock surfaces. Step 3 is presented below.

The mineralogy of each rock type (Appendix 4) and the

mineralogy of coatings found in the study area (Spatz, 1988)

are known. Mineralogy is the dominant factor controlling the
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position of reststrahlen bands, thus the interpretation of the

reflectance spectra is based on published spectra of minerals

(Salisbury et al., 1987). This spectral library is also

advantageous since the spectra were measured with a biconical

configuration, similar to that of the FTIR used for this

project.

Table Two shows the spectral features found in the FTIR

spectra of heavily coated samples. Comparison of the features

at 8.8 um, 9.5 um, and 11.0 um with the Salisbury et al.

(1987) spectral library shows a near match for these features

with illite/smectite and nontronite clays. The illite/smectite

spectral features are presented in Table Two for comparison

with the FTIR data. Other diagnostic features for illite/smec-

tire occur at 6.6 um and 7.2 um. These features may possibly

exist in many of the study area spectra, but due to atmospher-

ic effects (water absorption), they are masked. The absorption

feature at 8.6 um is due to the remnant quartz influence in

the spectra of the more felsic rocks. All of the spectra

displaying the 8.6 um absorption feature contain quartz.

The match with i11ite/smectite conforms to the expected

result, which is clay dominance in the spectra of coatings.

The clay signature is significantly different than that of

many of the fresh surfaces. The difference between the fresh

rock reflectance peak and that of the coating was as great as

1.35 um for the Topaz rhyolite (KSW-9). The average difference

was approximately 0.95 um for the five lithologies that showed

significant deviations from the fresh spectra. Six of the



T_le _o

37

Spectral Features

Found in Coated Sample 8peotra (FTIR)

Feature

Shoulder/small peak
at 8.2 um

Samples

l, 2, 5, 6, 7, 9, 12, 13,
25

Absorption at 8.6 um I, 5, 9, 13, 25

Small shoulder at 8.8 um 2, 5, 9, i0, 13

Major peak at 9.5 um All spectra

Small peak at ii.0 um 2, 5, 9, I0, 13

Illite/Smectlte Spectral Features

(Packed surface, 35% i111tel from Salisbury et a1.,1987)

Small peak

Slight shoulder

Absorption

Shoulder

Major peak

Small peak

6.6 um

7.2 um

8.0 um

8.8 um

9.4 um

Ii.0 um
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eleven units did not show a significant deviation of the

coated rock spectra from that of the fresh. All six have large

feldspar components (KSW-I, 10, 12, 13, 14, and 24, see

Appendix 4), and only two of the six contain quartz, but in

small quantities. The feldspars present in the study area

rocks (orthoclase, sanidine, and plagioclase; anorthoclase not

available) generally have a reflectance maximum near the major

9.5 um peak characteristic of clays (See Appendix 8).

Two sets of coated and fresh samples from the study area

were analyzed by John Salisbury at the U.S. Geological Survey

(USGS) in Reston, Virginia. The spectra were acquired at 4

cm -I resolution using a Nicolet 5DXB reflectance spectrometer

with an integrating sphere attachment. The directional

hemispherical measurements (Figure 6) were analyzed using a

spectral matching algorithm developed by Nicolet. A derivative

method was utilized, which compares spectral curve changes

rather than point by point comparison. The curves were then

compared to the USGS mid-infrared spectral library. The best

fits for the coated surfaces were illite/smectite and non-

tronite. These data support the conclusion of dominance of

clay features in the coating spectra.

Spectra acquired with the Portable Field Emission

Spectrometer (PFES) agreed, in general, with data collected

with both of the reflectance spectrometers. However, the PFES

did not have the resolution of the reflectance spectrometers,

and the data were noisy.

The spectral data show that rock coatings, if present in

sufficient quantity, can mask the signatures of the rock they

coat. The effect of a clay-dominated signature is a shift in

wavelength of the reststrahlen feature in the 8 to 12 um
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region. Since the coating (clay) spectrum exhibits a rest-

strahlen feature near 9.5 um, some of the mafic lithology

signatures measured with the TIMS will not be affected by a

rock coating, even though the rock signature is masked.

Generally, The most felsic (i.e. quartzites) and most mafic

lithologies (i.e. dunites) will be affected most, since their

emission minima occur at the low and high extremes of the 8

to 12 um window. Their reststrahlen features would be shifted

to longer and shorter wavelengths, respectively.

The rock coatings in the Kane Springs Wash area are very

discontinuous (Spatz, 1988) and are in a constant state of in-

stability. Therefore, although coatings are present in mixed

pixels, they do not completely mask the rock signatures found

in the TIMS imagery of the Kane Springs Wash study area.
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The Effects of Vegetation on the Kane Springs Wash

TIMS Measurements

Introduction to the Vegetation Study

Chapter Seven is subdivided into two sections. The first

section is a review of vegetation studies in the mid-infrared

region. The second section is a study of the effects of

vegetation on TIMS data of the study area.

Mid-infrared remote sensing studies of vegetation have,

in the past, focussed primarily on temperature variations

(Fuchs and Tanner, 1966; Goetz et al, 1983; Langran, 1985;

Sader, 1985; Pelletier and Ochoa, 1985; Hatfield et al., 1986;

Sabins, 1987). Gates and Tantraporn (1952) and Wong and Blevin

(1967) first proved the existence of unique mid-infrared

spectral features of plants, but with low spectral resolution

reflectance data. Recent high-resolution spectral studies

(Salisbury, 1986; Salisbury and Milton, 1988; Elvidge, 1988)

have uncovered species-specific features and shown the

possible usefulness of mid-infrared spectral (and possibly

TIMS) data for plant species discrimination. The present study

utilizes TIMS data to investigate the effects of vegetation

on thermal infrared imagery acquired in a desert region.
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Results of Previous Investigations

Most of the previous studies of vegetation in the thermal

infrared have concentrated on canopy temperatures measured

with broad bands in the 8 to 12 um window. Plants with high

transpiration rates are cooler than ambient temperatures due

to evaporative cooling of their leaves. Plants with low

transpiration rates are warmer than those with high transpira-

tion rates. Langran (1985) observed that surface temperatures

are cooler over vegetated areas than over nonvegetated areas

using daytime thermal infrared measurements, and that surface

temperatures vary with percent vegetation cover. Sader (1985)

noted that the TIMS appeared to be able to detect differences

in surface temperature related to green leaf biomass.

Pelletier and Ochoa (1985) found that diseased, water stress-

ed, and maturing crops demonstrate a greater range in diurnal

thermal response than unstressed vegetation. Day-night radiant

temperature differences have been used to discern between

green deciduous vegetation and soil (Sabins, 1987). Vegetation

produces a cool signature relative to soil during the daytime,

and a warmer signature at nighttime. A higher nighttime

radiant temperature results from the insulating effect of

vegetative cover and the high heat retention of water in

leaves.

Spectral variations of vegetation found in the mid-

infrared region are unlike those in the visible and near

infrared. Visible and near-infrared spectra of green vegeta-

tion are dominated by chlorophyll and water absorptions, with

variation between species being largely expressed as intensity
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differences rather than as species specific absorptions. In

contrast, species specific spectral features are being

identified in the mid-infrared region (Salisbury, 1986;

Salisbury and Milton, 1988), perhaps related to differences

in the organic composition of the leaf cuticular layer.

Mid-infrared plant reflectance data were first published

by Gates and Tantraporn (1952). Their biconical measurements

were made in seven single wavelength bands between 3.0 and

25.0 um. The low spectral resolution of their instrument did

not allow an accurate measurement of leaf spectral features.

They reported reflectances of less than 10% for an angle of

65 ° for leaves in the region beyond 2.0 um. Wong and Blevin

(1967) used seventeen bands between 2.0 and 14.0 um to measure

the biconical reflectance of leaves. Again, the resolution was

too low to accurately identify species-specific features,

however, both Gates and Tantraporn (1952) and Wong and Blevins

(1966) noted reflectances of less than 10% for all their

samples.

Recent work with high resolution reflectance data has

verified the presence of diagnostic spectral features of

plants. Gates (1980) published leaf spectra of three species.

No explanation of the leaf features or measurement technique

was given, but he noted that the average reflectance was 0.01%

for black spruce and 0.03% for broad leaf plants. Salisbury

(1986) published biconical reflectance spectra of four plant

species in the 8 to 14 um region. He hypothesized that reflec-

tance peaks in mid-infrared leaf spectra were associated with

strong hydrocarbon bands of the waxy cuticle superimposed on

larger water absorption bands.
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Elvidge (1988) published mid-infrared spectra of dry

plant materials. The spectra were measured with biconical

reflectance, as all the previous studies. The major contribu-

tion of this study was the presentation of spectra of in-

dividual organic compounds common to all plant material.

Elvidge concluded that a basic ligno-cellulose spectrum

existed for dry plant materials. This ligno-cellulose spectrum

could be modified by the presence of compounds such as tannins

or terpenes.

Nicodemus (1965) and Wong and Blevin (1967) show that

only hemispherical reflectance measurements can be used to

correctly calculate emissivity according to Kirchoff's Law

(E = 1 - R). Biconical reflectance strongly biases the

direction of primary reflection, while hemispherical reflec-

tance allows a measurement of energy reflected over the total

surface of the sample. The primary reflectance is not direc-

tionally biased in hemispherical data. Although theoretically

incorrect, biconical reflectance spectra have been compared

to emission measurements by Bartholomew et al. (1989), and a

close approximation was found. Salisbury and Milton (1988)

also compared biconical to hemispherical reflectance spectra

and determined the two to be qualitatively the same.

Salisbury and Milton (1988) published the first direc-

tional hemispherical reflectance measurements of plants in the

mid-infrared spectral region. Species-specific spectral

features were found for six plant species (Figure 7). Reflec-

tance features were attributed to the cuticular layer of the

leaf, as Salisbury (1986) concluded.



Section IX

45

Vegetation Effects on

TlXS Imagery

The TIMS has a noise equivalent temperature difference

of 0.1°C to 0.3°C at 300°K (Palluconi and Meeks, 1985). Kahle

and Goetz (1983) showed that this sensitivity is equal to a

noise equivalent emissivity change of 0.002 to 0.006. This

means that an emissivity difference of 0.002 to 0.006 between

surface materials at 300°K will produce a signal change equal

to system noise. Many hemispherical reflectance spectra of

leaves show features with magnitude changes greater than 0.002

or 0.006 (Figure 7), thus emissivity variations of vegetation

should be measurable with the TIMS, assuming canopy geometry

does not reduce spectral contrast.

Vegetation in the Study Area

The study site ranges in elevation from approximately

3000 feet in the Kane Springs wash to near 7500 feet in the

adjacent Delamar Mountains. Vegetation is stratified, from

AtriDlex con(ertifolia, Ambrosia dumosa, Cevatoides lanata,

Larrea tridentata, Yucca brevifolia and others in the washes

to Pinus monoDhvlla, JuniDerus ost_ospe_ma, and Artemisia

_identata in the mountains (see Appendix 9 for full listing

of vegetation types, Figure 8 for a generalized vegetation map

of the study area). Dense growth is found in the highest parts

of the mountains. A Landsat Thematic Mapper color composite
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Figure 8. Generalized vegetation map of the study area.



48

and ratio image (Figures 9 and 10, respectively) show the

location and relative amounts of vegetative cover over in the

study area.

Interpretation of Vegetation Thermal Variations

Thermal response variations of vegetation in the study

area were analyzed using calibrated TIMS data in integer

format. Ten 3 x 3 pixel sites were chosen; five represent

vegetation-influenced areas and five represent nonvegetated

areas. Landsat imagery, color infrared aerial photography, and

field reconnaissance were used as the basis for site selec-

tion. The representative vegetated / nonvegetated pixel pairs

were chosen for their similarity in elevation, solar heating,

and underlying lithology. Three lithologic units are represen-

ted by the five pairs: the Early Moat (ferroedenite) rhyolite,

the Syenite complex, and a granite porphyry. Appendix 10 shows

the means, standard deviations, and variances for each site

in all six TIMS channels. Two statistical tests were performed

on the data, an F-test (variance comparison), and a T-test

(mean comparison).

An F-test was performed on each of the pairs in order to

test the hypothesis:

H o : (variance 1 / variance 2) = I.
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Figure 9. Landsat TM color composite (541 in

RGB) of the Kane Springs Wash area.
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Figure I0. Landsat TM 4 / 3 ratio of Kane Springs

Wash study area.
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Ho will be rejected in favor of

H 1 : (variance 1 / variance 2) > 1

if (variance 1 / variance 2) > c, where c is defined as:

c = Fa (n-l, m-l).

The c value was obtained from a standard F distribution

table at a 95% confidence level. The F-test data are presented

in Appendix i0. The results of the F-test show that vegetated

sites produce smaller variances relative to nonvegetated

sites. The result is understandable, since nonvegetated areas

consist of rock and soil, which produce a more variable

signature than a vegetation canopy. The variances of some of

the data were equal. Variances of the granite porphyry pairs,

in particular, were not significantly different. This result

may be due to the sparseness of vegetation on the granitic

outcrops.

The brightness values for vegetated sites are generally

lower than those for non-vegetated sites (Appendix 10).

Empirically, vegetated areas should produce lower temperatures

than non-vegetated areas due to evapotranspirative cooling,

as shown by Langran (1985). Temperature is dominant in TIMS

imagery, thus the calibrated data should be sensitive to

vegetation evapotranspiration. The T-test was used to test the

hypothesis that HI: Mean (vegetated) - Mean (unvegetated) >
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0, or that the means of the vegetated site data are

significantly greater than those of the nonvegetated site

data. Since the F-test showed that some variances were the

same and some were different, two T-tests were used. The first

T-test assumes the variances are different:

T

mean 1 - mean 2

(Vat 1 / n + Vat 2 / m) 1/2

Degrees of freedom =

(Vat 1 / n + Vat 2 / m) 2

(Vat 1 / n)2 (Vat 2 / m) 2
+

n- 1 m- 1

T a was found in a standard T-test table using the

calculated degrees of freedom and a 95% confidence level. The

results of the first T-test are presented in Appendix 10.

