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Remote sensing refers to all the arts 
and techniques of measurement and in- 
terpretation of phenomena from afar. 
This article deals specifically with the 
use of electromagnetic radiation to ob- 
tain data about the nature of the surface 
of the earth. Geologic remote-sensing 
experinients were initiated nearly two 
decades ago by a relatively small group 
of specialists, but acquisition of the first 

sources. With remote-sensing tech- 
niques it is possible to obtaifi certain 
structural and lithologic information 
more efficiently than can be achieved on 
the ground. These techniques also facili- 
tate the overall interpretation. In well- 
exposed, poorly understood areas, re- 
connaissance geologic maps can be com- 
piled from Landsat images whea only 
limited field information is available (2), 

Summary. Remote-sensing techniques are now being used routinely in geologic 
interpretation for mineral and energy exploration, plant siting, waste disposal, and the 
development of models for regional and continental tectonics. New spaceborne meth- 
ods and akociated technologies are being developed to produce data from which 
geologic information about ldrge areas can be derived much more rapidly than by 
conventional techniques. 

multispectral digital data set from orbit 
in 1972 by the Landsat (1) Multispectral 
Scanner (MSS) attracted the attention of 
the entire geologic community. Landsat 
MSS data are now being applied to a 
wide variety of specific geologic prob- 
lems that are difficult to solve by conven- 
tional methods alone, including mineral 
and energy resource exploration, nuclear 
plant siting and waste disposal, and the 
charting of glaciers and shallow seas. 

A broader, more fundamental appli- 
cation of remote sensing is in the aug- 
mentation of conventional methods for 
compiling and interpretink geologic maps 
of large regions, because regiorial geo- 
logic maps present comj?ositional, struc- 
tural, ahd chronological itiformation es- 
sential for reconstructing the geologic 
evolution. These reconstructions, aided 
by gebphysical data for defining sub- 
svrface configurations, are important to 
all practical applications, because the 
conditions of formation of rock units and 
structural features influence, among oth- 
ers, the occurrence of ore and petroleum 
deposits and the thickness and structural 
integrity of disposal media. 

Geologic maps incorporate a large, 
varied body of' specific field and labora- 
tory measurements, but they are in part 
interpretative because field measure- 
ments are always limited by rock ex- 
posure, accessibility, and manpower re- 
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because many of the major structural 
and lithologic elements are well dis- 
played. However, remote sensing can al- 
so contribute to a better understanding 
of areas where considerable detailed 
geologic mapping is already available. 
Detailed geologic mapping is generally 
condbcted in small areas, and the conti- 
nuity of some regional features that have 
intermittent, variable expressions is of- 
ten not recognized. Some of these fea- 
tures were first seen in the synoptic 
views of Landsat images, and some rock 
units can be mapped much more effi- 
ciently if Landsat images are used. How- 
ever, some critical information cannot be 
obtained through remote sensing, and 
the characteristics of the Landsat MSS 
impose several important limitations on 
the acquisition of diagnostic lithologic 
and structural information. Continued 
research based on the use of laboratory, 
field, and aii-craft data indicates that 
most of these limitations can be over- 
come by the design of satellite systems 
for geologic purposes. Remote-sensing 
data can make important contributions 
to the solution of geologic problems. 
However, in order to be most effective, 
these data must be used along with geo- 
logic mapping in the field as well as geo- 
physical and geochemical surveys. 

In this article we describe the basis for 
terrestrial remote-sensing techniques, 

using the analysis of spectral reflectance, 
spectral emittance, thermal inertia, and 
radar. Several specific applications of 
Landsat hfSS data are discussed with 
emphasis on those dealing with mineral 
exploration. Geologic mapping with the 
aid of sateilite data entails the descrip- 
tion of structure, lithoiogic units, and 
geobotanical relationships. The results 
of recent aircraft experiments are dis- 
cussed to illusirate the potential of satel- 
lite systems for more detailed lithologic 
mapping. An entirely comprehensive re- 
view is not attempted, bht key refer- 
ences dre given to form the basis for 
more tHorough consideration. 

