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ABSTRACT: Landsat Thematic Mapper image data were analyzed to determine their ability to discriminate red cone
basalts from gray flow basalts and sedimentary country rocks for three volcanic fields in the southwestern United States.
Analyses of all of the possible three-band combinations of the six nonthermal bands indicate that the combination of
bands 1, 4, and 5 best discriminates among these materials. The color-composite image of these three bands unambig
uously discriminates 89 percent of the mapped red volcanic cones in the three volcanic fields. Mineralogic and chemical
analyses of collected samples indicate that discrimination is facilitated by the presence of hematite as a major mineral
phase in the red cone basalts (hematite is only a minor mineral phase in the gray flow basalts and red sedimentary
rocks). Discrimination between red cone basalts and red sedimentary rocks is aided by the presence of large quantities
of carbonate, sulfate, and clay minerals in the sedimentary rocks.

INTRODUCTION

N UMEROUS STUDIES have been performed and reported in
the literature concerning the use of airborne Thematic Map

per (TM) simulator data for geologic applications (see Abrams
et al. (1985) for references). The geometric and radiometric char
acteristics of the spaceborne TM data (Landsat 4, operational in
July 1982; Landsat 5, operational in March 1984) have also been
examined in detail and published in the literature (see Photo
grammetric Engineering and Remote Sensing, volume 51, number
9) by the Landsat Image Data Quality Analysis Program. How
ever, few papers have been published on the geologic appli
cations of the spaceborne TM data. This paper presents a test
case for a wide range of applications of the spaceborne TM data
in which statistical analyses of Landsat TM data are used, to
gether with geochemical and mineralogic data, to determine a
method and the reasons for the discrimination of altered basalt
from unaltered basalt and sedimentary rocks in the southwest
ern U.S.

One of the major influences on the geology of the south
western U.S., especially in southern California, southern Ne
vada, and northern Arizona, is basalt volcanism that occurred
in Tertiary and Quaternary times. As a result of this volcanism,
many basaltic cinder cones are located within this region. Most
of the summits and upper slopes of these cones are red, due to
the presence of ferric iron-oxide minerals, in contrast to the gray
color of their associated flow basalts. However, this striking
color contrast seen in the field is generally not displayed in
natural-color composite images produced from Landsat The
matic Mapper data (where band 1 is displayed as blue, band 2
as green, and band 3 as red). In addition, discrimination of the
red basalt cones from the surrounding sedimentary rocks is
imperfect. Even though the sedimentary rocks have lower ferric
iron concentrations than the red cone basalts, they do contain
enough ferric iron to impart a dark brownish-red color to the
natural-color TM images, similar to that of the red cone basalts.

A technique that uses Landsat spectral data to pinpoint vol
canic cones or vents would be useful to geologists because it
would decrease considerably the amount of field time needed
to determine the distribution of such features. Some volcanic
cones have subdued topography or lack central craters, and
thus they are particularly difficult to identify on aerial photo
graphs. If Landsat TM data could be used to discriminate these
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vents, based on their spectral signatures, it would overcome
the problems in aerial photography related to lighting condi
tions and topography. In addition, a TM image covers a much
larger area than a conventional high-altitude aerial photograph.
In a geologic context, discrimination of basaltic cones that is
based on TM data analysis could also provide hidden structural
information that is commonly directly related to the presence
of the volcanic vents, such as a fault-controlled alignment of
vents.

During our initial efforts to extract geologic information from
Landsat TM data for volcanic regions, we noted that certain
color-composite images provided good discrimination between
the altered red basalt cones and the unaltered dark-gray basalt
flows. The purpose of this particular study was to determine
(1) the combination of Landsat TM bands that best discriminate
the red cone basalts from the surrounding rock units, (2) the
chemical and mineralogic factors that control the discrimina
tion, and (3) the reliability of the technique.

GEOLOGIC SETIING

This study concentrated on three sparsely vegetated volcanic
fields in the southwestern United States: the Greenwater Range
volcanic field in southern California, the Crater Flat volcanic
field in southern Nevada, and the San Francisco volcanic field
in northern Arizona (Figure 1). The igneous rocks in these three
areas are all of Tertiary and Quarternary age.

In the Greenwater Range, the igneous rocks consist entirely
of olivine-basalt flows and cones (McAllister, 1970, 1973). Most
of the volcanic vents are cones surfaced with chemically-altered
red to reddish-brown volcanic bombs, lapilli, breccias, agglom
erates, and pyroclastics. Their red color is due to the presence
of ferric iron-oxide minerals, mainly hematite. The cones rep
resent explosive vents along which basaltic magma permeated
agglomerates, forming solidified cores that have resisted ero
sion and now stand out from the surrounding terrain (Mc
Allister, 1974). The unaltered basalt within flows and on the
flanks of some cinder cones retains its original black to dark
gray color.

Most of the flow basalts in the Greenwater Range are covered
by desert varnish, consisting of a black to dark-brown coating
of clay layers rich in manganese and iron oxides (Engel and
Sharp, 1958; Potter and Rossman, 1979; Dorn and Oberlander,
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FIG. 1. Index map showing location of Greenwater Range (California),
Crater Flat (Nevada), and San Francisco (Arizona) volcanic fields.
Symbol "x" indicates approximate center of each field.

1982). The coating is generally 100 to 400 micrometres thick,
and its color suggests that manganese-oxide minerals dominate
over ferric iron-oxide minerals (Dorn and Oberlander, 1982). A
very few of the red cinders have faint tinges of desert varnish,
which may be due to the unstable nature of this substrate.