The second T-test assumes that the variances are not dif-

ferent:

SP _n - 1) Var 1 + (m - 1) Var 2,-....... .........I
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Mean 1 - Mean 2

sP (l / n + z / m) z/2

Where SP = Pooled standard deviation

T a was found in the T-test table using the degrees of

freedom calculated according to: n + m - 2 (= 16, since n =

m = 9), with a 95% confidence level. The results of the second

T-test are presented in Appendix 10.

The two T-tests showed that the means of the data are

significantly different. Means in the first four channels of

the Early Moat rhyolite i pair are the only exception. The

exception is due to the unusually large variance difference

between the vegetated and nonvegetated sites, which increases

the denominator in the first T-test, and produces a low T

value.

Interpretation of the Decorrelation Stretch

Vegetation Signature

Vegetation appears to be affecting emission data measured

in the highest parts of the study area. The dominant desert

species in the higher parts of the Delamar Mountains are Pinus

mQnophylla, _ QsteosDerma, and Artemisia tridentata.

These desert species possess needle clusters or small leaves,

which produce multiple reflections of emitted energy within

the canopies of individual plants (Salisbury and Milton,
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1986). It is speculated that this multiple scattering will

tend to make the plants appear to radiate as blackbodies.

However, green leaves form only a small part of the volume and

weight of the above ground biomass in the pinyon-juniper

community. Wood and bark comprise the vast majority of the

biomass in these areas. Thus the spectral signatures of wood

and bark are key to interpreting the signature of vegetation

in the decorrelation stretched TIMS image.

Spectra of dry plant material from desert species has

been measured and published by Elvidge (1988). A selection of

these spectra are presented in Figure 11. Reststrahlen

features found in the 8 to 12 um region are due predominantly

to ligno-cellulose. These features (reflectance maxima) occur

consistantly near the 10.3 - 11.0 um region, which corresponds

to TIMS channel 5. Elvidge's spectra were acquired with the

same FTIR spectrometer used for the coating analysis in this

paper (see Chapter Two). This instrument utilizes a biconical

setup. The data, therefore, cannot be converted to emissivity

in the most strict sense of Kirchoff's Law (E = 1 - R).

However, a general interpretation of emissivity variations can

be derived from the reflectance spectra. The Elvidge spectra

show a low emissivity in what corresponds to TIMS channel 5.

If the interpretation is carried even further, to the decor-

relation stretch (531 in RGB), this would mean lower red

values. Signatures that would normally be represented by

yellow in the decorrelation stretch image (i.e. rhyolites)

would appear green when covered with vegetation. This appears

to be the case in the northern parts of the Delamar Mountains,

where vegetation is masking what is mapped as rhyolite.

Similarly, purple signatures (i.e. basalts) would appear blue.

This also seems to correspond to image hues. Red hues, or

signatures due to a dominance of tectosilicates in the rocks,
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will appear dark. Various shades of these hues will appear in

any image due to the variability of vegetative cover. More

work on this subject is needed to confirm these preliminary

findings.
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Conclusions

TIMS imagery processed with a decorrelation stretch

technique proved to be of assistance in geologic mapping of

the study area. Several units not appearing on previous maps,

notably a basalt, an ash-flow tuff, and lO m thick sandstone

interbeds in limestone were mapped with the thermal infrared

imagery on a small scale.

Laboratory spectra of rock coatings obtained from

volcanic rocks in the study area showed a dominance of

spectral features attributed to illite/montmorillonite mixed-

layer clays. When present in sufficient quantity, rock

coatings can mask rock signatures measured with the TIMS by

shifting the reststrahlen feature. The reststrahlen feature

of rocks composed primarily of tectosilicates shifts to longer

wavelengths, while the reststrahlen feature of rocks composed

only of nesosilicates is predicted to shift to shorter

wavelengths. Some mafic rocks, although completely coated, do

not show spectral differences due to the close proximity Of

the reststrahlen features of the mafic minerals and the clays.

Mid-infrared studies of vegetation have, in the past,

focussed on temperature variations. Vegetation-influenced

pixels possess lower brightness values than non-vegetated

pixels due to evapotranspirative cooling. Vegetated areas also

produce smaller variances relative to nonvegetated areas.

Discrepancy in the latter finding occurs when vegetation is

sparse.
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Vegetation, in the form of dry plant material, appears

to be affecting emission data measured in the Kane Springs

Wash study area. The effect is a lowering of the emissivity

in TIMS channel 5 relative to channels 1 and 3. Units with

sparse vegetation, which are yellow in the decorrelation

stretched data (531 in RGB), such as rhyolites, appear green

in more heavily vegetated areas due to the decreased red

(channel 5) component. Basalt, which normally appears purple,

has a brighter blue signature when covered with vegetation.

Units with red hues appear darker when vegetation is present.

The TIMS is useful for reconnaissance geologic mapping

on a small scale. The spatial resolution used for our flight

(30 m) was high enough to discriminate small features, such

as i0 m wide sandstone interbeds, in mixed pixels. Discrimina-

tion between compositionally distinct lithologies can be

accomplished with TIMS, even if the differences are very

subtle (i.e. between the Kane Wash tuff and the Hiko tuff).

The only drawback to the geologic use of the TIMS is the

influence of vegetation on the imagery. Vegetation cover

cannot exceed approximately 25% in order to observe lithologic

variations using standard processing techniques. Such sparse

vegetation cover occurs only in limited areas of the world

(i.e. arid lands). Thus, the areas where TIMS can be used

effectively for lithologic discrimination is restricted.

However, vegetation influence may be removed in areas of

moderate vegetation cover via a vegetation index formed with

red and near infrared data (Elvidge, 1985). This could extend

the areas over which multispectral thermal infrared data can

be used for lithologic discrimination.
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Rock coatings are not a major problem for lithologic

discrimination in the Kane Springs Wash area. The coatings

do not form a continuous veneer in southeastern Nevada.

However, in certain regions of the world desert varnish is

present over large portions of the available rock surfaces

(i.e. the Australian shield) and could possibly pose a problem

for satellite and aircraft thermal infrared data interpreta-

tion.

The TIMS proved to be a powerful tool for reconnaissance

geologic mapping. However, the instrument could be improved

by increasing the signal to noise ratio. A better signal to

noise ratio would improve the decorrelation stretch image.

The TIMS could also be improved by increasing the spectral

resolution. Dominant mineralogical content of imagery units

may be determined from high resolution emittance spectra using

spectral matching algorithms similar to those employed for

AVIRIS and AIS data.

The successful application of TIMS data for mapping

lithologies and subtle mineralogic differences has paved the

way for the development of plans to place multispectral

thermal infrared sensors on NASA's first Polar Orbiting

Platform (POP-l). The Jet Propulsion Laboratory is scheduled

to build a Thermal Infrared Ground Emission Radiometer

(TIGER), which will have 14 channels in the 3 to 13 um region.

Japan is planning a Intermediate and Thermal Infrared Radiome-

ter (ITIR), which will have channels similar to that of the

TIMS. These instruments will permit multispectral thermal

infrared data to be acquired in any area of the world and are

expected to provide major advances in our capability to map

lithologic units in a global manner.
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The TIM8 Instrument

Specifications for the 9-14-87 Overflight

of the Kane Springs Wash Area

(Partly from Palluconi and Meeks, 1985)

Number of channels ............... 6

Channel locations ................ CHI

(for 8-26-87) CH2

CH3

CH4

CH5

CH6

8.11 - 8.55 um

8.58 - 8.96 um

9.00 - 9.25 um

9.66 - 10.15 um

10.33 - 11.13 um

11.28 - 11.55 um

Channel sensitivity (NedT) ....... 0.1 °C to 0.3 °C

Field of view .................... 76 °

Instantaneous field of view ...... 2.5 mrad

Pixel size (GIFOV) ............... appx. 28 m

Reference sources ................ Low: i0 °C

High: 45 °C

Altitude (AMT) ................... 39,600 ft

Time of day (flight) ............. 11:00 am PST

Operator of Lear Jet ............. NSTL



_ppendix Two

70

Imago Processing

Calibrated TIMS data was acquired from the Jet Propulsion

Laboratory. All subsequent image processing was performed on

the Mackay School of Mines Vax ll/780-based Interactive

Digital Image Manipulation System (IDIMS) software. Figure A

shows the calibrated TIMS data (531 in RGB) before enhance-

ment. The image data was compressed at the ends of the scan

linesas a consequence of the large field of view (approximat-

ely 76 O) of the TIMS instrument. A panoramic correction was

applied to the image using the IDIMS function SCANFIX.

A decorrelation stretch technique (Soha and Schwartz, 1978;

Gillespie et al., 1986) is used to discriminate lithology in

the TIMS image. This technique is explained below.

The Decorrelation Stzetch

The original TIMS data is highly correlated (Figure B).

Color composites and contrast stretching techniques usually

employed with moderately correlated data, such as that of

Landsat, are of no use with TIMS data in RGB space. A decor-

relation stretch technique employs principle components to

enhance subtle differences in the imagery. An IDIMS session

of the decorrelation stretch technique is presented at the end

of this appendix. Bands 1, 3, and 5 were used for the present

analysis.
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Figure A. Calibrated TIMS data (531 in RGB) before the
decorrelation stretch.
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Ideal representation of the original three channels
of TIMS data.
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The initial step is the Karhunen-Loeve (principle

components) transformation, which is applied to the original

three bands of data. Principle components (PC) space is

represented in Figure C. The axis with the highest variance

is assigned to PC i. The axes with the second and third

highest variances are assigned to PC 2 and PC 3, respectively.

Each axis is mutually perpendicular to the last. The IDIMS

function KLTRANS (Karhunen-Loeve Transformation) uses a

statistics file calculated with the IDIMS function ISOCLS. The

statistics file consists of a 3 x 3 covariance matrix (for

three bands) which displays the variance of the data along the

diagonal. KLTRANS uses the covariance matrix to determine

eigenvalues and eigenvectors and produces a 5 x 3 matrix:

Eigenvalues:

Eigenvectors: pcl

pc2

pc3

Band _ Band 3 Band 5

Mean 1 Mean 3 Mean 5

EV i EV 2 EV 3

EVR 1 EVR 2 EVR 3

EVR 1 EVR 2 EVR 3

EVR 1 EVR 2 EVR 3

Eigenvalues (EV) are simply the values of the PCs; the

highest eigenvalue corresponds to the first PC. Eigenvectors

(EVR) are "weighting factors" applied to the PCs derived from

the bands with the most variance. Note that the PC transforma-

tion subtracts the means of the original data in order to

center the data cluster about the origin. The PC's are calc-

ulated as follows:
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Figure C. TIMS data after principle components
transformation.
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PC 1 (pixel I) = EVR 1 (DN i) + EVR 2 (DN 2) + EVR 3 (DN 3)

Where DN 1 = The first pixel value in channel 1

DN 2 = The first pixel value in channel 3

DN 3 = The first pixel value in channel 5

This procedure takes place for every pixel in the original

data to produce the PC 1 data set. PC's 2 and 3 are calculated

using the same method.

A gaussian stretch is applied to PC 2 and PC 3 in order

to equalize the variance of each to PC 1 (temperature). PC 1

is not stretched because temperature does not need to be en-

hanced in the image. This step is shown ideally in Figure D.

Stretching PC 2 and PC 3 enhances noise inherent in the higher

order principle components. A filter was convolved with PC2

and PC3 in order to remove horizontal striping in the images:

0 0 0

1 1 1
0 0 0

The next step is to return to RGB space via a reverse PC

transformation, which is applying the PC transformation a

second time. The PC transformation always subtracts the means.

This step is to be avoided in the reverse PC transformation,

thus the means (set to zero), and the transposed transforma-

tion matrix (consisting of eigenvectors) are entered by hand.

The original means are added back in when the reverse PC

transformation is finished in order to shift the data cluster

back to its original position (Figure E). The final product

is shown in Figure 3, Chapter Three (5 3 1 in RGB).



76

I
I

\
\

w

Figure D. Ideal product of the gaussian stretch

of principle components 1, 2, and 3.
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Figure E. Ideal product of the reverse principle components
_ransfor_a_ion. Note means added back in.
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The Decorrelation Stretch Procedure

Input > ISOCLS

ISTOP = 0

* ISOCLS calculates statis-

tics for the image "Input"

Input > KLTRANS > Input.PC Tmat

Nbands = 3

Datatype = 4

Input.PC > REDIST > Input.GAU

Shape = Gauss

Outype = Same

Input.GAU > KLTRANS > Rpcout

Tsource = Term

Nbands = 3

Means: 0.0 0.0 0.0

Tmatrix: T (1,1) > T (1,3)

T (2,1) > T (2,3)

T (3,1) > T (3,3)

* KLTRANS is the forward

PC transformation

* REDIST is used to stretch

the PCs in order to

equalize their variances

* "Reverse" principle

components transformation

* Since the means are

subtracted by the KLTRANS

function, want to

specify 0.0 mean values

* The transposed transfor-

mation matrix is input

by hand

> CONSTANT > Meanl

Datatype = 4

* Constant images are created

in order to add the means
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Bands = l

NL = XXX

NS = XXX

Rpcout [1] Meanl > ADD > Meanadd

Meanaddl ... > UNITE > Unitemeans

Unitemeans > SCALE > Output

back into the image data

(this is done for all three

bands)

* The means are added back

in (this is done

for all three bands)

* The image is scaled

and converted to byte

format
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Thermal Infrared Considerations

All radiation contacting a surface is either reflected,

absorbed, or transmitted into the material. This relationship

is shown by Kirchoff's Law, which states:

Reflectivity + absorptivity + transmissivity = 1.

Transmissivity is negligible for an optically thick material,

such as rock, so the formula can be reduced to:

Reflectivity + absorptivity = I.

Therefore, a material with a high reflectivity will have a low

absorptivity and thus a low emissivity at thermal infrared

wavelengths.