Physical Basis of Remote-Seilsihg 

Tkchnlques 

The wavelengths of interest for remote 
sensing (Fig. 1) extend from the ultravio- 
let, at about 0.4 micrometer, to micro- 
waves, at 50 centimeters, a jvavelength 
range of lo6. The data are generally ob- 
tained from the upper micrometers or 
millimeters of the surface because of the 
high opacity and scattering character- 
istics of natural materials. The opacity in 
the visible and infrared portions of the 
spectrum is created by high absorption 
coefficients due to a variety of electronic 
and vibrational processes (3, 4). In the 
microwave region, high conductivity and 
dielectric constant caused by the pres- 
ence of water restrict penetration (5). 
Some information concerning body 
properties as opposed to surface proper- 
ties can be obtained if one analyzes the 
changes in surface temperature that are 
induced by diurnal solar heating. This 
property, called thermal inertia, is de- 
fined as (kpc)lIZ, where k is the thermal 
conductivity, p is the density, and c is 
the specific heat (6). Even this method 
allows measurement to a depth of only 
about 10 cm or less. 

For ease of reference, the spectrum 
can be divided into several distinct seg- 
ments: ultraviolet, visible and near-in- 
frared, short-wavelength infrared, mid- 
infrared, and microwave. The ultraviolet 
wavelengths, below 0.4 pm, are general- 
ly not exfiloited for orbital remote sens- 
ing because of high atmospheric absorp- 
tion and Rayleigh scattering. The spec- 
tral reflectance of minerals in the visible 
and near-infrared, extending to 1.0 pm, 
is influenced mainly by the wings of 
charge transfer bands in the ultraviolet 
and electronic transitions in the visible 
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and near-infrared (7) that occur in the spectral information about the composi- 
transition elements. On the earth's sur- tion of minerals and rocks than the vis- 
face, iron is the most common transition ible and near-infrared regions. Absorp- 
element. The most important spectral tion bands at 1.4 and 1.9 pm are caused 
features in this wavelength region are the by the bound and unbound water con- 
steep falloff of reflectance in the visible tained in surface materials. Unfortu- 
toward the ultraviolet and an absorption nately, these bands (Fig. 2) coincide with 
band between 0.85 and 0.92 pm associat- strong atmospheric water bands (Fig. 1) 
ed with the Fe3+ electronic transition that render the atmosphere opaque for 
(Fig. 2, curve 2 or 3). These spectral fea- all but the highest topographic eleva- 
tures are characteristic of iron oxides tions. 
and hydrous iron oxides, collectively re- The region around 1.6 pm exhibits the 
ferred to as limonite, and have made it highest feflectance for most rocks be- 
possible to identify and map limonitic al- cause it is nearly midway between the ul- 
teration zones that are important surface traviolet-visible iron absorption bands 
indicators used in exploration for pre- and a strong fundamental OH- vibration 
cious and base metals. at 2.74 pm. In particular, altered rocks 

The short-wavelength infrared region, (8) containing clay with or without a 
1 to 3 pm, provides more diagnostic short-wavelength Fe3+ absorption, ex- 
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Fig. I .  Generalized absorption spectrum of the atmosphere at the zenith with the named spec- 
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Fig. 2. Field-acquired reflectance spectra: 1 ,  unaltered tuff fragments and soil; 2 ,  argillized 
andesite fragments; 3, silicified dacite; 4 ,  opaline tuff: 5, tan marble; 6 ,  ponderosa pine. The 
gaps at 1.4 and 1.9 pm are the result of atmospheric water absorption. 

hibit a pronbunced peak reflectance 
(Fig. 2), ofkn greater than 70 percent, at 
1.6 pm (9). The region from 2 to 2.5 pm is 
of particular interest because it contains 
sha*, highly diagnostic spectral absorp- 
tion bands caused by lattice overtone 
bending-stretching vibrations for layered 
silicates (lo),  such as clays and micas, 
and for carbonates (Fig. 2). 

Vegetation covers much of the surface 
of the earth and therefore must be con- 
sidered in most practical remote-sensing 
applications. The spectral reflectance of 
vegetation in the visible and near-in- 
frared regions differs markedly from that 
of rock and soils (Fig. 2). This spectral 
region contains the intense chlorophyll 
absorption and the region of high reflect- 
ance beyond 0.7 pm. The large dif- 
ferences in spectral reflectance between 
vegetation and rocks means that even a 
small amount of vegetation will alter the 
apparent spectral signatures of rocks and 
soils. In particular, the recognition of 
limonite is made difficult because the di- 
agnostic slope of the reflectance curve in 
the visible and the absorption band near 
0.87 pm is masked by the high reflect- 
hnce of vegetation. On the other hand, as 
discussed below, subtle variations in the 
spectrum of stressed vegetation have 
been used to outline mineralized areas. 
Moreover, the regional distribution of 
vegetation can be used in some areas as 
an indirect indicator of the composition 
of the soil beneath. 