The mineralogic composition of the Greenwater Range basalts
is consistently labradorite and forsterite phenocrysts in a
groundmass of pigeonite, hypersthene, augite, ilmenite, mag
netite, and in some cases minor amounts of biotite (McAllister,
1970, 1973). Olivine-basalt cones and flows also occur in the
Crater Flat area; these basalts have the same mineralogy and
surface-weathering characteristics as those in the Greenwater
Range. However, most of the igneous rocks in the Crater Flat
field are white, gray, yellowish-brown, and reddish-brown
rhyolitic welded tuffs (Cornwall and Kleinhampl, 1961).

The same Lower Proterozoic- to Silurian-age sedimentary and
metamorphic rock units occur in both the Greenwater Range
and Crater Flat volcanic fields: sandstones, shales, limestones,
dolomites, quartzites, and marbles (Cornwall and Kleinhampl,
1961; McAllister, 1970, 1973). Most of these units are grayish in
color, but one sedimentary rock unit is orange and one is brown.
The Greenwater Range has additional younger rocks of Tertiary
to Pleistocene age: mudstones, sandstones, felsites, tuff brec
cias, vitrophyres, conglomerates, limestones, and gypsum
(McAllister, 1970, 1973). About half of the Greenwater Range
and Crater Flat volcanic fields consists of alluvium, eolian sand,
and playa deposits of Quaternary and Recent ages.

Most of the igneous rocks exposed in the San Francisco vol
canic field consist of olivine-basalt cones and flows (Ulrich et
aI., 1984). These olivine basalts have the same mineralogy as
those in the Greenwater Range and Crater Flat fields. Desert
varnish is absent in the San Francisco field because of its more
humid environment. However, some rock exposures at higher
elevations are partly to completely covered by lichen. Silicic
rocks are of minor areal extent; and consist of pyroclastics, flows,
and domes of rhyolite, dacite, andesite, trachyte, and basaltic
andesite (Ulrich et aI., 1984).

Sedimentary bedrock exposures in the San Francisco field in
clude sandstones, siltstones, conglomerates, limestones, dolo
mites, and claystones of Permian to Jurassic age (Ulrich et aI.,

1984). Tertiary and Quarternary alluvium and eolian sand also
occur in the field.

LANDSAT DIGITAL DATA-ANALYSIS AND RESULTS

Two Landsat TM scenes contain the three areas studied: the
Greenwater Range and Crater Flat volcanic fields are shown in
scene 40124-17495, acquired on 17 November 1982 (Plates 1a
and 2a, respectively); and the San Francisco volcanic field is
shown in scene 40142-17375, acquired on 5 December 1982 (Plate
3a). Both scenes were obtained at a sun-elevation angle of about
30°. A disadvantage of this low sun elevation is that it produces
extended shadows that partly obscure the central craters of some
basalt cones. The winter scene for the San Francisco volcanic
field was the only one available at the time of this study. Even
though snow covers the high elevations in the lower left quad
rant of the scene, rock exposures at these elevations would also
be largely obscured in a summer scene by dense deciduous
vegetation. The Greenwater Range-Crater Flat scene does not
contain snow because these areas are at lower elevations.

Statistical-analysis methods were used to determine the amount
and distribution of information contained in three-pair subsets
of the six nonthermal TM bands for each of the three fields
studied. One of these methods, the Optimum Index Factor (OfF)
(Chavez et aI., 1982), was used to rank the 20 possible three
band combinations that can be made from the six nonthermal
spectral bands. The OfF value for any subset of three bands is
based on the sum of their standard deviations normalized by
the sum of the absolute values of their correlation coefficients.
The combination having the largest OfF value should have the
most information (total variance) with the least amount of du
plication.

The determinant-analysis method of Sheffield (1985) was also
used on the six nonthermal TM bands for comparison and pos
sible corroboration of the OlF values. This statistical-analysis
technique determines the subset of three TM bands that results
in the data ellipsoid of maximum volume, as plotted in three
dimensional space. The ranking of a particular three-band sub
set is derived by calculating the determinant of its 3-by-3 vari
ance-covariance matrix. This determinant is proportional to the
volume of the data ellipsoid. Thus, the three-band subset with
the largest determinant should contain the most information.

These two statistical methods were used on the Landsat TM
data of the three volcanic fields (Plates 1, 2, and 3). High rank
ings were obtained by three-band combinations that included
one of two visible bands (TM 1, 0.45-0.52 /Lm, or 2, 0.52-0.60
/Lm), the visible band TM 3 (0.63-0.69 /Lm) or near-infrared band
(TM 4, 0.76-0.90 /Lm), and one of the middle-infrared bands
(TM 5, 1.55-1.75 /Lm, or 7, 2.08-2.35 /Lm); low rankings usually
resulted from contiguous band combinations because they are
more highly correlated (Chavez et aI., 1984).

Three-band, color-composite images of the three fields, which
incorporated contrast stretches, corroborated the statistical re
sults. Color-composite images were generated using various
contrast stretch parameters (linear and non-linear) on the TM
visible bands 1, 2, and 3. The cone and flow basalts are virtually
indistinguishable on these images (e.g., Plates la, 2a, and 3a),
in spite of their striking color difference in the field. The cone
basalts are also indistinguishable from the majority of the red
dish-brown sedimentary rocks on these images. In fact, the cone
and flow basalts cannot be discriminated on any three-band,
color-composite image based on TM bands 1 through 4, despite
extreme levels of contrast stretching. This includes the false
color composite image that approximates the one used with
Landsat MSS and SPOT (Satellite Probatoire d'Observation de la
Terre) multispectral scanner data (where band 2 is displayed as
blue, band 3 as green, and band 4 as red).