Thermal infrared emission data are dominated by tempera-

ture and, to a lesser degree, by emissivity. Emissivity is a

property of all materials, and is a measure of the ability of

a material to absorb or emit radiation. A perfect absorber

and emitter of thermal infrared radiation is known as a

blackbody.
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The radiant spectral emittance of a blackbody is defined

by the Stefan-Boltzmann law:

W (bb) = O" T 4 ,

Where

W(bb) = Radiant spectral emittance of a blackbody

= Stefan-Boltzmann constant = 5.67 x 10 -12 W cm -2 K -4

T = Kinetic temperature, in degrees kelvin.

Emissivity is defined by the equation:

• = W(rb) : W(bb) ,

where

e = Emissivity

W(rb) = Radiant spectral emittance of a realbody.

Therefore, the radiant spectral emittance of a real body is:

W(rb) = e CrT 4
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Everything above absolute zero emits radiation. The

wavelength of maximum emission depends on the temperature of

the object (Figure G). This relationship is shown by Wien's

Displacement Law, which states the following:

Wavelength of maximum emission = 2987.4 um oK / T ° K

where Wavelength = Wavelength of maximum emittance, in

micrometers

T = Temperature of the object, in degrees kelvin

2897.4 = Wien's constant

Atmospheric Considerations

Atmospheric gasses such as hydrogen and oxygen absorb and

emit radiation in the mid-infrared region. The 8 to 12 um

region of the mid-infrared is least affected by atmospheric

gasses (Figure H), and therefore is of most use for remote

sensing applications. Water absorption near 8.3 um and ozone

absorption near 9.8 um (Gillespie, 1985) are the only distrac-

tions in the 8 to 12 um window. Through this window, emission

of photons from the earth's surface can be measured.
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Mid-Infrared Mineral Spectra

The 8 to 12 um portion of the electromagnetic spectrum

corresponds to the region of fundamental Si-O vibrational

frequencies. These vibrations affect the emissivity of

minerals, which is wavelength dependant. Emissivity minima

over a given wavelength range are referred to as reststrahlen

features. The features occur in different parts of the

spectrum depending on the strength of the silicate bonds,

reflected in the degree of polymerization of the Si-O tetrahe-

dra (Lyon, 1965; Lyon and Green, 1975).

Weaker overtone and combination tone bands caused by

interfering fundamentals are present in the thermal infrared

wavelength region, but affect measurements much less and occur

at wavelengths shorter than the unhindered fundamental bands

(Salisbury et al., 1987). Strong Si-O bonds possess high

vibrational frequencies, thus reststrahlen minima occur in

the shorter wavelength portions of the spectrum. Tectosili-

cates, (i.e. quartz), the strongest-bonded of silicate

structures, tend to display emissivity minima near 9 um, and

nesosilicates (isolated tetrahedra), the weakest-bonded of the

silicates, display minima near ii um (Estep-Barnes, 1977).

Variations in reststrahlen minima exist between tectosili-

cates. Quartz, for instance, has a shorter wavelength minimum

than feldspar (Gillespie, 1985). This difference is due to

the presence of divalent cations in the feldspars (Walter and

Salisbury, 1989).
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Appendix Three, continued

Several factors not inherent in the mineralogy of a

sample that may influence rock spectra at mid-infrared wave-

lengths are porosity (as a function of grain size), and im-

purities such as hydrocarbons (Salisbury et al., 1988).

Rock spectra are dominated by surface scattering, or

direct "specular scattering" off surfaces, coupled with volume

scattering, or scattering resulting from penetration of

optically thin grains and surface topography (John Salisbury,

Personal communication, 1989). The scale of roughness of the

surface is important in the latter process. Diffuse and

specular reflection refer to processes which are part of both

surface and volume scattering. They are not unique to either,

and will be used in this context. Biconical reflectance

measurements (i.e. FTIR measurements) oversample the specular

component and undersample the diffuse.
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Dominant mlnoralcgy of the major geologic units

Compiled from Novak (1985), Spatz (1988)

and present work

Unit Mineralogy

Hiko Tuff .......................... 50% Sanidine/

(KSW-1) Anorthoclase

25% Plagioclase
15% Biotite

<5% Kspar

Kane Wash Tuff (0 member) .........

(Ksw-6)
40% Sanidine /

Anorthoclase

10% Quartz

1-2% Fayalite

1-2% Pyroxene
- Minor biotite

50% groundmass of

glass and sericite

Kane Wash Tuff (W member) .........

(KSW-7)
25% Sanidine /

Anorthoclase

- Minor pyroxene

- Minor quartz

75% unrecognizable

groundmass

Kane Wash Tuff (V series) ........ 7-15% Na-sanidine
(KSW-2) 1-7% Quartz

1% Hedenbergite

1% Fayalite

Early moat rhyolite ...............

(Ferroedenite rhyolite)

(KSW-5)

15% Na - Sanidine

15% Quartz
Minor ferroedenite

Late moat rhyolite ................

(Topaz rhyolite)

(KSW-9)

15% Sanidine,

Quartz,

Plagioclase(Abg0),

Biotite,
Ferroedenite,

Fayalite
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Granite porphyry ..................... 40%

35%
25%

m

Post caldera trachyte ........... 20-35%

(KSW-12)

<1%

Syenite complex ................... 35%

(KSW-13, 14, 25) 5%

Trachyandesite ...................... 15%

(KSW-24)

Basalt ..............................

(KSW-10)

Limestone ...........................

Dolomite ............................

Kspar

Plagioclase
Quartz
Minor biotite

Groundmass:

Kspar
Plagioclase

Quartz

Anorthoclase

Augite
Olivine

Quartz (sometimes)

Anorthoclase

Quartz

Clinopyroxene

(sometimes)

Minor amphibole

Plagioclase and

augite (P>A)
Groundmass:

Plagioclase
Augite
Olivine

5% Plagioclase and

augite (P>A)
Groundmass:

Plagioclase

Augite
Olivine

CaCO 3 + minor SiO 2

Dolomite

CaCO 3

Sandstone ........................... Quartz



_ppendix Five

89

The Fourier Transform Infrared Spectrometer

(FTIR)

Instrument Parameters

Spectral resolution

Spatial resolution

Reference

Spectral range

Technique

Biconical reflectance

Detector

Sample stage

Rotation

Sample size

4 wavenumbers

1 mm 2

Gold coated SiC

paper, 600 grit

2.3 to 20 micrometers

Biconical reflectance

2 off-axis paraboloid

mirrors, rotatable

Liquid nitrogen

cooled HgCdTe

0.36 degrees per step

7.5 cm diameter

5 cm high
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The Portable Field Emission Spectrometer

(PFES)

90

Instrument Parameters

Spectral range

Measures

Spectral resolution

NEdT

Field of view

Detector

Filter wheel specifications

Three segments: Segment i:

Segment 2:

Segment 3:

Storage

5 to 14.5 micrometers

Radiant spectral

emittance

0.I to 0.2 micrometers

0.65 degrees for a

blackbody at 24 ° C

15 ° , circular

HgCdTe

Substrate: Quartz

Range: 2.5 to 4.5 um

Transmittance: 27%

Substrate: Germanium

Range: 4.4 to 8.0 um

Transmittance: 32%

Substrate: Germanium

Range: 7.9 to 14.5 um

Transmittance: 35%

3 1/2 inch diskettes

on portable lap top

computer
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References for Desert Varnish Studies
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Spectral Features of Feldspar Minerals
Found in the Study Area Samples

(From Salisbury et al., 1987)

8.20 um (shoulder)

8.60 (major peak)

9.00 (minor peak)

9.45 (major peak)

9.78 (major peak)

12.70 (minor peak)

13.00 (minor peak)

13.35 (minor peak)

13.75 (minor peak)

ADorthite

8.40 um (major peak)

8.90 (subtle shoulder)

9.50 (minor peak)

10.40 (major peak)

11.80 (minor fluctuations)

13.15 (minor peak)

13.60 (minor peak)

$anidine

6.00 um (minor peak)

6.55 (minor peak)

8.35 (major peak)

8.60 (major peak)

9.40 (major peak)

14.00 (minor peak)

6.00 um (minor peak)

6.55 (minor peak)

8.35 (shoulder)

8.60 (major peak)

9.40 (major peak)

14.00 (minor peak)
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Vegltatlon in the Kane Springs Wash Study Area

(Nancy Milton, Paul Tueller, David Charlet,

Personal comm., 1989)

Delamar Valley

_lanata

sDinosa

Yucca bI2_Lt_jm

Lvcium andersonii

Delamar Mountains

Pinusmemmbxlln

g22_J2f_El_i osteosDerma

EDhedra nevadensi_

_ slc_a192_

_V___tridentata

__L_vasevana

zc_mi¢_ nova

_Ju_znl _

ouercus aambella

Amelanchier sp.

LeDtodactvlon punuens

ArctostaDhylos Datula
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Kane Springs Wash

_arrea tridentata

Ambrosia dumosa

lanata

Atriplex qonfertifolia

Ouercus aambelli

Gregerson basin

Artemisia tridentata

Chrvsothamnus vicid_florous

Chrvsothamnus nauseosu$

Purshia _identata

Burn areas

Crysothamnus sp.

EDhedra nevadens_s

Purshia ulandulosa

Bromus tectorum (higher elevations)

Bromus rub@ns (lower elevations)
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Upper washes

Zimm mnn_Dm

ouercus mm_Ali

Prunis amadelus

Purshia _

ArctostaDhylos _I_

Ribes cereum

Cercocarpus sp.

EDhedra n_vadensis

aLigsmmm sp.

Amel_Dchier

Lower washes

caDesGeDs

Sedzana (?)

_salsola

Others

m_m muAm_um

Scrub oak
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Others, continued

u_xmm t_u_Zum/in

Prunis amaqdalus
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Rock type

Early moat

rhyolite 1

Veg.

Nonveg.

Early moat

rhyolite 2

Veg.

Nonveg.

Band Mean 8td Dev Variance

1 3555.3 99.1 9821.7

2 3820.9 88.5 7839.1

3 4013.8 104.3 10886.6

4 4569.7 116.9 13673.7

5 4841.8 119.6 14311.1

6 4755.4 63.4 4015.5

1 3781.8 487.6 237766.1

2 4036.3 511.8 261954.7

3 4221.1 505.4 255461.6

4 4926.8 600.0 360054.4

5 5212.7 543.3 95201.9

6 5357.4 426.2 81674.5

1 3415.7 37.5 1405.5

2 3688.7 44.3 1965.7

3 3876.9 38.9 1510.4

4 4443.8 52.2 2727.7

5 4712.5 42.0 1764.0

6 4663.0 62.2 3871.0

1 4474.7 180.4 32565.2

2 4777.2 168.6 28414.2
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Rock type

Early moat

rhyolite 2

Syenite 1 Veg.

Nonveg.

Band Mean Std Dev Variance

3 4977.2 171.2 29295.9

4 5727.3 179.5 32207.0

5 5893.9 204.6 41884.9

6 5655.8 114.5 13122.9

1 3662.3 57.9 3363.2

2 3944.2 88.4 7813.4

3 4121.3 53.9 2910.0

4 4697.4 73.7 5432.0

5 4995.0 54.6 2981.2

6 4873.1 49.2 2418.4

1 4706.0 125.9 15873.9

2 5007.2 128.8 16582.2

3 5213.2 131.8 17379.9

4 5960.2 147.7 21831.2

5 6167.3 138.1 19083.0

6 5784.1 101.7 10347.4

Syenite 2 Veg.

Nonveg.

1 3771.0 96.6

2 4051.4 93.4

3 4231.3 98.7

4 4885.4 104.9

5 5110.5 121.5

6 4917.5 39.5

1 4475.5 181.2

2 4769.8 194.0

3 4934.4 188.6

9335.7

8721.5

9739.7

11005.0

14757.3

1557.8

32845.5

37655.2

35575.5
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Rock type

Syenite 2

Granite

porphyry

Veg.

Band Mean Std Dev Variance

4 5727.1 191.3 36580.9

5 5950.9 171.5 29417.6

6 5658.4 51.6 2667.8

1 3517.0 86.3 7446.5

2 3790.4 91.3 8344.5

3 3973.8 89.9 8089.4

4 4574.1 105.3 11091.1

5 812.4 94.8 8981.8

6 4690.0 82.2 6758.0

nonveg. 1 4173.4 108.6 11802.9

2 4434.9 124.7 15564.6

3 4654.8 115.1 13250.4

4 5394.8 129.9 16893.2

5 5619.3 112.4 12643.7

6 5361.0 107.2 11492.5



Site

Early Moat

Rhyolite 1

Early Moat

Rhyolite 2

Syenite

1

Syenite

2

Appendix Ten, continued

Results of F- and T-tests

F-Test (Variance comparison)

c = F0.05(8,8 ) = 3.44

Band Vegetated Nonvegetated
Variance Variance

1 9821.7 237766.1

2 7839.1 261954.7

3 10886.6 255461.6

4 13673.7 360054.4

5 14311.1 295201.9

6 4015.5 181674.5

1 1405.5 32565.2

2 1965.7 28414.2

3 1510.4 29295.9

4 2727.7 32207.0

5 1764.0 41884.9

6 3871.0 13122_9

1 3363.2 15873.9

2 7813o4 16582.2

3 2910.0 17379.9

4 5432.0 21831.2

5 2981.2 19083.0

6 2418.4 10347.4

1 9335.7 32845.5

2 8721.5 37655.2

Data

F Value

24.2

33.4

23.5

26.3

20.6

45.2

23.2

14.4

19.4

11.8

23.7

3.4

4.7

2.1

6.0

4.0

6.4

4.3

I01

H

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes
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Site

Syenite

2

Granite

porphyry

Band Vegetated Nonvegetated
Variance Variance

3 9739.7 35575.5

4 11005.0 36580.9

5 14757.3 29417.6

6 1557.8 2667.8

1 7446.5 11802.9

2 8344.5 15564.6

3 8089.4 13250.4

4 11091.1 16893.2

5 8981.8 12643.7

6 6758.0 11492.5

F Value Ho
Rejected?