The emissive portion of the spectrum 
available for te~es t r ia l  observation, 
called the mid-infrared, extends from 
3 to 15 pm. The region from 3 to 5 pm 
contains diagnostic spectral bands for ni- 
trates and sulfates (11). However, this 
spectral region has not been thoroughly 
investigated for use as an identifier of 
surface material because of the low eaer- 
gy flux available from the surface and be- 
cause the crossover point between solar- 
reflected and surface-emitted energy oc- 
curs here. 

The mid-infrared region beyond 8 pm 
is especially important for geologic map- 
ping because spectral emittance varia- 
tions provide a basis for distinguishing 
between silicate and nonsilicate rocks 
and for discriminating among silicate 
rocks. Moreover, important distinctions 
not apparent in multispectral mid-in- 
frared data or in the visible and near-in- 
frared regions, can be discerned from 
differences in the thermal inertia. These 
two techniques can be used together to 
provide considerable fundamental lith- 
ologic information. 

In the region from 8 to 14 pm, manifes- 
tations of the fundamental Si-0 stretch- 
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ing vibration a q  diagnostic of the major 
types of silicates (12, 13) (Fig. 3). The 
position of the reststrahlen bands or re- 
gions of metallic-lib reflection are de- 
pendent on the extent of interconnection 
of the Si-0 tetrahedra comprising the 
crystal lattice. The end-members are 
represented by quartz, with complete 
sharing of the oxygen molecules, to oli- 
vine, which consists df isolated SiO, tet- 
rahedra. The spectral expittance of sili- 
cate rocks is especially sensitive to vari- 
ations in the quartz content (14). In the 
far-infrared region, 15 to lOOQ pm, diag- 
nostic silicate spectral baqds are present 
but the terrestrial atmosphere is essen- 
tially opaque. 

Emission in the millimeter and cen- 
timeter wavelength regions, the micro- 
wave region, has not proved useful for 
direct lithologic discrimination although 
effects of subsurface layering have been 
observed (15). However, active micro- 
wave systems such as radar imagers in 
these wavelength regions have proved 

effective in structural interpretation, 
particularly in areas of persistent cloud 
cover (16)., Airborne X-band (3 cm) radar 
images are now widely used for inter- 
pretation in heavily vegetated areas and 
in areas of low relief. At X band, most 
surface materials appear uniformly 
rough so that disturbing cultural and veg- 
etation density 'effects are minjmized, 
unmasking subtle topographic ex- 
pression. The low apparent illumination 
angles available from airborne radar 
systems also enhance subtle relief, which 
is particularly important where low- 
sun-angle photographs cannot be ob- 
tained. 

Longer wavelength radar, such as L 
band (25 cm), is more sensitive to sur- 
face roughness scales found in nature. 
The use of the backscatter properties of 
surface materials to deterqine material 
type is being actively investigated (17), 
and these studies will shape the nature of 
future active microwave systems for 
geologic remote sensing. 

Data Acquisition and Processing 

Prior to the mid-l%0's, remote sens- 
ing was limited to the interpretation of 
film images. The development of opto- 
mechanical scanner systems was impor- 
tant because digital multispectral images 
could then be constructed at wave- 
lengths outside the sensitivity of range of 
film. Landsat MSS images are the best 
known products of these systems (1). 

Landsat was followed by several orbit- 
al systems that also acquired digital data 
of interest to geologists: Skylab experi- 
ment S-192, a 13-channel multispectral 
imager (18); Seasat synthetic aperture L- 
band radar (19); and the Heat Capacity 
Mapping Mission (HCMM), providing 
day-night thermal and visible images for 
mapping the thermal inertia of surface 
materials (20). 

With the advent of Landsat, digital im- 
age processing became necessary in or- 
der to exploit fully the spectral, spatial, 
and temporal content of the data. The 

. .- 
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Fig. 3 (left). Transmission spectra of some common silicates (12). Regions of low transmission 
are associated with reststrahlen bands and are equivalent to regions of low emittance. Fig. 
4 (right). Landsat MSS image showing the Altun Shan strike-slip fault zone separating the , 12 15 20 3040 Tarim Basin in the north from the mountains of Tibet in the south (28). 
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subject of image processing is far too 
large to be treated here (21), but some 
specific methods presently being applied 
to images for geplogic analysis are worth 
describing. 