In the three volcanic fields, the cone basalts are discriminated
with a high degree of reliability from the flow basalts and sed
imentary units by using TM bands 1, 3 (or 4), and 5 (or 7) as
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PLATE 1. Landsat images of the Greenwater Range, California, volcanic field. The volcanic field is immediately northwest of the label. (a) TM natural
color image; band 1 displayed as blue, band 2 as green, and band 3 as red. (b) False-color image; band 1 displayed as blue, band 4 as green, and
band 5 as red. Letter/number codes designate sample-collection sites.
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PLATE 2. Landsat images of the Crater Flat, Nevada, volcanic field. (a) TM natural-color image; band 1 displayed as blue, band 2 as green, and band 3
as red. (b) False-color image; band 1 displayed as blue, band 4 as green, and band 5 as red. Letter/number codes designate sample-collection sites.
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PLATE 3. Landsat images of the San Francisco volcanic field, Arizona. (a) TM natural-color image; band 1 displayed as blue, band 2 as green, and band
3 as red. (b) False-color image; band 1 displayed as blue, band 4 as green, and band 5 as red. Letter/number codes designate sample-collection sites.
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the blue, green, and red components, respectively, in a false
color composite. These band combinations have the four high
est rankings of the 20 possible band combinations. The false
color composite images that visually best discriminate the red
cone basalts from the other rock units in the three fields use TM
bands 1, 4, and 5 (or 7) or TM bands 4, 5, and 7 as the blue,
green, and red components. No one of these three combina
tions is better than the others for this discrimination. For the
following discussion of our results, however, we have chosen
to show color-composite images of TM bands 1, 4, and 5, which
show the red vent basalts as orange-red to red (Plates 1b, 2b,
and 3b).

In the Greenwater Range, 17 cone deposits were mapped by
McAllister (1970, 1973); 15 of these deposits (88 percent) appear
red on the false-color image of this area (Plate 1b). In the Crater
Flat volcanic field, three cone deposits were mapped by Corn
wall and Kleinhampl (1961); all three appear red on the false
color image of this area (Plate 2b). The other red areas on Crater
Flat represent small subdued cones and basalt vents. The red
cinder cone in the lower right corner of Plate 2b is outside of
the area mapped by Cornwall and Kleinhampl (1961). The San
Francisco volcanic field has a high density of cone basalts: 190
are shown on the geologic map of Ulrich et ai. (1984) in the area
covered by the Landsat scene. Of these, six are covered by
dense vegetation (dark green) and 121 are covered by snow
(shades of blue) on the TM false-color image (Plate 3b). Of the
63 basalt cones that are unobscured by snow or dense vegeta
tion in this scene, 56 (89 percent) are shown as unique red
anomalies on the TM false-color image (Plate 3b). Thus, of the
unobscured cone basalts in the three volcanic fields, 74 out of
83 are shown as red on the TM false-color images, resulting in
a 89 percent detection level.

The nine unobscured basalt cones that were not detected on
the discrimination images were found to be either covered by
light-brown soil or mostly covered by lichen. Thus, the tech
nique is limited to arid and semi-arid regions where weathering
and vegetation influences are minimal.

Within the three volcanic fields, only one sedimentary rock
unit has a color similar, but not identical, to that of the red cone
basalts on the color-composite images of TM bands 1, 4, and 5.
This unit is a reddish-brown calcareous siltstone (the Owl Rock
Member of the Chinle Formation of Triassic age), whose out
crop trends northwest in the northeast quadrant of the scene
of the San Francisco volcanic field (Plate 3b). The Owl Rock
Member is yellowish- to brownish-orange on the false-color
composite image; this is a result of its higher relative brightness
values in TM band 4 (the green component in the discrimination
image) compared with those of the red cone basalts. The con
tinuity and low relief of the Owl Rock unit also help to distin
guish it from the cone basalts, and thus the color similarity does
not present a significant problem in the discrimination tech
nique.

SAMPLE-ANALYSIS TECHNIQUES AND RESULTS

In order to determine the factors that enable bands 1, 4, and
5 of this Landsat TM data to discriminate the cone basalts, sam
ples from the three volcanic fields were analyzed for their mi
neralogic compositions and for their ferric and ferrous iron
concentrations. In particular, the carbonate, sulfate, and clay
mineralogies of the sedimentary rock units were used to predict
possible spectral absorptions in the TM infrared bands 5 and 7.
The iron-oxide mineralogic compositions and the ferric and fer
rous iron concentrations of the rock units were used to predict
spectral absorptions in the visible TM bands 1 through 3 and
near-infrared TM band 4. In addition, spectral signatures of the
sample sites were obtained from the TM digital data using rec
tangular areas whose picture element (pixel) dimensions varied
according to the sampling area at each site. The rectangular

areas ranged in size from 6 to 225 pixels. Sample-collection sites
are shown in Plates 1b, 2b, and 3b. Most of the samples are
from cone and flow basalts, but eight were collected from the
Owl Rock Member (designated in Plate 3b as AZ16 through
AZ23). Samples were also collected of the reddish-brown silt
stone of the Moenkopi Formation of Triassic age and its soil
equivalent (AZ15 and AZ14, respectively, Plate 3b). These units
have a lithology similar to that of the Owl Rock unit, but they
appear green on the discrimination image. The brownish-or
ange Stirling Quartzite of Lower Proterozoic age, which crops
out on the east flank of Bare Mountain in the Crater Flat field,
was also sampled (sample NV3, Plate 2b), but its brown color
on the discrimination image is very different from the red color
of the cone basalts.