3.6 Yes

3.3 No

2.0 No

1.7 No

i. 6 NO

1 •9 NO

i. 6 NO

i. 5 NO

i. 4 NO

1.7 NO

T-Test (Mean comparison} Data

Site Band

Early Moat

Rhyolite

1

T Value T a Value

1 1.366 1.833

2 1.244 1.860

3 1.205 1.833

4 1.752 1.833

5 2.000 1.833

6 4.191 1.860

Means Significantly
Different?

No

No

No

No

Yes

Yes
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Site Band T Value T a Value Means Significantly
Different?

Early Moat

Rhyolite

2

17.237 1.833 Yes

18.735 1.833 Yes

18.807 1.833 Yes

20.601 1.833 Yes

16.964 1.833 Yes

22.847 1.746 Yes

Syenite

1

1

2

3

4

5

6

22.575

20.417

22.997

22.944

23.676

24.189

1.796 Yes

1.746 Yes

1.796 Yes

1.782 Yes

1.812 Yes

1.782 Yes

Syenite

2

1

2

3

4

5

6

10.291

10.007

9.909

11.575

_I. 995

34.193

1.782 Yes

1.782 Yes

1.782 Yes

1.746 Yes*

1.746 Yes*

.
1.746 Yes

Granite

porphyry

1

2

3

14.202

12.504

13.985

1.746 Yes

1.746 Yes

1.746 _es



Appendix Ten, continued

104

Site

Granite

porphyry

Band T Value T a Value Means Significantly
Different?

4 14.718 1.746 Yes*

5 16.461 1.746 Yes*

6 14.901 1.746 Yes*

T-Test assumes that the variances are not different

(for all others, the T-Test assumes that the

variances are different).
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Appendix Eleven

TIMS Filter Responses

for August 26, 1987
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Appendix Twelve

Fifty-nine spectra of variably coated rock surfaces

grouped by rock type
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Appendix Thirteen

PFES spectra of coated and fresh surfaces

of five rock types
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INTERREGIONAL COMPARISONS OF DESERT VARNISH

1

INTRODUCTION

After conducting a detailed examination of desert varnish

(varnish) on volcanic rocks at three study sites in southern

Nevada and evaluating the influence of varnish on Landsat imagery

(Spatz et.al, 1987a, 1987b, 1988; Spatz and Taranik, 1989),

comparisons were made with varnishes from other semiarid regions.

This interregional investigation was conducted in order to

determine how generally conclusions drawn from the southern

Nevada study may be applied to other regions as well. Of

particular interest were I) the lateral distribution of varnish

at the hand sample and outcrop scale, 2) thicknesses of varnishes

and the relative proportions of thick laminated occurrences to

thin impregnating films, 3) the relative proportions of surfaces

with well developed mature varnish accumulations to surfaces with

poorly developed varnish, 4) presence and nature of weathering

rinds and dark secondary bands of Ca enrichment, and 5)

implications for Landsat imagery based on applications developed

from the southern Nevada investigation.



STUDY AREAS

2

Four semiarid regions were examined, photographed and sampled.

These sites include the Mojave Desert of southern California, the

Sonoran Desert of western Arizona, the Colorado Plateau of

northern Arizona and southeastern Utah, and the steppe of eastern

Africa. Figure 1 contains typical scene photographs of these

areas, and Figures 2 and 3 show sample locations.

MOJAVE DESERT. The Mojave Desert (Figures 1 and 2) is an arid

to semiarid region defined physiographically by mountain ranges

uplifted along the San Andreas fault on the southwest and the

Garlock fault on the northwest. The region is disrupted

tectonically by faults which parallel these two regional

structural breaks. The area is dominated by Basin and Range

topography, characterized by low ranges that separate undrained

valleys. Vegetation is sparse, even more so than in southern

Nevada, and soil and rock exposures predominate at most sites.

Grasses, sage, and other low growth are the principle plants.

Dibblee and Hewett (1966) have summarized the geology of the

Mojave Desert. The area is underlain by widespread exposures of

Precambrian gneisses, schists, granites and granitic rocks. The

Precambrian rocks are overlain unconformably by Paleozoic marine

sedimentary strata exposed primarily in the northeast part of the

province. Mesozoic andesite flows and subvolcanic intrusive

masses and other more felsic intrusions are present in the
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Figure I. Scene photographs, representing typical terrain within
the Mojave Desert, Sonoran Desert, and east African study sites.
Upper Left: Chocolate Mountains, Mojave Desert, southeastern

California. Upper Right: Growler Mountains, northwest of Ajo,

Arizona. Middle Left: Tucson Mountains, Gates pass, southwest of

Tucson, Arizona. Middle Right: Jurassic Entrada Sandstone, 15 mi

south of Moab, Utah. Lower Left: Olduvai Gorge, northern Tanzania.

Lower Right: Ngorongoro crater, northern Tanzania.
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central Mojave. Nonmarine middle to late Tertiary volcanic and

sedimentary rocks are widespread. The volcanic rocks range in

composition from rhyolite through andesite to basalt, erupted

from vents and fissures later filled with volcanic plugs.

Unconsolidated Quaternary alluvium occupies the broad valleys.

The consolidated basement section has been faulted and folded

into a west to northwest trending structural grain during the

late Tertiary to early Quaternary.

SONORAN DESERT. The Sonoran Desert of western and southern

Arizona occupies the southern extension of the Basin and Range

Province and is characterized by alternating linear mountain

ranges and broad alluvium filled valleys (Figures 1 and 2).

Precipitation is generally 5 to i0 inches annually, and desert

vegetation is dominated by cactus varieties.

The geology of Arizona has been summarized by Hayes (1969).

Lower Precambrian strata, consisting of metavolcanics and

metasediments are exposed in the northwest trending ranges along

the northern and northeastern fringes of the Sonoran Desert.

Upper Precambrian strata, composed dominantly of shallow marine

clastic sediments, occur in isolated ranges. The early Paleozoic

experienced shallow sea transgression from both the northwest and

the southeast, filling geosynclines that would collect

transgressive and regressive successions of shale, sandstone and

limestone throughout the era. A northeast trending highland,

that transects the Sonoran Desert and separated the two
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geosynclines, collected the thinnest strata. Throughout the

majority of Mesozoic time the Sonoran Desert region of Arizona

was largely terrestrial, and most rock formations of the era are

fluvial clastics. Major plutonism occurred during the era,

however, and is represented today largely by metamorphic core

complexes. The late Cretaceous and early Cenozoic Periods were

punctuated by the Laramide orogeny, which resulted in major

tectonic disturbance, mountain building, intrusive and volcanic

activity and mineral deposition. This crustal strain continued

throughout much of the Cenozoic, which is marked by faulting,

folding, plutonism and volcanism as well. The broad valleys

throughout the Sonoran Desert are filled largely with

unconsolidated Quaternary gravels.

COLORADO PLATEAU. The semiarid climate of the Colorado Plateau

(Figure i) produces 5 to i0 inches of precipitation annually.

Terrain is marked by buttes and mesas with isolated mountain

ridges and peaks. Vegetation is predominantly grasses, sage and

other scattered low brush and scrub juniper and pine.

The geology of Utah has been summarized by Tooker and Stewart

(1969). The Colorado Plateau of southeastern Utah is underlain

almost exclusively by Mesozoic terrestrial sedimentary rocks,

deposited under semiarid and oxidizing conditions. The section is

dominated by Triassic and Jurassic Formations, including from

oldest to youngest the Moenkopi, Chinle, Kayenta, Navajo, Carmel,

and Entrada. These deposits are comprised of sandstone and other
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fine continental clastics. They include crossbedded dune deposits

and tend to be buff to rusty red in color. Although this section

is faulted and folded and intruded by Tertiary granitic bodies in

places, they appear largely subhorizontal and undeformed. Of

course, the region includes broad sections of unconsolidated

Quaternary alluvium.

STEPPE OF EAST AFRICA. Throughout much of Kenya and Tanzania

(Figures 1 and 3) are broad semiarid provinces of steppe climate

with local savannah zones. The steppes are broad plains with

gentle rolling hills and occasional volcanic mountains (Mount

Kilimanjaro, for example). They are mantled with relatively

continuous grass cover with scattered umbrella and yellow bark

acacia trees. Much of the steppe receives about 4 to 5 inches of

rainfall annually with larger amounts at transition zones with

savannahs.

A summary of the geology of Africa is given by Derry (1980).

Most of Kenya and Tanzania, where the study took place, is

underlain by Precambrian metamorphic rocks, including granitic

gneisses and biotite schist. The Precambrian basement is rifted

along the presently active Great Rift Valley. The rift has

resulted in voluminous extrusion of volcanic deposits, including

felsic ash flow tuffs and andesitic to basaltic lavas. Several

high stratavolcanos developed, including Mount Kilimanjaro, the

highest mountain in Africa.



SAMPLESITES
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Sample sites are shown in Figures 2 and 3. Observations at

each site focused on the nature and distribution of desert

varnish; associations of desert varnish with outcrop properties

and other rock coatings including vegetative cover; thickness,

distribution and continuity of varnish; and weathering

characteristics of host rocks. Most sites were photographed and

samples were collected at many. Over 50 sites were examined in

the Mojave and Sonoran Deserts and the Colorado Plateau and

numerous other examples of desert varnish have been observed

elsewhere in the Basin and Range Province, mostly in Nevada

(Figure 2). Approximately 20 sites were examined in eastern

Africa.

FIELD CHARACTERISTICS OF DESERT VARNISH

Photographs of outcrops exhibiting desert varnish from the

Mojave Desert are shown in Figure 4. Photos of varnish bearing

outcrops from the Mojave and Sonoran Deserts and the Colorado

Plateau are shown in Figure 5, and photographs from the East

African study site are presented in Figures 6 and 7. Varnish

occurrences from these areas are quite similar to varnishes from

our detailed study sites in southern Nevada. They are

characterized by an extremely variable degree of development,
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Figure 4. Photographs, showing well developed desert varnish on
outcrops in the Mojave Desert, southeastern California. Upper Left:
dacitic flows, Newberry Mountains, 5 miles west of Newberry
Springs. Upper Right: ash flow tuff, Chemehuev Mountains off

Highway 95. Middle Left: Triassic-Jurassic metasediments, Coxcomb

Mountains off Highway 177. Middle Right: dacitic ash flows, i0

miles north of Vidal Junction off Highway 95. Lower Left: coarse

granite in background, fine granite in foreground, Chuckwalla

Mountains, Desert Center. Lower Right: exfoliated ash flow, i0

miles south of Palo Verde off Highway 78.
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Figure 5. Photographs, showing well developed desert varnish on

outcrops from the Mojave and Sonoran Deserts and the Colorado

Plateau. Upper Left: densely welded ash flow tuff, Chocolate

Mountains, Mojave Desert off Highway 78. Upper Right: ash flow tuff

at Roll Arizona. Middle Left: granitic gneiss 8 miles west of

Apache Junction, Arizona. Middle Right: Permian Coconino Sandstone

at the rim of the Grand Canyon. Lower Left: Jurassic Entrada

Sandstone 12 miles northwest of Moab Utah off Highway 163. Lower

Right: Entrada sandstone 4 miles north of Moab off Highway 163.









15

Figure 6. Photographs of outcrops from the Serengeti, southwest
Kenya and northwest Tanzania. Upper Left: mafic metavolcanics on
the Sand River at the border between Kenya and Tanzania, showing
well developed desert varnish adjacent to unvarnished surfaces
exhumed by exfoliation slabs. Upper Right: sandstone with thin Fe
rich varnish, Masai Mara, southwest Kenya. Middle Left: well
developed desert varnish on andesite, south shore of Lake Nakuru,
Kenya. Middle Right: close-up of varnish on andesite, south shore
of Lake Nakuru, Kenya. Lower Left: granite inselberg at Naabi Hill
in the Serengeti, northwest Tanzania, showing organic dominated
streaks intermixed with some desert varnish. Lower Right: lava beds
with well developed desert varnish, Seronera Valley in the northern
Serengeti, northwest Tanzania.
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Figure 7. Photographs of outcrops from Kenya and Tanzania, showing

variable development of desert varnish. Upper: volcanic ash

deposit, 8 miles south of Nairobi, Kenya. Middle Left: sandstone

boulder near Olduvai Gorge, northwest Tanzania. Middle Right:

basaltic andesite, showing well developed desert varnish west rim

of Ngorongoro Crater (collapsed caldera). Lower: volcaniclastic

with admixed desert varnish and organic growth, inner rim of

Ngorongoro Crater, northwest Tanzania.
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abrupt discontinuity and thin impregnating films that ride on

unstable surfaces. Exfoliation slabs spall off the outcrops

carrying mature varnish accumulations with them and periodically

exhuming unvarnished but weathered surfaces. Denser more

resistent formations and beds host the more mature and extensive

varnish deposits. Varnish is deposited more consistently on the

vertical and subvertical rock slopes so that horizontal views

contain much more consistent varnish cover than vertical or

overhead views which are imaged by Landsat.

SOUTHWEST U.S. Even though desert varnish development in the

Mojave Desert of southern California is quite mature (Figures 4

and 5) and somewhat more extensive than varnishes in southern

Nevada, the degree of development is no thicker or darker than

the "heavy" deposits described from southern Nevada. The

difference is that there is more continuous "heavy" varnish

occurrences in the Mojave. There seems to be a limit on how thick

and mature a varnish can eventually develop to, and the limit is

probably set largely by the stability of the rock surfaces and

the time it takes for exfoliation slabs to develop and spall off

the outcrop, or the time it takes for mineral grains to dislodge.

Ash flow tuffs and the fine clastic and granular rocks with more

mafic tendencies tend support the more mature varnish coatings.

From a horizontal view the hillsides and vertical to steeply

sloping rock surfaces are often very dark with varnish, and

steeply dipping strata like the Triassic-Jurassic sediments of
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the Coxcomb Mountains (Figure 4) tend to weather into enechelon

ridges one above another upslope so that from a distance it is

chiefly the subvertical outcrop surfaces that are visible. On the

outcrop, however, the ridges are observed interleaved with

subhorizontal surfaces mantled with soil, fine detritus and

grasses (Figure 4, middle left). Rock surfaces are unstable and

mature desert varnish accumulations are continually being removed

on exfoliation slabs, exposing unvarnished surfaces (Figure 4).