The samples collected from the three volcanic fields consist
mainly of rocks from flows and from summits of cones, whereas
soil dominates samples collected from sedimentary units and
the lower flanks of volcanic cones. In cases where samples in
clude rock as a constituent, the surfaces of the rock samples
were removed to a depth of 20 IJ-m by a milling machine and
collected. This depth was chosen because the average depth of
penetration (in iron-oxide coatings) of the wavelengths rep
resented by the TM bands is 20 to 30 IJ-m (Buckingham and
Sommer, 1983). An automatic carborundum mortar-and-pestle
apparatus was then used to grind and homogenize each sample;
to prevent oxidation of ferrous iron, the sample powder was
submersed in acetone while being ground. Before removal of a
sample in the field, its surface color was determined by com
parison with a soil or rock color chart (Munsell Color, 1954;
Goddard et aI., 1948); color values of the collected samples are
listed in Table 1.

X-ray diffraction (XRO) was used to determine the mineralogic
composition of each sample; these data are also presented in
Table 1. No attempt was made to derive quantitative results for
the mineral constituents because of inherent problems in ob
taining such data by XRO.

The total iron concentration in each sample was determined
by atomic absorption spectroscopy by the method of Brandvold
(1974); the precision of this determination was less than or equal
to 5 percent. The FeO (ferrous iron) concentration in each sam
ple was determined by the potassium dichromate titration method
of Shapiro and Brannock (1956); the precision of this determi
nation was approximately 15 percent. The Fe2 0 3 (ferric iron)
value for a particular sample was determined by differencing
its total iron and FeO concentrations. The resultant FeO and
Fe2 0 3 values for the samples are listed in Table 2.

Average digital numbers (ONS) of the six nonthermal TM bands,
and their associated standard deviation values, were obtained
from the digital image data for the sample collection sites within
the three volcanic fields. The ON values of each band were then
corrected for atmospheric scattering by subtraction of that band's
haze ON, which was determined from shadowed areas within
each scene. These haze-corrected ON values are listed in Table
2 and are depicted in Figure 2.

ON values were also obtained of salt beds within a few playas
in the California-Neveda scene (Table 2) in order to normalize
the sample-site ON values for differences in gain and offset val
ues between each band. Such a procedure enables comparison
of each material's TM signature with published laboratory spec
tra for similar materials. The salt beds in the playas were chosen
for this normalization because they contain mostly halite, which
published reflectance data indicate is spectrally featureless (Hunt
et aI., 1972). However, the normalization procedure should not
be regarded as an absolute calibration because reflectance spec
tra were not obtained for playa field samples. The California
Neveda playa values were also used to normalize the sample
site ON values for the San Francisco field because these two
Landsat scenes were acquired only one month apart with sim
ilar lighting conditions and with the same instrument using the
same gain and offset settings. The normalized reflectance values
of sampled rock units are shown in Figure 3.
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TABLE 1. SURFACE COLOR AND MINERAL CONSTITUENTS OF SAMPLES COLLECTED FROM THREE VOLCANIC FIELDS IN SOUTHWESTERN U.S.
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Sample Site - Description

Crater Flat, Nevada:
NVI Basalt cinder
NV2 Varnished flow basalt
NV3 Stirling Quartzite

Greenwater Range, California:
CAl Basalt cinder
CA2 Basalt cinder
CA3 Basalt cinder
CA4 Basalt cinder
CAS Basalt cinder
CA6 Basalt cinder
CA7 Varnished flow basalt
CA8 Flow basalt
CA9 Flow basalt

San Francisco, Arizona:
AZI Basalt cinder
AZ2 Basalt cinder
AZ3 Basalt cinder
AZ4 Basalt cinder
AZ5 Basalt cinder
AZ6 Squeeze-up cinder
AZ7 Basalt gravel
AZ8 Basalt gravel
AZ9 Flow basalt
AZIO Basalt cinder
AZll Flow basalt
AZ12 Gravel
AZ13 Gravel
AZ14 Moenkopi soil
AZ15 Moenkopi rock
AZ16 Owl Rock lag
AZ17 Owl Rock soil
AZ18 Owl Rock soil
AZ19 Owl Rock alluvium
AZ20 Owl Rock alluvium
AZ2l Owl Rock alluvium
AZ22 Owl Rock soil
AZ23 Owl Rock lag

Surface Color'

Dark reddish brown (lOR 3/4)
Brownjsh black (5YR 2/1)
Moderate reddish brown (lOR 4/6)

Weak red (7.5R 4/4)
Weak red (lOR 4/3)
Dusky red (5YR 3/4)
Dusky red (5YR 3/4)
Weak red (lOR 4/3)
Weak red (lOR 4/2)
Brownish black (5YR 2/1)
Medium to dark gray (N5-N4)
Medium gray (N5)

Weak red (5R 4/3)
Weak red (5R 4/3)
Weak red (7.5R 4/4)
Red (lOR 4/8)
Weak red (5R 4/3)
Dark reddish gray (5R 4/2)
Very dark grayish brown (lOYR 3/2)
Very dark grayish brown (lOYR 3/2)
Brownish gray (5YR 4/1)
Grayish black (N2)
Dark gray (N3)
Light brown (7.5YR 6/4)
Light brown (7.5YR 6/4)
Weak red (lOR 5/4)
Weak red (lOR 4/3)
Grayish red (lOR 4/2)
Reddish brown (2.5YR 4/4)
Light reddish brown (2.5YR 4/4)
Pale red (lOR 6/4)
Pale red purple (5RP 6/2)
Light reddish brown (2.5YR 6/4)
Pinkish white (5YR 8/2)
Reddish brown (5YR 5/4)