Some of the exfoliation slabs are extremely thin (2-3mm thick,

Figure 4, middle right) and may appear to be desert varnish

crusts to a careless observer.

Coarse granular rocks like medium to coarse grained granite

tend to support weakly developed varnish, since surface crystals

are continually being dislodged, and the surface remains too

unstable and ephemeral for mature varnish accumulations (Figure

4, lower left). Finer varieties of granite, however, may support

quite extensive varnish cover, particularly if there is a mafic

or dioritic tendency (Figure 4, lower left). Figure 4 (lower

left) shows a coarse granite with poorly developed desert varnish

in contact with a fine dioritic granite, supporting well

developed varnish. This relationship suggests that the varnish on

the finer granitic variety is due partly either to its more

stable surface, or to derivation of varnish components from the

underlying diorite substrate, or both, rather than due to an

external supply difference, since the two units are juxtaposed.

At one locality in the Mojave - the Chemehuev Mountains (Figure
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4, upper right) - an ash flow tuff boulder supported an extremely

thick (3mm) desert varnish deposit in a shallow bowl-like

depression (discussed in more detail in the following section).

Occurrences of desert varnish at the outcrop scale in the

Sonoran Desert of southwest Arizona (Figure i, upper right and

middle left and Figure 5, upper right and middle left) appear

identical to varnishes of southern Nevada. Distinct weathering

rinds and Ca enrichment layers just below leached zones at the

rock surface were observed in ash flow tuff formations at several

locations, including Roll, the Saucedo Mountains and 5 miles NW

of Sells.

Desert varnish development on the terrestrial sandstones and

mudstones of the Colorado Plateau are shown in Figures 1 (middle

right) and 5 (lower right and left). Varnishes from the Colorado

Plateau appear different in several general respects. Firstly,

they are redder in color, reflecting the reddish hues of their

underlying host rocks. Varnishes in general seem to be more or

less darker, redder, or purplish, if the host rocks possess those

respective tones or hues, a property expected since varnishes are

typically amorphous and translucent. The redder hue is also

likely due to high Fe/Mn ratios in the varnishes since water and

dust surrounding these units is likely enriched in Fe oxide rich

detritus weathered from the red bed host rocks. Secondly,

varnishes from the Colorado Plateau form vertical streaks on

cliff faces apparently in response to deposition from water

runoff. Varnishes tend to develop to more mature levels on the
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more resistent sandstone interbeds in many of the formations.

These beds form higher relief ledges that protrude slightly from

the cliffs and slopes (Figure I, middle right). The less

resistent interbeds do not support significant varnish.

EAST AFRICA. Field examples of desert varnish from east Africa

are shown in Figures 6 and 7. Occurrence of desert varnish in

this steppe climate appears very similar to varnish occurrences

in the semiarid regions of the southwest U.S. The east African

steppe is largely grass covered and grades into fairly lush

savannahs. Moreover, the terrain is largely flat rolling hills

(Hemingway's "green hills of Africa"). Thus, outcrop is

restricted, which leads to limited occurrences of desert varnish.

In addition, the equatorial climate is conducive to biological

activity on rock surfaces, and dark growths of fungus and

bacteria are common in places (Figure 6, lower left and Figure 7,

bottom). Fungus and bacterial growth concentrates within streaks

on steep outcrop slopes along water runoff pathways (Figure 6,

bottom left) and on flat surfaces where water stagnates after

showers. Some secondary coatings are mixtures of organic and

desert varnish growth.

DESERTVARNISH MORPHOLOGY

The form and habit of desert varnishes observed in the Mojave
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and Sonoran Deserts, on the Colorado Plateau, and in east Africa

are identical to the varnishes studied in detail from southern

Nevada, with a few isolated and rare exceptions. In the main,

varnishes tend to occur as thin films than impregnate the

surface, typically to a depth of imm or less. It is difficult to

locate coherent accumulations in thin section that can be

analyzed by microprobe (Figures 8 and 9). Thick accumulations

usually occur in small recesses in the rock surface (Figure 8,

bottom); however they may overlap onto adjacent protuberances

(Figure 9, bottom). Some of the thick deposits are laminated

(Figure 9, bottom) in response to cyclic deposition of more Mn or

Fe+Mn rich coatings.

A remarkably thick deposit of varnish was sampled in the

Mojave Desert (Figure 8, bottom). Megascopically, the deposit

resembles asphalt. It is about 3mmthick, black with disseminated

mineral and lithic grains, and forms a distinct layer with a

sharp contact with the underlying ash flow tuff. The deposit

covers an area of about 10xl0cm, feathering out laterally into

typical varnish cover. Thin section observation and SEM-EDX

imagery (Figure 8, bottom) shows that the layer is composed

chiefly of felsic mineral grains and felsic lithic fragments with

a very thin film of desert varnish matrix in the interstices. The

layer is bound both against the rock and at the air interface by

encrusting desert varnish layers. Apparently an older exposed

surface with mature desert varnish was covered by rock detritus

which was cemented in place by desert varnish films, then covered
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Figure 8. SEM backscatter (primary electron) images of polished
rock sections with desert varnish coatings. Samples are from the
southwest U.S. Brighter tones represent backscatter from higher
atomic number elements. Thus, Fe and Mn rich minerals and desert
varnish are bright in these images. The red letters correspond to
SEM-EDX compositional probes tabulated in Tables 1 and 2. Upper
Left: ash flow tuff from the Sonoran Desert, Roll, Arizona; scale
imm = 37 micrometers. Upper Right: ash flow tuff, 5 miles northwest
of Sells, Arizona in the Sonoran Desert; scale Imm = 12
micrometers. Middle Left: Entrada Sandstone on the Colorado

Plateau, 15 miles south of Moab, Utah; scale imm = 4 micrometers.

Middle Right: densely welded ash flow tuff, Chocolate Mountains,

Mojave Desert, southeast California; scale Imm = 25 micrometers.

Bottom: ash flow tuff, Chemehuev Mountains, Mojave Dessert,

southeast California, showing the thick asphalt-like desert varnish

deposit, bounded at both the air and rock interfaces by bright

Fe+Mn rich desert varnish, but the layer between is largely felsic

material. Thin desert varnish films stain this entire layer dark,

so that megascopically it appears to be an extremely thick desert

varnish layer.
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Figure 9. SEM backscatter images of polished rock sections with

desert vanish coatings. Bright tones represent backscatter

intensities from higher atomic number elements, including the Fe

and Mn in desert varnish. Upper: andesite from the south shore of

Lake Nakuru, west Kenya; scale Imm = 12 micrometers. Middle:

basaltic andesite with a well developed, thick desert varnish

coating from the west rim of Ngorongoro Crater (collapsed caldera),

northwest Tanzania; scale Imm = 25 micrometers. Lower: ash flow

tuff south of Nairobi, Kenya. Desert varnish on this unit is

unusually thick and well developed, even though the rock is poorly

welded, porous, and pumiceous rich; scale imm = 37 micrometers.
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by another desert varnish accumulation to its present state.

DESERT VARNISH COMPOSITION

SEM-EDX (scanning electron microscope with an energy

dispersive X-ray system) was used to probe several polished

sections of rock surfaces hosting desert varnish (Tables 1 and

2). Desert varnish samples from the southwest U.S. (Table i)

contain about 31% to 46% combined Fe+Mn. Exceptions include the

sandstone sample from the Colorado Plateau which contained 8.98%

Fe+Mn and the lower zone of varnish (Figure 8, bottom) that

demarks the unusually thick asphalt-like deposit on the ash flow

in the Chemehuev Mountains which contains 72.02% Fe+Mn with

60.84% Mn. Varnishes on the red bed sandstones of the Colorado

Plateau are very thin and typically poorly developed, due to the

relatively rapid erosion of surface sand grains. The varnishes

are very thin. The relatively high Fe/Mn ratio (1.30) is not

surprising since these rocks contain abundant iron oxide cement.

The varnish zone of this sample may have included some clay

component, which could account for the high si and A1 content.

The unusually high Mn value reporting from the varnish zone in

the ash flow tuff from the Mojave Desert (Figure 8, bottom and

Table I) may have originated during an earlier period, prior to

deposition of the overlying thick clastic zone containing the

varnish cement, or it might possibly have been developed by
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enrichment from Mn rich waters permeating laterally along the

interface between the rock and the asphalt-like zone.

Combined Fe+Mn content of desert vanishes from east Africa

(Table 2) ranges from 26% to 64%. Si and A1 are the other chief

constituents. Ti is enriched in varnishes on the basaltic

andesite and ash flow tuff. The high Fe+Mn content of the

exceptionally thick deposit of varnish on the ash flow tuff may

be caused by progressive leaching of alkali cations over time

from the varnish in addition to progressive enrichment by Fe and

Mn. The Fe/Mn ratios on the mafic rocks - basaltic andesite and

andesite - reach 2.8 and 1.8, respectively, supporting

observations from work on varnishes from southern Nevada that the

higher the mafic tendency of the host the higher the Fe/Mn

ratios, suggesting that varnish compositions are dependent to

some degree on host rock compositions, and that the host rocks

may indeed be source rocks for some of the Fe and Mn in varnish.

COMPARISONS WITH SOUTHERN NEVADA

Some comparisons between desert varnishes from the Mojave and

Sonoran Deserts and the steppe of east Africa have been drawn

throughout the sections above. This section recaps and summarizes

the similarities and differences, organized by i) distribution,

continuity and thickness, 2) weathering rinds and secondary zones

of enrichment and 3) compositions.
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LOCAL DISTRIBUTION OF DESERTVARNISH. Desert varnish

distribution, accumulation, continuity and thickness at the

microscopic, hand sample and outcrop scale is very similar from

region to region, conforming to the detailed observations

described for the varnishes in southern Nevada. Desert varnish is

characterized by extreme discontinuity of thin films that form

mottled patches at micrometer scales when viewed microscopically.

Tonal consistency appears to encompass larger areas when viewed

from distances of a few feet, but even within patches of very

heavy varnish cover smaller zones are present with thinner

varnish cover, and essentially unvarnished mineral grains are

randomly and commonly exposed.

More resistent and older surfaces develop darker more mature

varnish deposits. The proportion of "heavy" and "very heavy"

varnish relative to less extensive deposits is greater in the

Mojave Desert of California and western Arizona than in southern

Nevada; however, deposits of varnish thicker than the "very

heavy" degrees developed in southern Nevada do not seem to occur

in the Mojave except in very isolated and rare situations. There

appears to be a physical constraint on the age of varnish that is

controlled by the stability of rock surfaces in semiarid

climates. Outcrops are continually exfoliating carrying the

mature varnish cover off the outcrop. Mineral grains eventually

dislodge from rock surfaces as well.

Thick, laminated and encrusting types of varnishes are

uncommon in comparison to the more typical thin films that
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comprise the majority of varnish cover. They tend to reside in

minute recesses, although they occasionally extend over zones of

higher relief.

WEATHERINGRINDS AND SECONDARYZONES OF ENRICHMENT. The

weathering characteristics of rock surfaces and the relationship

they bear to the desert varnish they host is similar from region

to region. Weathering rinds develop on all rocks and vary from

very distinct with relatively sharp contacts on many of the ash

flow tuffs, other volcaniclastics and metasedimentary units at

one extreme, to rinds with rather diffuse contacts on dense

volcanic rocks, to nebulous and indistinct weathering rinds on

coarse rocks like coarse-grained granite and sandstone at the

other extreme. The upper surfaces of the weathering rinds are

typically lighter in color than the rest of the rock, and we can

assume from our work with similar bleached surfaces of well

studied rocks from southern Nevada, prima facie, that they too

are leached zones. The weathering rinds are commonly enclosed

within exfoliation slabs.

The dark secondary zone of Ca enrichment and cementation,

chief evidence for the solution-evaporation pump model we

conceived for initial extraction of Fe and Mn from host rocks and

incorporation into the desert varnish layer, was observed on

porous volcanic rocks from both the Mojave and Sonoran Deserts.

These observations indicate that the evaporation pump model is an

inclusive model for all of the southwest U.S.
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COMPOSITION. There appears to be little compositional

variation between desert varnishes from each of the study

regions. Varnishes are composed chiefly of Fe, Mn, Si, and AI,

and occur in amorphous compounds with varying amounts of clay and

mineral/lithic detritus. Our analytical work indicates that true

oxide minerals of Fe and Mn are typically absent. Varnishes from

all regions tend to contain some alkalis and Ti. The Fe/Mn ratios

in varnishes from all the regions are dependent on host rock

composition: the higher the mafic tendency of the host, the

higher the Fe/Mn ratio.

CONCLUSIONS AND IMPLICATIONS FOR REMOTE SENSING

Results of this interregional investigation and comparison of

desert varnishes has important implications for the detection of

varnish on Landsat and other visible and near IR remote sensing

systems and the influence of varnish on the imagery signatures of

host rocks. Of general significance is the implication that

conclusions drawn from the southern Nevada investigation are

applicable to the entire semiarid southwest U.S. and the steppe

of east Africa and likely applicable as well to other semiarid

regions of the world. Of more specific significance are:

i) Varnish maturity and thickness are controlled by

short-lived rock surfaces that exfoliate or weather,
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degrading the surface and aborting further varnish

accumulation. Thus the "heavy" to "very heavy" varnish

deposits described in the southern Nevada study prevail

as the most advanced varnish developments in other

semiarid regions as well.

2) Varnishes tend to be highly discontinuous, occurring

principally as thin films rather than encrusting lamin-

ations.

3) The influence of desert varnish on host rock signatures

in the visible and near infrared region of Landsat is

limited by (i) and (2) above, limited increasingly so

as wavelengths increase, since lower energy radiation seems

to penetrate slightly further through the translucent

varnish films, reflecting to a greater extent primary rock

spectral properties. Thus, the longer wavelength false color

composites such as 3-5-7 images and principle component

images tend to contain superior lithologic information.

4) For the same reasons, 5/2 ratio values should increase

over felsic units with extensive desert varnish cover,

leading to high tonal contrast over these units on 5/2

images.

5) The similar varnish compositons and varnish-host
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compositional relationships from region to region

and the presence of the dark bands or secondary zones of

cementation indicate that the solution-evaporation

pump model may be an appropriate explanation for the

initial extraction of Fe and Mn from porous ash flow

turfs and other host rocks and initial supply to the

desert varnish zone throughout the southwest U.S. and

other semiarid regions as well.

6) The spectral characteristics of varnish would be expected

to be similar from region to region. Thus, 5/7 ratios should

be somewhat lower over units with extensive desert varnish

cover, but compositional differences among varnishes are

too narrow to permit differentiation of units based on the

varnish itself.
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AIRBORNE SCANNER (GERIS) IMAGERY OF THE

KANE SPRINGS WASH VOLCANIC CENTER, LINCOLN COUNTY, NEVADA

INTRODUCTION

Airborne imaging spectrometry (GERIS) was flown at the Kane

Springs Wash volcanic center. Data from one flight line of

Geophysical Environmental Research Inc.'s imaging spectrometer

(GERIS) was collected.

GERIS is a narrow band, 64 channel, visible/near-infrared

imaging spectrometer (Appendix A). Single band, false color

composite, and Chebyshev coefficient images were produced and

correlated where possible with mapped lithologies and other

surface cover. The GERIS imagery was then compared with

Landsat Thematic Mapper imagery of the same area. This

qualitative and preliminary investigation may be significant

to those interested in geologic mapping and in comparing the

new narrow band airborne sensors with Landsat. Most geologic

studies with GERIS and other narrow band visible/near-infrared

sensors involve specific mineral detection, including

phyllosilicate, carbonate, and sulfate mineralogy.

Basically, this imaging spectrometric approach plots curves

for comparison with a reference library of known mineral



spectra. Application of these sensors to general geologic

mapping problems has been limited.
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PURPOSE

The purpose of the GERIS survey was to collect imagery

within narrow intervals of the visible/near-infrared spectrum

that might enhance contrast among the volcanic rock

assemblages at Kane Springs Wash or help differentiate units

with variable amounts of desert varnish cover. Airborne

imaging at Kane Springs Wash in the thermal infrared using

the TIMS (Thermal Infrared Mapping System) spectrometer

suggested that clay minerals in desert varnish might be the

cause of some imaging characteristics of some rock units. If

so, the narrow band advantage of GERIS could provide an

imaging advantage over Landsat Thematic Mapper (TM) imagery

due to the spectral sensitivity of GERIS at the clay

absorption peak around 2.2 micrometers. For the same reason,

carbonate minerals in weathering rinds might also be

detectable and lead to imagery units with lithologic

correlation. Moreover, the steep slope apparent in the field

spectra for surfaces with "heavy" varnish cover and for some

of the more "evolved" late stage volcanic differentiates

between TM bands 5 and 7 might lead to better imaging

resolution with narrow band intervals. Finally, the improved
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spatial resolution of GERIS could provide differentiation

advantages among the volcanic units.

LOCATION AND FLIGHT LINE

The Kane Springs Wash volcanic center is located in

southern Lincoln County, Nevada, approximately ii0 air km NNE

of Las Vegas (Figure I) in the Delamar Mountain Range. Access

to the Kane Springs Wash caldera is by excellent graded dirt

road that connects Caliente with Federal Highway 93 about 30

km south of Alamo. Access within the Kane springs Wash

study site is by unimproved and often very poor dirt roads.

The northern part of the GERIS study site is accessed by

unimproved dirt roads from Highway 93 about 30 km west of

Caliente. Roads within the study site are sparse, poor, and

unimproved. Topographic relief is moderate to high. Elevations

vary from about 1070 to 1980m.

The GERIS flight line was about 35 km long and was flown

at a N20E bearing along the NW flank of the Delamar Mountains

(Figure 2). The scanner swath resulted in an image width of

about 7.5 km. Flight altitude was 20,000 feet. Details of the

GERIS instrument are given in the following section.



INSTRUMENTATION

The GERIS scanner (Appendix A) has a total of 64 channels,

63 spectral data channels and one gyroscope channel. Appendix

B lists the channels and corresponding band positions in the

electromagnetic spectrum. Channels 1 through 24 cover,

continuously, the 433.6 nm to 971.8 nm spectral region with

bandwidths of 23.4 nm. Channels 25 to 31 cover, continuously,

the 1.08 micrometer to 1.8 micrometer region with bandwidths

of 0.12 micrometer. Channels 32 through 63 cover,

continuously, the 1.986 micrometer to 2.496 micrometer region

with bandwidths of 16.43 nm. GERIS has a single aperture with

three separate spectrometers for the three separate detector

arrays. This makes perfect image pixel registration possible.

The scanner has three instantaneously changeable aperture

sizes, corresponding to 2.5, 3.3, and 4.6 mRAD IFOV's. The

ground resolution at 20,000 ft. aircraft altitude is 18, 24,

36 meters square with IFOV's of 2.5, 3.3 and 4.6 mRAD,

respectively. The data has 12 bit digital resolution and 16

bit dynamic range. No gain and offset adjustment is necessary.

The signal-to-noise ratio in the 400-1100 nm region is as high

as 5,000 and in the 1.4-25 micron region, it is about 500.

The data collected was calibrated, geocorrected and

analyzed with standard band, band ratio, and color composite

imagery techniques as well as by use of Chebyshev polynomial

coefficients.
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IMAGE CALIBRATION

Several image processing techniques were used to

effectively calibrate all the data sets. They included the

following:

i• SLOPE CORRECTION. A computer program was written to

correct the general slope of the image along the scan

line (Appendix C). The slope distortion was produced by

slight uneveness of the two reflecting mirrors in the

scan head of the GERIS instrument.

• DESTRIPING. A computer program was written to

destripe the image• Striping was introduced into the

scan data and resulting imagery by detector differences

in the head of GERIS.

IMAGE REGISTRATION

Registration is the process of geometrically aligning

data sets from which geological and geophysical and other

terrain information may be extracted• The registration

procedure involves two main steps. First, ground control
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points must be selected. Second, the data set (image) must be

registered to a UTM projection through an affine polynomial

transformation.

GROUND CONTROL POINTS (GCP). Twelve uniformly spaced GCP

were selected and digitized on each of the two topographic

maps used. These points have known latitude and longitude

coordinates as well as known UTM coordinates. The

corresponding line and sample number of the points in each of

the images used and the map coordinates were noted and listed

for the production of a transformation matrix. When improperly

performed, the selection of GCP becomes the principle source

of error in the registration process. The magnitude of the

error is driven by three main factors: i) map scale, 2)

digitizer resolution and 3) human error. In order to minimize

error, the following precautions were taken:

i. Only 7.5 degree topographic maps (1:24,000) were

used.

2. A very high resolution digitizer was utilized to

digitize the ground control points from topographic

maps (Calcomp 9100, resolution of 0.0005 inch).

3. The points were digitized several times and the

results averaged. These actions produced an

accuracy of about 0.31 pixels in both x and y

directions.

REGISTRATION TO UTM. Once ground control points were
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selected, regression analysis was applied to determine the

coefficients for the transformation. These transformation

coefficients were used to warp the original images into a UTM

projection. For the study area an affine transformation was

used. For areas larger than 250 kilometers, higher order

polynomials may be used in order to obtain accurate

registration. A computer program written by M. Crawford of

ARCO for PC based systems was modified and used to calculate

the transformation coefficients of the data set. The program

uses the Affine Transformation:

X' = alX + blY + cl

Y' = a2X + b2Y + c2

X and Y = input pixel coordinates

X' and Y' = output coordinates

GRID RESAMPLING. The grid scale produced by the affine

transformation was determined by the original pixel size of

each image. The grids were resampled using a cubic convolution

algorithm.

FLIGHT LINE GEOLOGY

The GERIS airborne flight path coincided with the NE flank

of the Delamar Mountains at the pediment/outcrop contact

(Figure 2). Distortion in the data rendered some of the
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imagery useless, but 3 subscenes were separated for

evaluation. The south end of the line traversed the western

margin of the Kane Springs Wash caldera. The geology of the

Kane Springs Wash caldera (Figure 3), a Miocene eruption dated

at 14 to Ii Ma was described in detail in Parts I and II of

this report. The western part of the caldera, imaged by GERIS,

is dominated by outflow ash sheets from the caldera. These ash

flow tuffs are dominated by the Kane Wash Tuff, which is

composed of 3 separate cooling units in this area. Underlying

Kane Wash Tuff are two ash flow cooling units, O and W,

assigned to the Kane Wash Tuff Formation by Noble (1968) but

thought by Novak (1985) to have originated from another

source. Underlying the O and W Tuffs and forming the oldest

exposures at the center is the Hiko Tuff. The image

encompasses a portion of the intracaldera deposits which

include rhyolite ash flow tuffs, trachyandesite lavas, minor

basalt, and a prominent topaz rhyolite flow dome. The caldera

margin is overlapped by a talus breccia bed.

The central part of the flight line is underlain by

volcanic rocks consisting largely of ash flow turfs and by

the Cambrian Highland Peak Formation, which consists of

limestone and dolomite. Well developed alluvial fans with west

pointing distributary channels dominate the central subscene.

The geology of the northern part of the flight line is
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dominated by the Cambrian Prospect Mountain Quartzite, a thin-

bedded to massive, reddish brown to white quartzite. The

Prospect Mountain Quartzite is overlain conformably by the

Pioche Shale, which is overlain conformably by the Highland

Peak limestone, both Cambrian in age (Tschanz and Pampeyan,

1970). The Paleozoic section strikes generally NNE and dips

shallowly to moderately E. It is overlain unconformably by

Tertiary volcanic flows along the northern, eastern and

southern parts of the northern subscene. Rhyolite dikes and

sills are present, and faulting is dominated by NWTrends. An

important feature of the north subscene is an area of

hydrothermal alteration that centers around the Delamar mining

district in the central western part of the subscene. The old

workings, including a large glory hole and mill tailings form

a salient imagery unit (Figure 3, upper left and right). The

Cambrian sedimentary section and Tertiary rhyolite dikes in

the vicinity of the mined area are altered to argillic phase

mineral assemblages, and the weathering of altered quartzite

breccias has resulted in iron staining and zones with powdery

quartz coatings.

IMAGERYINTERPRETATION

Three subscenes were lifted along the flight line where

distortion was not too extreme. The subscenes used for
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analysis and interpretation include north, central and south

subscenes (Figure 2). Of the 63 bands GERIS measures (Appendix

B), 14 were processed to correct for distortion and slope and

used in individual band images and false color composites. The

bands selected for processing (i, 4, 7, ii, 14, 18, 26, 30,

36, 40, 46, 49, 55, 63) are those located at spectral

positions which should provide select information about rock

assemblages and desert varnish, based on our experience with

field spectra and Landsat TM and which should be advantageous

for comparison with TM. Many images were reviewed and many

hard copies made, but most exhibited redundant information.

The images showing the greatest contrast and those with color

units that correlated best with surface cover are shown in

Figures 4 and 5. Ratioing was attempted without success. Other

workers have expressed similar problems with ratioing GERIS

bands. Evidently, each band is swamped with surface radiation,

resulting is very small spectral differences. Ratio values are

thus quite small, and resulting images contain virtually no

contrast. Waveform analyses were also performed and output in

imagery form. The waveform analysis is based on Chebyshev

polynomials. Variations in the coefficients of the polynomial

terms used to approximate the spectral curves form the basis

for new pixel values used to produce the Chebyshev images (for

more detail see Collins et al., 1981 and Marsh and McKeon,

1983).



Figure 4. GERIS narrow band imagery of the western edge of the Kane

Springs Wash caldera and the western flank of the Delamar Mountain

range. All images are contrast enhanced and color sequence is red-

green-blue. Image tops point N20E. Scale: icm=0.7km. A. North

Subscene, 36-46-7 color composite. B. North Subscene, 7_30-55 color

composite. C. Central Subscene, 30-4-1 color composite. D. Central

Subscene, 14-30-49 color composite. E. Central Subscene, 4-40-46

color composite. F. South Subscene, 7-4-1 color composite. G. South

Subscene, 4-26-56 color composite. H. South Subscene, 36-46-56

color composite. I. South Subscene, 40-46-26 color composite. Cpm-

Cambrian Prospect Mountain Quartzite. Chp - Cambrian Highland

PeakFormation (limestone). T - mine railings. TKvu - Tertiary

volcanic rocks, primarily ash flow tuffs. Tkt - Tertiary Kane Wash

Tuff. Tfd - Tertiary topaz rhyolite flow dome. B - Tertiary basalt.
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Figure 5. Chebyshev polynomial images of the GERIS spectra over

the western flank of the Delamar Mountain range. All images are

contrast enhanced and color encoded red-green-blue. Image tops

point N20E. Scale: icm=O.7km. Upper Left: North Subscene, V7-I4-I2

color composite. Upper Right: North Subscene, V5-V3-I4 color

composite. Middle Left: North Subscene, V2-I3-II0 color composite.

Middle Right: Central Subscene, V7-V3-Vl color composite. Lower

Left: South Subscene, V2-V3-V5 color composite. Lower Middle: South

Subscene, Vl-V2-V5 color composite. Lower Right: V3. V=visible,
I=infrared.
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NORTH SUBSCENE. False color composite images - GERIS bands

36-46-7 and 7-30-55, colored red-green-blue - of the north

subscene are shown in Figure 4 (upper left and right).