Mineral constituents2
(listed in approximate
order of abundance)

PI,Hm,Hy,O,Pg,Au,Mt
MI,K,FMO,Hm
Q,Ak,Kf,MI

PI,Hm,Hy,O,Pg,Au,Mt
Pl,Hm,Hy,O,Pg,Au,Mt
Pl,Hy,Hm,O,Pg,Au,Mt
Pl,O,Hm,Hy,Pg,Au,Im,Mt
Pl,O,Hm,Hy,Pg,Au,Mt
Pl,Hm,O,Hy,Pg,Au,Mt
MI,K,FMO,Hm
PI,O,Pg,Hy,Au,Mt,Hm,lm
PI,Pg,O,Hy,Au,Mt,Im,Hm

PI,O,Hy,Hm,Au,Pg,Mt
PI,O,Hy,Hm,Pg,Au,Im,Mt
PI,O,Hm,Pg,Hy,Au,lm,Mt
PI,Hm,O,Au,Mt
PI,O,Hm,Hy,Pg,Au,Mt,lm
Pl,O,Hm,Pg,Au,Hy,Mt,lm
Pl,Hy,0,Pg,Au,Mt,lm
Pl,O,Hy,Pg,Au,Mt,lm
Pl,O,Hy,Pg,Au,Mt,Im
Pl,O,Pg,Hy,Au,Mt,Hm,lm
PI,O,Pg,Hy,Au,Mt,Im,Hm
Au,Pl,Hy,O,Pg,MI,Hm,Mt
Au,Pl,MI,Hy,O,Pg,Hm,Mt
Ca,Q,Kf,D,Gp,K,Ms,Hm
Q,D,Ca,Kf,K,Ms,Hm,Gp
Ca,MI,Kf,Q,Gp,K,Hm
MI,Q,Kf,Ca,K,Hm,Gp
MI,Ca,Q,Kf,K,Gp,Hm
MI,Ca,Q,Kf,K,Gp,Hm
MI,Q,Ca,Kf,K,Hm,Gp
MI,Ca,Q,Kf,K,Gp,Hm
Ca,MI,Q,Kf,Gp,K,Hm
Ca,MI,Q,Kf,Gp,Hm

'Number and letter designations are those of Munsell Color Chart (Munsell Color, 1954) or Geo!. Soc. Amer. Rock-Color Chart (Goddard et
aI., 1948).

2Mineral symbols: PI (plagioclase), Kf (K feldspar), ° (olivine), Pg (pigeonite), Hy (hypersthene), Au (augite), 1m (ilmenite), Mt (magnetite),
Ca (calcite), Gp (gypsum), D (dolomite), Q (quartz), Hm (hematite), Ml (montmorillonite/illite), K (kaolinite), Ms (muscovite), Ak (ankerite),
FMO (ferro-manganese-oxjde minerals).

DISCUSSION

The mineralogies of the gray flow-basalt samples obtained
from our XRD analyses corroborate the general mineralogy of
the basalts in these areas reported by previous workers (Corn
wall and Klienhampl, 1961; McAllister, 1970; 1973; Ulrich et aI.,
1984). The primary minerals of these unaltered basalts (CA8,
CA9, AZ7-AZll, Table 2) are plagioclase (labradorite), olivine
(forsterite), and pyroxenes (hypersthene, pigeonite, augite);
magnetite and ilmenite are minor. The concentrations of FeO
and Fe2 0 3 in these basalt samples correspond to those obtained
by other workers (Moore et aI., 1976) for olivine-basalt samples
from the San Francisco volcanic field in which most of the total
iron is ferrous (Table 2). The normalized reflectance spectra for
the sample sites of these gray flow basalts are relatively flat;
they increase only slightly from TM band 1 through TM band 4
(Figure 3a), and are consistent with published laboratory visible
and near-infrared (VNIR) reflectance spectra for unaltered oli
vine basalt (e.g., Figure 4a). The flatness of the spectra for the
olivine-basalt sites is in marked contrast to the general reflec
tance spectra of most of the basalts' mineral constituents (i.e.,
hypersthene, pigeonite, augite, and forsterite, Figure 4a). The
spectra of hypersthene, forsterite, augite, and pigeonite (not
shown in Figure 4a) display an absorption near 1.0 to 1.1 J-Lm
(near TM band 4) from crystal field transitions of Fe 2 (Hunt

and Salisbury, 1970). The reflectance spectrum of augite is more
subdued than that of the other two pyroxenes because of the
additional presence of Fe 3

, which produces a strong absorp
tion in the ultraviolet (UV) (at about 0.4 J-Lm) from intervalence
charge transfer between 0- 2 and Fe+ 3

, and weaker absorptions
at about 0.45 J-Lm, 0.49 J-Lm (both within TM band 1), 0.7 J-Lm
(near TM band 3), and 0.87 J-Lm (within TM band 4) from crystal
field transitions (Hunt and Salisbury, 1970). In contrast to these
pyroxene and olivine reflectance spectra, the relative reflectance
spectra of labradorite, magnetite, and ilmenite are relatively flat
(Figure 4a); in fact, the latter two minerals are spectrally opaque.
Thus, the amount of these minerals, especially magnetite, in
the gray flow basalts must be sufficient to offset the spectral
effects of the pyroxenes and forsterite and to cause the rock
spectra to be virtually flat (Hunt et aI., 1974).