Distinctive imagery units that correspond with mappable

formations or rock assemblages include the bluish and cyan

patches on the northern, eastern and southern fringes of the

36-46-7 image, which correlate with Tertiary volcanic flows,

primarily ash flow tuffs. The volcanic beds and the alluvial

fan they shed in the NW part of the image are relatively

reflectant in band 46, due partly to a lack of secondary clay

minerals, which are prevalent within the Delamar mining

district and the central part of the image and to vegetation

which caps areas of higher relief. The hydrothermally altered

area is achromatic on the images. The Tertiary volcanics are

reddish to orangy on the 7-30-55 image due to relatively high

reflectances in bands 7 and 30. Band 7 is the longer

wavelength region of the visible or what the eye perceives as

red and probably is reflecting the slightly reddish color of

weathered volcanics and incipient desert varnish cover. High

values in band 30 are in response to the spectral separation

so prominent around 1.6 micrometers which correlates with TM

band 5. Felsic assemblages respond with relatively high

values. Cambrian formations higher in the section, Pioche

Shale and Highland Peak Limestone form elongate N-S patterns

on the eastern fringe of the image. Highland Peak is orangy

on the 7-30-55 image due to lower reflectance response in band
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55, which is centered at 2.35 micrometers, where carbonate

minerals absorb. Bluish hues on the 36-46-7 image and reddish

hues on the 7-30-55 image along drainage channels correspond

to riparian vegetation.

Composite Chebyshev images are shown in Figure 5. They tend

to result in broad imagery units that correspond with

vegetation zones. The dark blue zone on the V7-I4-I2 image

and the red unit on the V5-V3-I4 (colored red-green-blue)

image represents the densest vegetation in the subscene, where

juniper and pinyon pine grow. The mine workings at the Delamar

mine are quite distinctive on the V2-I3-IIO image. They are

magenta due to relatively high reflectance values in V2 and

II0. Similar hues in three patches in the NE quarter of the

subscene represent hydrothermally altered areas in a fault

block near the Culverwell mine.

CENTRAL SUBSCENE. The central subscene (Figure 2) is

dominated by alluvium and a well developed alluvial fan.

Outcrops of Highland Peak Formation exposed along the west

flank of the Delamar Mountains are imaged in the NE portion

of the subscene. The Highland Peak Formation is a succession

of limestones, dolomites, and sandy dolomites. The section

dips moderately to steeply ENE. The Highland Peak Formation

in the subscene is characterized by NNW lineations that

represent interbedded limestones and sandy dolomites. On the

30-4-1 image, colored red-green-blue, the limestone interbeds
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are blue due to the high reflectance of limestones in the blue

region of the electromagnetic spectrum. Limestones are reddish

on the 4-40-46 image for the same reasons. In fact, the

ability of the short visible wavelength bands to discriminate

limestone lead to superior composite images using bands 1 to

4. The sandy dolomite interbeds in the Highland Peak exhibit

relatively high reflectance values in all bands, leading to

achromatic tones on the composite images. An alluvial terrace

just west of Highland Peak exposures is also very light in

tone due to distribution of sandy dolomite detritus over it.

The reddish hues on the west side of the 30-4-1 image is a

vegetation response. A recent alluvial fan, quite distinctive

on the 30-4-1 and 4-40-46 image, is developed west of the

Highland Peak exposure. Hues of the fan correspond with hues

of the limestone beds, reflecting the source of the detritus

that comprises the fan.

A Chebyshev image of the central subscene, color composite

V7-V3-Vl, colored red-green-blue, is shown in Figure 5.

General patterns that correlate with vegetation, outcrop, and

alluvium are depicted by this image, but little detail is

apparent.

SOUTH SUBSCENE. The southern part of the data strip

contained extreme distortion that could be rectified only

partially. The color composite images thus contain wavy

textures (Figure 4). South subscene imagery is marked by
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distinctive white or yellowish imagery units that correspond

with intracaldera ash flow tuff (Figure 4). One such

occurrence is a small circular or cotton ball like exposure

on the eastern edge of the image. Another occurrence forms a

linear, feathery arcuate pattern in the center of the image

that is concave upwards. On the 4-26-56 image, colored red-

green-blue, intracaldera ash flow tuff is yellow due to the

lack of reflectance in band 56 caused perhaps by absorption

of secodary calcareous deposits and clay developed in these

porous beds. The wide, sinuous, light brown zone in the SW

quarter of the image correlates with the caldera flank breccia

deposit. Dark tonal contrast in patches extending south of the

white cotton ball like exposure of intracaldera tuff are

exposures of trachyandesite which is dark and relatively

nonreflectant throughout the visible and near-infrared. A

small circular patch of basalt, also dark on these images,

borders and mirrors the circular patch of intracaldera tuff.

The Kane Wash Tuff ash flow sheet occurs in the north, west

and south parts of these images where scan distortion is

extreme. It does form a distinct imagery unit, however, in the

northern half of the images. The unit is greenish yellow on

the 7-4-1 and 4-26-56 images, reddish on the 36-46-56 image

and purplish on the 40-46-26 image all colored red-green-blue.

The reddish hue on the 36-46-56 image could be due to poor

reflectance in 46 and 56 due to clay in the well developed

desert varnish it tends to support and to carbonate deposits
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in the weathering rinds. Moreover, felsic units are usually

bright on images in the 1-2 micrometer range, such as band 36

or band 26 which helps create the purplish image that

corresponds with the unit on the 40-46-26 image and the

greenish hue on the 4-26-56 image. The western edge of the

topaz rhyolite dome is framed just within the eastern fringe

of the images. The dome is fairly indistinct but responds

similarly to the Kane Springs Tuff with which it is

genetically related. The rhyolite flow dome was deposited

immediately following the outpouring of the Kane Wash Tuff and

is very similar in composition. The two units tend to parallel

one another in imagery characteristics on Landsat TM as well.

Chebyshev coefficient images are shown in Figure 5.

Intracaldera ash flow tuff is conspicuous on the V2-V3-V5 and

Vl-V2-V5 images. The topaz rhyolite is outlined on the SE

fringe of the Vl-V2-V5 image in a speckled red semicircle. A

similar pattern marks exposures of Kane Wash Tuff on the

western fringe of this image. Topaz rhyolite is bright on the

V3 image, and north of it along the NE fringe of the subscene

ferroedinite-rhyolite lavas respond similarly.

COMPARISON WITH LANDSAT THEMATIC MAPPER IMAGERY

Figures 6, 7 and 8 exhibit Landsat 5 Thematic Mapper

imagery of the area covered by the GERIS flight line. The
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imagery is discussed in the following text by subscene.

Landsat TM imagery of the area covered by the south subscene,

the Kane Springs Wash caldera, has been described by Spatz,

Taranik, and Hsu (1987a, 1987b, and 1989) and Spatz and

Taranik (1989). Thermal infrared imagery of the area has been

discussed by Chenevey (1989), Chenevey and Perry (1989) and

in Part II of this report.

NORTH AND CENTRAL SUBSCENES. Comparison of TM Band 2 with

TM Band 5 (Figure 6) over the North study site demarks the

exposure pattern of Prospect Mountain Quartzite quite well.

The unit is markedly brighter on the Band 5 image than on the

Band 2 image due likely to relatively deeper penetration of

Band 5 wavelengths and the resulting lithologic response of

this very light toned quartzite. Band 2 wavelengths are

absorbed to a greater extent by desert varnish that develops

on this resistant rock. The TM 3/1 ratio image and the

principle component 3 image (Figure 6) highlight the old

Delamar Mining district tailings in bright tones as well as

other areas of extensive hydrothermal alteration to the ENE.

A similar correlation was observed on the GERIS Chebyshev V2-

I3-Ii0 image (Figure 5). The tailings at Delamar are dark on

the 5/7 image (Figure 6, middle right), surrounded by light

tones that correlate with an argillic alteration halo around

the old gold mines. The low 5/7 values produced by the

tailings may be due to anomalous metal in the tailings. Bright



Figure 6. Landsat 5 Thematic Mapper images of the western flank of
the Delamar Mountain range. All images are full resolution 512x512
subscenes and are contrast enhanced. Image tops point about NIOE.
Upper Left: Band 2 image. Upper Right: Band 5 image. Middle Left:
3/1 ratio image. Middle Right: 5/7 ratio image. Lower: principle
component 3 image. Cpm - Cambrian Prospect Mountain Quartzite. Chp
- Cambrian Highland Peak Formation (limestone). TKvu - Tertiary

volcanics, mainly ash flow tuffs. Qal - Quaternary alluvium.









Figure 7. Landsat 5 Thematic Mapper images of the western flank of
the Delamar Mountain Range. All images are full resolution 512x512
pixel, contrast enhanced color composites and encoded red-green-
blue. Image tops point NIOE. Upper Left: 2-4-5 image. Upper Right:

3-5-7 image. Middle Left: principle component 2-3-4 image. Middle

Right: principle component 2-4-5 image. Lower: principle component

1-2-3 image. Cpm - Cambrian Prospect Mountain Quartzite. Cp -

Cambrian Pioche Shale. Chp - Cambrian Highland Peak Formation

(limestone). TKvu - Tertiary volcanics, mainly ash flow turfs. Qal

- Quaternary alluvium.
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Figure 8. Landsat 5 Thematic Mapper imagery of the western edge of

the Kane Springs Wash caldera (south subscene). Image tops point

NIOE. All images are full resolution 512x512 pixel. Upper Left: 3-

5-7 color composite encoded red-green-blue. Upper Right: Band 2

image. Middle Left: Band 5 image. Middle Right: 3/1 ratio image.

Lower: 5/7 ratio image. Tkw - Tertiary Kane Wash Tuff. Rfd -

Tertiary topaz rhyolite flow dome. B - Tertiary basalt.









30

3/1 values produced by the tailings reflect a high iron oxide

content. A prominent NNWstructural gain caused by moderately

NE dipping strata is prominent on the Landsat images (Figures

6 and 7), but not so apparent on the GERIS images.

Lithologic correlation in the Landsat principle component

images (Figure 7) is high. Lithologic units are labeled on

Figure 6, middle left. This exhibit can be referenced for

imagery-lithology correlations on the other images as well.

Striking correlations on the principle component 2-3-4 image

(Figure 7, middle left) include: Highland Peak Formation

(yellow), Pioche Shale (blue), Prospect Mountain Quartzite

(mottled moss, mustard, lavender) and Tertiary volcanics

(mottled pink and magenta). Imagery unit-lithology

correlations are similarly striking on the principle component

2-4-5 image (Figure 7, middle right). Alluvial fans respond

differently, spectrally, depending on source lithologies and

extent of desert varnish.

SOUTHSUBSCENE.The south subscene covers the western part

of the Kane Springs Wash caldera. The geology of this area

(Figure 3) was described by Noble (1966), Novak (1984) and in

Parts I and II of this report, and Landsat TM imagery units

were described in detail in Part I. Individual Band 2 and 5

images, 5/7 and 3/1 ratio images, and a 3-5-7 false color

composite image are shown in Figure 8. Distinctive units on

these images are the Kane Wash Tuff and the Topaz Rhyolite,
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both related in the volcano-tectonic history of Kane Springs

Wash by close emplacement timing and similar petrochemical

properties. These two volcanic assemblages exhibit similar

hues and tones. Note that they are quite dark on the 5/7 image

(Figure 8, bottom) due likely to a trace element suite that

includes magmatically "incompatible" elements and to

relatively well developed desert varnish which also leads to

steep spectral slopes in the near infrared region between TM

Bands 5 and 7 and to low 5/7 values. The GERIS image of the

south subscene covers a smaller area (Figure 5). Many of the

imagery units on the TM images are also distinguishable, as

well, on the GERIS images.

SUMMARY AND CONCLUSIONS

Application of

identification of

assemblages, and to

GERIS imagery to geologic mapping,

distinct lithologic units and rock

the detection of desert varnish was

reviewed at the Kane Springs Wash volcanic center and along

the western flank of the Delamar Mountains. Data suffered from

heavy scan distortion but three areas with moderate distortion

were extracted from the flight line for study. Individual band

images, false color composite imagery and Chebyshev

coefficient images were processed. Comparisons were made

between the GERIS imagery and Landsat TM. The study is
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qualitative and preliminary.

The GERIS imagery units seem to correlate best with fairly

broad areas, representing general cover types: areas with

heavy vegetation, outcrop, alluvial fans and Quaternary

gravel. Individual lithologic units are distinguishable in

places but no consistent lithologic correlation is apparent

in either individual band images, color composites, or

Chebyshev imagery. The significant result is that the GERIS

imagery does not provide very useful information for geologic

mapping purposes with the exception of the mine tailings at

the Delamar mining district which may be reflecting a unique

alteration mineral or metal content. Structural and textural

properties resulting from structural grain are indistinct on

the GERIS images.

In contrast, imagery units on Landsat TM images correlate

well with lithologic units, and structure is much more

apparent. One explanation may be that the broad bands of TM

essentially average spectra over a broader range of the

spectrum than the GERIS scanner, resulting in a broader

spectral characterization of rock types and some surface cover

types. The ability of TM to ratio seems a distinct advantage,

particularly for applications of 5/7 ratios to identification

of evolved volcanic differentiates, 5/2 and 5/7 ratios for

detection of desert varnish and 3/1 ratios for detection of

iron oxides.
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GER Airborne Scanner

20,000 feet

l IFOV3.3 mRAD

78 feet

24 melers

40,000 feet
7.6 miles

GEOPHYSICAL
ENVIRONMENTAL
RESEARCH CORP.

Aperture Size
0,015 °

0.020 °

0.030 °

IFOV

2.5 mRAD

3,3 mRAD

4.5 mRAD

Ground Spot Size

18 M square

24 M square

35 M square

Scan Parameters

111 8TH AVENUE And Other Spot Sizes Available
ROOM 1007





SCANNER SYSTEMS
* 400nm to 2.5 microns, 63 channels

* 400nm to 14 microns, 24 channels

GER 63 CHANNEL
SCANNER BANDS

VISIBLE/NEAR INFRARED

BAND 1 to 24 499nm to 1083nm

25.4nm Bandwidth

NEAR/INFRARED

BAND 25 to 31

INFRARED
BAND 32 to 63

1.08 micron to 1.80 micron

120nm Bandwidth

1.980 micron to 2.494 micron

16.5nm Bandwidth

SCANNER FEATUR

BAND NUMBERS *

DYNAMIC RANGE

SIGNAL-TO-NOISE

IFOV

PIXELS PER SCAN

SCAN SPEED

ES

64 with selectable wave-

lengths
* 16 bits

" All gains and offsets per-

manently set.

* Radiometrically calibrated

with results repeatable to

better than 1 percent from

flight-to-flight.
* To 10,000 counts 400 to

1100nm

* To 6,000 counts 1.4 to 2.5

microns
* To 5000 at 400 to 1100nm

* 100 to 500 at 1.4 to 2.5

microns (500+ new

detectors)
* Selectable

** 2.5 mRAD

** 3.3 mRAD

** 4.6 mRAD

** Others

* Selectable

** 512 Pixels

** 1024 Pixels

** Others

* Selectable

** 1 to 50 scans per
second

RECORDING

SPECIAL FEATURES

* Computer tape, 9 track,
6250 BPI

* New tape gives

greater dimensions of

recording

* Special electronics eliminate
all other scanner noise--

system is detector noise
limited.

* All channels acquired simul-

taneously resulting in per-

fect band-to-band registra-

tion.

* Continuous spectral curves

in each pixel

* Analysis
** Selected bands

** Waveform in all bands

DATA CALIBRATION
READ AIRCRAFT TAPE

CORRECT EACH SCAN

LINE TO THE ZERO

SIGNAL(DARK) LEVEL

SEPARATE BANDS

ELECTRONIC TIME

CONSTANT CORRECTION

ROLL CORRECTION

RADIOMETRIC RADIATION

CHEBYSHEV

TRANSFORMATION

Data translated from aircraft

system to computer format.
Removes all "STRIPING"

effects.

Sharpens image by removing

signal lag.

Separates the interleaved dat{

into 63 images.
Calculates aircraft roll from th_

system gyro and corrects

each pixel to remove roll from

the image.
Corrects instrument counts to

radiance. This calibration is

traceable to the Bureau of

Standards Radiance Source.

Transforms 53 band data into

polynomial coefficients that
are sensitive to changes in

spectral waveforms.

THERMAL SCANNER
BAND 1-24

400nm to 14 microns

* Present System

** 9 thermal spectral
bands

** 1 3 to 5 micron band

** 1 8 to 12 micron band
** t 400nm to 1 micron

band
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TABLE i

GER. CORP. SCANNER RADIANCE CORRECTION FUNCTION

CHANNEL WAVELENGTH (NM) RADIANCE CORRECTION

1

2

3

4

5

6

7

8

9

10

11

i2

13

14

15

16

17

18

19

20

5366.60010

5649.60010

5932.60010

6215.60010

6498.60010

6781.60010

7064.60010

7347.60010

7630.60010

7913.60010

8196.60059

8479.60059

8762.60059

9045.60059

9328.60059

9611.60059

9894.60059

10177.60059

10460.60059

10743.60059

0.828E-02

0.481E-02

0.449E-02

0.369E-02

0.333E-02

0.323E-02

0.297E-02

0.291E-02

0.294E-02

0.269E-02

0.281E-02

0.308E-02

0.294E-02

0.283E-02

0.301E-02

0.293E-02

0.350E-02

0.319E-02

0.406E-02

0.457E-02





CHANNEL

21

22

23

24

25

26

27

28

29

3O

31

32

33

34

35

36

37

38

39

40

41

42

43

WAVELENGTH (NM)

11026.60059

11309.60059

11592.60059

11875.60059

10800.00000

12000.00000

13200.00000

14400.00000

15600.00000

16800.00000

18000.00000

19729.69922

19891.89844

20054.09766

20216.29688

20378.49609

20540.69531

20702.89453

20865.09375

21027.29297

21189.49219

21351.69141

21513.89063

RADIANCE CORRECTION
FUNCTION

0.478E-02

0.641E-02

0.611E-02

0.950E-02

0.248E-01

0.600E-03

0.429E-03

0.393E-03

0.525E-03

0.603E-03

0.345E-03

0.470E-03

0.544E-03

0.566E-03

0.523E-03

0.532E-03

0.575E-03

0.574E-03

0.603E-03

0.588E-03

0.618E-03

0.651E-03

0.640E-03





CHANNEL WAVELENGTH (NM) RADIANCE CORRECTION
FUNCTION

44 21676.08984 0.696E-03

45 21838.28906 0.691E-03

46 22000.48828 0.706E-03

47 22162.68750 0.731E-03

48 22324.88672 0.803E-03

49 22487.08594 0.811E-03

50 22649.28516 0.781E-03

51 22811.48438 0.789E-03

52 22973.68359 0.762E-03

53 23135.88281 0.797E-03

54 23298.08203 0.779E-03

55 23460.28125 0.853E-03

56 23622.48047 0.911E-03

57 23784.67969 0.964E-03

58 23946.87891 0.973E-03

59 24109.07813 0.109E-02

60 24271.27734 0.114E-02

61 24433.47656 0.123E-02

62 24595.67578 0.131E-02

63 24757.87500 0.128E-02

The table of the radiance
above. The instrumwnt counts are
function.

calibration function is shown
multiplied by the radiance





APPENDIX C





C
C
C
C
C
C
C
C
C
C

C

PROGRAMTO CORRECTFOR THE SLOPE OF A COLLINS 64-CHANNEL
IMAGE IS THE GENERALSLOPE OF THE IMAGE ALONGA SCAN LINE
DIRECTION CAUSED BY SLIGHT UNEVENESS OF THE TWO REFLECTING

MIRRORS IN THE SCAN HEAD OF THE GER INSTRUMENT.

WRITTEN BY DR. SHENG-HUEI CHANG

GER INC., NEW YORK, NY

ADAPTED TO THE UNR VAX BY WILLIAM AYMARD

FEBRUARY 21, 1989

CHARACTER FIL*50, FILl*50

REAL*4 ASUMI(500)/500*0./

REAL*4 ASUM3(500)/500*0./, AINST, YY(512)

INTEGER*2 AI(512)

INTEGER*4 IAA

VARIABLES ST=IST SCANLINE, ND= LAST SCANLINE OF

INPUT FILE

C

OF SLOP

C

i01

C

STL=IST SCANLINE, NTL=LAST SCANLINE, INTV=INTERVAL

CORRECTED IMAGE

WRITE (6,*) ('ENTER THE NAME OF THE INPUT FILE')

READ (5,101) FIL

WRITE (6,*) ('ENTER THE NAME OF THE OUTPUT FILE')

READ (5,101) FILl

FORMAT (A50 )

OPEN (7,FILE=FIL,STATUS='OLD',ACCESS='DIRECT', SHARED)
O P E

(8,FILE=FIL1,STA_dS='NEW',ACCESS='DIRECT',RECI-_256,SHARED)
C

FILE ')

FILE ')

C

C

C

2O

30

ii0

N

WRITE (6,*) ('ENTER FIRST SCANLINE, LAST SCANLINE OF INPUT

READ (5,*) ST,ND

WRITE(6,*) ('ENTER IST LINE, LAST LINE INTERVAL FOR SLOPE

READ (5,*) STL,NDL
INTV=I

ILT = ND-ST+I

ILL = NDL-STL

LINE = 0

DO i0 I=STL,NDL, INTV

LINE = LINE+I

WRITE (*,900) LINE

READ (7,REC=I) A1

DO 20 II=51,85

ASUMI(LINE) = ASUMI(LINE)+FLOAT(AI(II))/35

CONTINUE

DO 30 II=441,475

ASUM3(LINE) = ASUM3(LINE)+FLOAT(AI(II))/35

CONTINUE

IF (MOD(I,50).EQ.0) WRITE (*,II0) I

FORMAT (' SCAN LINE NO.',I6,' WAS READ')





i0 CONTINUE
C

C

C

C

4O

SUM1=0

SUM2=0

SUM3 =0

DO 40 J=l, LINE

SUM1 = SUMI+ASUMI (J)/LINE

SUM3 = SUM3+ASUM3 (J)/LINE

CONTINUE

CORRECTION POINT BETWEEN 58-488

SLOP = (SUM3-SUMI)/(458. -68.)

AINST = i. -SLOP*256.

WRITE (*,*) 'SUMI=',SUMI,' SUM3=',SUM3,'

INT=',AINST

DO 50 JJ=l,512

YY(JJ)=SLOP*FLOAT(JJ)+AINST

50 CONTINUE

WRITE (*,*)YYC

C

C

C

70

C

60

C 900

DO SLOP CORRECTION

DO 60 IL=ST,ND

READ (7, REC=IL) A1

DO 70 II=1,512

IAA = AI(II)-INT(YY(II))

IF (IAA.LE.0) THEN
IAA= 0

ELSE IF (IAA.GE.25000) THEN

IAA = 0

ELSE

ENDIF

A1 (I I )=IAA

CONTINUE

ILL=IL-ST+I?

WRITE (8,REC=IL)AI

IF (MOD(IL,50).EQ.0)WRITE(*,*)'

CONTINUE

FORMAT ('LINE NO. =',I6)

STOP

END

SLOP=' SLOP, 'I

LINE =' IL ' DONE'
I I





C

C

C

C

C

C

C

C

C

200

C

C

C

C

25

C

C

C

C

C

C

C

PROGRAM TO CORRECT FOR DE-STRIPPING OF A COLLINS 64-CHANNEL

IMAGE CAUSED BY DETECTOR DIFFERENCE IN THE SCAN HEAD OF THE

GER INSTRUMENT.

WRITTEN BY DR. SHENG-HUEI CHANG

GER INC., NEW YORK, NY

ADAPTED TO UNR VAX 11/780 BY WILLIAM AYMARD

FEBRUARY 22, 1989

INTEGER*2 AA(512),BB(512)/512*-9999/

INTEGER*2 IDETI(512,10),IDET2(512,10),IDET3(512,10)

INTEGER*2 IDETT(512,40),IDET4(512,10)

CHARACTER NAME*40,NAMEI*40,ADI*40

WRITE(*,*)'ENTER THE INPUT FILENAME'

READ(*,200)NAME

WRITE(*,*)'ENTER THE OUTPUT FILENAME'

READ(*,200)NAMEI

FORMAT (A40 )

WRITE(*,*)'ENTER THE START AND END LINE # (II,I2)'

READ(*,*)ILI,IL2

OPEN(12,FILE=NAME,STATUS='OLD',ACCESS='DIRECT ')

OPEN(13,FILE=NAMEI,STATUS='NEW ' ,ACCESS='DIRECT',R ECL=256)

USE LINE 3 TO 22 (20 LINES) TO CALCULATE DETECTOR DIFFERENCE

DO 25 IL=3,22

ILL=IL-2

IM=INT ((ILL-I)/4) +i

WRITE (*, *) ILL, IM

READ (12, REC=IL) AA

DO II=l, 512

IDETT (II, ILL) =AA (II)

IF (MOD(ILL, 4) .EQ. I) IDETI (II, IS) =AA(IX)

IF (MOD (ILL, 4) .EQ. 2) IDET2 (II, IM) =AA (II)

IF(MOD(ILL, 4) .EQ. 3) IDET3 (II, IM) =AA(II)

IF (SOD(ILL, 4) .EQ. 0) IDET4 (IX, IM) =AA(II)

ENDDO

CONTINUE

CALCULATE STANDARD DEVIATION ANS AVERAGE

CALL AVERSTD(IDETT,20,50,450,AVT,STTD)

CALL AVERSTD(IDETI,5,50,450,AVI,STTI)

CALL AVERSTD(IDET2,5,50,450,AV2,STT2)

CALL AVERSTD(IDET3,5,50,450,AV3,STT3)

CALL AVERSTD(IDET4,5,50,450,AV4,STT4)

WRITE(*,*)AVT,STTD,AVI,STTI,AV2,STT2,AV3,STT3,AV4,STT4

DO DE-STRIPPING CORRECTION

SA=STTD

MA=AVT





C

C

999

C
C
C

I0

READ( 12 ,REC=I) AA
WRITE( 13, REC=I )AA
READ(12, REC=2)AA
WRITE( 13, REC=2)AA
DO IL=3,IL2
IRL=IL-2

READ (12, REC=IL) AA

IF(MOD(IRL, 4) .EQ.I) THEN

SI=STTI

MI=AVl

ELSE IF(MOD(IRL, 4).EQ.2)

SI=STT2

MI=AV2

ELSE IF (SOD(IRL, 4).EQ.3)

S I=STT3

MI=AV3

ELSE IF(MOD(IRL, 4) .EQ.0)

SI=STT4

MI=AV4

ELSE

ENDIF

WRITE(*,*) 'SA=' ,SA, '

DO II=i,512

THEN

THEN

THEN

SI=',SI,' MA=',MA,' MI=',MI

AAA=INT (FLOAT (AA (II ) ) *SA/SI+ (MA-MI *SA/SI ) )

IF(AAA. LE. 0)AAA=0
IF(AAA.GT.32760)AAA=0

AA(II) =AAA
ENDDO

WRITE(13,REC=IL)AA

IF(MOD(IL,50).EQ.0)WRITE(*,*)' LINE',IL,' IS

ENDDO

DONE'

WRITE(*,*)'ALL DONE !! '

STOP

END

AVERAGE AND STANDARD DEVIATION OF WHOLE ARRAY ( TWO D )

SUBROUTINE AVERSTD (BB, INN, IPI, IP2, AV, STD)

INTEGER*2 BB(512,40), INN,IPI,IP2

REAL*4 ASUM,AASUM,AV, STD

ASUM=0.

AASUM=0.

DO IL=I, INN

DO i0 I=IPI,IP2

AASUM=AASUM+FLOAT (BB (I, IL) ) *FLOAT (BB (I, IL) )

ASUM=ASUM+FLOAT (BB (I, IL) )
ENDDO

II= (IP2-IPI+I) *INN

AV=ASUM/I 1

SQI= (AASUM-ASUM*AV) / (Ii-l)

IF (SQI. LT. 0) SQI=0

STD=SQRT (SQI)

WRITE(*,*) 'AVER=' ,AV, ' STD DEV=' , STD





2O

C

CONTINUE

RETURN

END
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