Some of the flow basalts in the Greenwater Range (CA7, Plate
1b) and Crater Flat (NV2, Plate 2b) volcanic fields are coated
with desert varnish that obscures the spectra of the underlying
basalt. The varnish consists mostly of clay minerals (montmo
rillonite/illite mixture and kaolinite), ferro-manganese-oxide
minerals (mostly hollandite and birnessite), and hematite (Table
1). This mineralogy is consistent with that found by previous
workers (Potter and Rossman, 1979; Dorn and Oberlander, 1982).
The highly oxidized nature of the iron in the CA7 and NV2
samples, in addition to their very high absolute ferric-iron con-



52 PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1987

TABLE 2. SAMPLE IRON CONCENTRATIONS AND AVERAGE, HAZE-CORRECTED TM-BAND DN VALUES OF SAMPLE-COLLECTION SITES IN THREE
VOLCANIC FIELDS IN SOUTHWESTERN U.S.

FeO Fe20 3
Landsat TM-band DN values'

Sample Site - Description (wt %) (wt %) l±cr 2±cr 3±cr 4±cr 5±cr 7±cr
Crater Flat, Nevada:
NV1 Basalt cinder 0.06 9.08 15±2 13±2 26±2 27±2 99±6 64±5
NV2 Varnished flow basalt 0.74 12.90 22±3 15±2 25±2 23±2 39±5 23±2
NV3 Stirling Quartzite 0.01 0.67 33±3 23±1 37±2 36±2 79±3 45±2
Greenwater Range, California:
CAl Basalt cinder 0.12 10.73 20±1 15±1 27±1 26±1 79±12 51±8
CAZ Basalt cinder 0.02 10.27 20±1 15±1 27±1 26±1 79±12 51±8
CA3 Basalt cinder 1.24 8.34 19±4 15±2 29±3 30±3 1l0±8 72±6
CA4 Basalt cinder 0.03 11.98 16±1 13±1 25±1 26±2 98±9 65±7
CAS Basalt cinder 0.06 10.23 13±2 1l±2 21±1 23±1 97±4 66±7
CA6 Basalt cinder 0.42 8.68 20±1 15±1 27±1 26±1 79±12 51±8
CA7 Varnished flow basalt 0.28 16.85 21±3 15±2 25±3 25±3 42±4 26±2
CA8 Flow basalt 1.73 6.66 20±2 14±1 24±2 25±2 47±3 28±2
CA9 Flow basalt 5.76 3.32 27±3 19±2 31±3 30±4 48±8 29±5
San Francisco, Arizona:
AZ1 Basalt cinder 0.14 10.14 21±2 15±1 29±1 33±1 96±2 64±3
AZ2 Basalt cinder 0.80 9.40 17±2 12±1 24±2 28±2 1l0±7 79±6
AZ3 Basalt cinder 0.19 11.22 12±2 10±1 21 ±1 25±2 83±5 54±3
AZ4 Basalt cinder 1.85 5.34 15±3 1l±2 19±3 23±4 42±2 26±2
AZ5 Basalt cinder 1.28 10.59 24±2 17±3 29±5 36±5 52±13 29±7
AZ6 Squeeze-up cinder 0.22 12.34 21±2 15±1 25±1 26±1 63±2 39±2
AZ7 Basalt gravel 4.50 7.01 21±2 15±1 24±1 23±1 35±2 21±1
AZ8 Basalt gravel 4.69 7.37 19±4 13±3 21±4 22±3 32±5 18±3
AZ9 Flow basalt 4.75 6.16 9±2 7±2 13±3 14±3 19±4 1l±2
AZlO Flow basalt 5.75 0.81 15±3 12±2 20±2 20±3 23±3 15±2
AZll Flow basalt 7.33 2.72 9±2 7±1 13±2 19±2 20±2 1l±2
AZ12 Gravel 3.49 8.13 21±4 15±2 26±4 27±5 41±8 23±5
AZ13 Gravel 3.24 9.55 19±1 14±1 24±1 24±1 40±1 23±1
AZ14 Moenkopi soil 0.12 4.21 20±3 18±2 34±2 35±2 57±3 37±2
AZ15 Moenkopi rock 1.20 2.32 22±4 17±2 33±2 35±2 54±3 35±2
AZ16 Owl Rock lag 0.01 0.56 23±1 18±2 36±2 39±2 101±3 56±3
AZ17 Owl Rock soil <0.01 5.32 23±1 18±2 36±2 39±2 101±3 56±3
AZ18 Owl Rock soil 0.01 3.99 29±3 24±2 47±3 49±2 117±5 67±4
AZ19 Owl Rock alluvium <0.01 3.54 23±2 16±2 29±2 30±2 64±3 34±2
AZ20 Owl Rock alluvium 0.01 3.56 23±2 16±2 29±2 30±2 64±3 34±2
AZ21 Owl Rock alluvium 0.01 4.02 27±5 17±2 31±3 32±3 66±4 35±2
AZ22 Owl Rock soil 0.01 1.88 31±1 22±2 40±1 39±2 68±4 42±3
AZ23 Owl Rock lag <0.01 2.97 26±3 18±2 33±2 35±2 73±3 38±1

Playa salt beds2 88±2 61 ±1 95±1 87±1 149±2 100±2

'Sigma term for each band radiance value represents one standard deviation from its average.
2TM-band DN of playa salt beds used for normalization of above DN values for Figure 3.

centrations, is also consistent with published data for desert
varnish in these two volcanic fields (Engel and Sharp, 1958).
Despite the large amounts of ferric iron in these two samples
and the increase in relative reflectance from the UV to the near
infrared wavelengths shown by hematite (Figure 4b) and mont
morillonite (Figure 4c), the relative-reflectance spectra for these
two sample-collection sites containing varnished basalt (Figure
3a) are virtually flat, which is consistent with published labo
ratory spectra for desert varnish (Figure 4b). The flatness of the
spectra is attributed to the greater abundance of ferro-man
ganese-oxide minerals relative to hematite in the desert varnish,
because maganese-oxide minerals are spectrally opaque in the
VNIR wavelength range (Potter and Rossman, 1979; Hunt et aI.,
1971a). Because VNIR spectra for hollandite and birnessite have
not been published, the example of the general spectral char
acter of manganese-oxide minerals shown in Figure 4b is a lab
oratory reflectance spectrum of pyrolusite (Mn02).

The red cone basalts have the same primary minerology as
the gray flow basalts, except that hematite is one of the most
abundant minerals in these samples (NYl, CAI-CA6, AZI-AZ6,
Table 1), as demonstrated by the higher degree of iron oxidation
in the red cone basalts than in the gray flow basalts (Table 2).
The laboratory reflectance spectra of their sample-collection sites
also reflect the abundance of hematite in the cone-basalt sam
ples; these spectra show a large increase in relative reflectance

from shorter to longer wavelengths (Figure 3b). This rapid rise
is also observed in the relative-reflectance spectra of hematite
(Figure 4b) and other hematite-coated basalts reported else
where (Evans and Adams, 1980). The generally lower reflec
tance in TM band 1 and higher reflectance in TM bands 4 and 5
of these cone basalts compared with those of the gray basalts
(Figures 2 and 3) allows their discrimination on the false-color
composites of TM bands 1, 4, and 5 (Plates Ib, 2b, and 3b).

The relative-reflectance spectra of two sample-collection sites
of the red cone basalts (AZ4 and AZ5, Plate 3b and Figure 3b)
are distinctly flatter from TM bands 4 through 7 than those of
the other cone-basalt sample sites. The collection site for sample
AZ4 is on the inside of the crater of SP Mountain, which has
very steep sides that are mostly in shadow on the Landsat im
age. Because of the shadow, only a poor signature was obtained
from the TM image data, one very close to the limit of detecta
bility of the red cone basalts. The collection site for sample AZ5
is a very subdued cone. Most of the rocks at this site are covered
by green lichen, which obscures the spectral signature of the
underlying red cone basalt and prevents its discrimination on
the false-color composite image (Plate 3b).

The main factor that appears to control discrimination of red
cone and gray flow basalts is the presence of hematite, which
is indicated by differences in iron oxidation in the samples of
these two basalt types. Relations between sample iron oxidation



FIG. 2. Plots of TM-band values, corrected for atmospheric scattering,
of sample-collection sites of (a) gray flow basalts, (b) red cone basalts,
and (c) sedimentary rock units.
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and sample-site reflectance values were examined by least-squares
analyses, in which were considered the errors associated with
both the ordinate and abcissa of each data point (York, 1969).
These analyses were performed using Fe+2, Fe+3, and total Fe
concentrations and Fe+2/Fe+3, Fe +2/total Fe, and Fe+3/total Fe
versus the six nonthermal TM bands and their 15 band ratios.
The strongest correlations were found between the Fe+ 2 con
centrations, the ratio Fe2/total fe, or the ratio Fe+3/total Fe and
the ratio TM band 4/TM band 5 (e.g., Figure 5). The varnished
flow basalts from California (CA7) and Nevada (NV2) and the
red cone basalt that is obscured by lichen in northern Arizona
(AZS) were not considered in this analysis. The regression anal
yses between Fe+2 or the ratio Fe+2/total Fe and the ratio TM
band 4/TM band 5 both resulted in a positive-sloping regression
line with associated correlation coefficients of 0.890 and 0.855,
respectively. These positive relations result from the greater
extent of iron oxidation in the compositions of the red cone
basalt than in that of the gray basalt, which is reflected in their
mineralogy mostly by the conversion of ferrous-iron-silicate
minerals and magnetite to hematite. This conversion to hema
tite, which is accompanied by a decrease in Fe 2 concentration
in the samples, causes an increase in spectral slope of the rock
sample sites between TM bands 4 and 5, which, in turn, causes
a decrease in the ratio TM band 4/TM band 5. Conversely, the
regression analysis of the ratios Fe+3/total Fe and TM band 4/TM
band 5 resulted in a negative-sloping regression line with an
associated correlation coefficient of 0.855.

Sample site CA9 (gray flow basalt) is farthest off the regres
sion line in Figure 5. Close examination of this sample site on
the TM false-color image (Plate Ib) shows a significant amount
of red color, which caused its relative-reflectance ratio to be
lower than those of the other gray-basalt sites. Thus, the amount
of gray basalt exposed in this sample area is too small to provide

0·~.'r.-'-"""0;;J,.•..-L----,,0'oi.•~-.'1.un-----,'....2,.-------,J,.T.---r';.-L----.'.....--2o':.0,.----;;2,'!;.2,.----.-'.•
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FIG. 3. Plot of TM-band values (normalized to reflectance of playa salt
deposits) of sample-collection sites of (a) gray flow basalts, (b) red
cone basalts, and (c) sedimentary rock units.

a reliable spectral signature; this effect could not be foreseen
during the early sample-collection phase of our study.

In the Crater Flat area, the Stirling Quartzite is the only non
igneous rock unit that appears red in the field (NV3, Plate 2b).
The red color of this sample is attributed to the presence of
ankerite (Table 1), a ferrodolomite that weathers reddish brown.
The concentrations of both iron species in this sample are very
low (Table 2). The normalized reflectance spectrum for its col
lection site shows an increase from shorter to longer wave
lengths (Figure 3c) indicative of Fe +3, but the amount of ferric
iron is not enough to significantly depress its reflectance in the
visible wavelengths. For comparison, the laboratory reflectance
spectrum of a red quartzite containing about 15 percent calcite
is shown in Figure 4d. The published spectrum has lower re
flectance at the shorter wavelengths than that shown for the
Stirling Quartzite. However, these two spectra are similar in
that their reflectance increases from the uv to the infrared and
decreases at TM band 7 wavelengths, possibly indicating ab
sorption by carbonate minerals (Hunt and Salisbury, 1976b).
The relative reflectance in TM bands 1 and 4 of the Stirling
Quartzite sample site is much greater than that for the red cone
basalts, and allows its discrimination from these basalts in the
false-color composite of TM bands 1, 4, and 5 (Plate 2b).

In the San Francisco volcanic field, both the Moenkopi For
mation (AZI4 and AZI5, Plate 3b) and the Owl Rock Member
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FIG. 4. Published laboratory visible and near-infrared reflectance spec
tra. (a) Labradorite, hypersthene, forsterite, and augite (Hunt and Sal
isbury, 1970); magnetite and ilmenite (Hunt et al., 1971 a); and olivine
basalt (Hunt et al., 1974). (b) Hematite and pyrolusite (Hunt et al.,
1971 a); and desert varnish (Adams et al., 1982). (c) Montmorillonite
and kaolinite (Hunt and Salisbury, 1970); dolomite and calcite (Hunt
and Salisbury, 1971); and gypsum (Hunt et al., 1971 b). (d) Red quartz
ite (Hunt and Salisbury, 1976b); and ferruginous sandstone (Hunt and
Salisbury, 1976a).

of the Chinle Formation (AZI6-AZ23, Plate 3b) appear red in
the field. The mineralogies of these two rock units are similar;
both units are siltstones composed mostly of quartz with car
bonate cement, an appreciable amount of clay minerals, and
some hematite (Table 1). They differ in that the Moenkopi has
dolomite as a major mineral phase, and the Owl Rock has a
montmorillonite/illite mixture as a major mineral phase. The
relative-reflectance spectra from the collection sites of the
Moenkopi soil and rock samples show an increase in reflectivity
values from TM band 1 to band 4, but their spectral values from
TM bands 4 to 7 are relatively flat (Figure 3c). Despite the pres
ence of hematite in the Moenkopi samples (Table 1), the dom
inance of calcite, dolomite, and gypsum in these two samples

WAVELENGTH (~m)

probably results in the gradual decrease of their spectra from
TM band 4 to TM band 7, similar to that of a published spectrum
of a ferruginous sandstone with calcite cement (Figure 4d). The
lower ON values in TM bands 5 and 7 relative to TM band 4 may
be produced by absorptions within or near these wavelength
regions that are produced by vibrations of the carbonate radical
and water (Figure 4c) (Hunt and Salisbury, 1971, 1976a; Hunt
et al., 1971b, 1973). The much higher reflectance values in TM
band 4 than those of either the gray flow or red cone basalts
provide clear discrimination of the Moenkopi Formation from
the basalt exposures (Plate 3b).

The relative-reflectance spectra of the Owl Rock sample sites
also show an increase from TM band 1 to band 4 (Figure 3c).
However, this increase continues to TM band 5 before it is de
pressed in TM band 7. This same spectral relation is observed
in clay minerals such as montmorillonite/illite and kaolinite (Fig
ure 4c), which are abundant in these samples. The suppression
for these sample sites in TM band 7 is probably produced by
absorption due to vibrations of water, as previously stated.
Generally, the Owl Rock sample sites have higher relative re
flectance values in TM bands 1 and 4 than those of the red cone
basalts, but their relative reflectances in TM band 5 are similar
to those of the cone basalts (Figures 3b and 3c). Thus, this
sedimentary rock unit has a more yellow hue (yellowish-or
ange) on the discrimination image than the orange-red to red
hue of the cone basalts (Plate 3b). The low relief and spatial
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continuity of this sedimentary unit aid in its discrimination from
the scattered, conical red cone basalts and also allow easy field
verification of its geologic character.

CONCLUSIONS

We have shown that a color-composite image of Landsat TM
bands 1, 4, and 5 discriminates red cone basalts, unaltered gray
flow basalts, and (sedimentary) country rock in three volcanic
fields in the southwestern United States. The simple technique
used is rapid, inexpensive, and quite accurate. It successfully
discriminated 89 percent of the mapped basalt cones that were
not obscured by either snow or vegetation on the Landsat TM
images. The main factor providing this discrimination is the
difference in hematite content between the red cone and the
gray flow basalts and the lack of appreciable amounts of ferrous
iron in the red sedimentary units. The importance of hematite
in discriminating between the red and gray basalts is corrobo
rated by regression analyses of sample ferrous-iron concentra
tion and two iron-oxidation ratios versus sample-site TM band
4/TM band 5 ratios, which show a linear relation between each
of the three pairs of data.

Discrimination between the red cone basalts and red sedi
mentary rocks is also facilitated by the presence of carbonate,
sulfate, and clay minerals in the sedimentary rocks, which cause
absorptions at wavelengths represented by TM bands 4, 5, and
7. Only one rock unit (a hematitic siltstone) in the San Francisco
volcanic field produces a color similar, but not identical, to that
of the red cone basalts on the discrimination image. However,
the very low relief and continuity of this sedimentary unit on
the Landsat image makes it easily discernible from the scat
tered, conical hematitic basalts.
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