Instruments such as the Landsat MSS 
provide multiple, spatially registered 
data sets, each taken at a different wave- 
length. The advantage of digital over 
photographic processing is that transfor- 
mations applied to the data are precisely 
known and repeatable and are not sub- 
ject to the vagaries of complex and often 
difficult to control chemical processing 
(22). With digital processing, it is pos- 
sible to manipulate and combine a large 

number of spectral images or other types 
of data sets. 

Digital processing techniques appli- 
cable to geologic problems include con- 
trast enhancement, spatial filtering to en- 
hance morphological or structural infor- 
mation, and arithmetic operations such 
as ratioing of spectral bands to enhance 
spectral reflectance differences and sup- 
press systematic effects such as topogra- 
phy. Statistical analysis is used to reduce 
dimensionality in data sets containing 
many spectral bands or other variables 
(21). 

Ratioing has been used successfully to 
identify areas of limonitic rocks in Land- 

sat images (23). Sequential ratioing of the 
four MSS bands ( I ) ,  415,516, and 617, re- 
sults in black-and-white ratio images that 
can be optically combined to produce a 
color-ratio composite. Landsat color-ra- 
tio composites have proved valuable in 
differentiating among geologic units in 
areas showing low contrast on conven- 
tional MSS color composites (23, 24). 

Future advances will probably include 
combining different types of image data 
and applying image processing tech- 
niques to geophysical and geochemical 
data normally not acquired in image form 
(25). Digital processing is a powerful 
tool, and its c;ipabilities have not yet 
been fully exploited in geologic remote 
sensing. 

Fig. 5. Contour map of the areal density of metal-mining districts (N = 344) in Nevada and the 
major lineament systems. Lineament A is located within the Walker Lane structural zone, linea- 
ment F lies within the Humboldt structural zone (44); and lineaments B,  C, and D represent the 
southern Nevada structural zone; E locates the Pahranagat lineament system, and G locates the 
Northern Nevada Rift; H locates the Rye Patch lineament. 

Regional Structural Features 

Landsat MSS images are especially 
suitable for studying the relationships 
between landforms and major structural 
features, because each image displays 
approximately 34,000 square kilometers 
with uniform illumination, and the scene 
contrast can be optimized through digital 
processing of the radiance values. Mo- 
saics of MSS images can provide unique 
views of the structural configuration of 
entire continental masses, The impor- 
tance of these synoptic views of structur- 
al interpretations is indicated by the 
large number of r~por ted  applications, a 
few of which are described below. 

One of the most striking resplts of the 
analysis of Landsat MSS images has 
been the discovery of numerous, pre- 
viously unmapped regional linear fea- 
tures in areas considered to be reason- 
ably well mqpped as well as in poorly 
mapped areas. These features, referred 
to as lineaments (26), are alignments of 
regional morphological features, such as 
streams, escarpments and mountain 
ranges, ang tonal features that in many 
areas are the surfage expressions of frac- 
ture or fault zones (27). The lengths of 
lineaments recognized in satellite images 
are in consonance with those of major 
faults, ranging widely from a few kilome- 
ters to hundreds of kilometers. 

The development of the concept of 
plate tectonics has provided a unified 
global framework for understanding 
most of the earth's major geologic fea- 
tures and the occurrences of its re- 
sources. An excellent example of the 
resolution of tectonic problems arising 
from plate interactions by application of 
satellite remote sensing is the use of 
Landsat images along with earthquake 
data to deduce the relative motions of 
the Indian subcontinent apd Eurasia 
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Fig. 6. (A) Side-looking radar (SLAR) image of the Haysi, Virginia-Kentucky gas field and (B 
Owens, Columbia Gas System, Columbus, Ohio. [SLAR image acquired by Aero Service, Inc 

(28). Extensive crustal deformation 
marked by earthquake activity was al- 
ready recognized in Asia, but it was 
thought to be confined to a long, narrow 
zone and to be the result of enormous 
underthrusting of the Indian block be- 
neath Eurasia. However, the regional 
distribution of landforms displayed in 
Landsat images supports the concept of 
deformation extending over a large area 
with as much as 1000 km of lateral move- 
ment along subparallel strike-slip faults 
(Fig. 4) similar to the San Andreas fault 
system. This interpretation is consistent 
with the broad distribution of earth- 
quakes in Asia. 

Lineaments are particularly important 
in mineral resource studies, because 
many, but not all, ore deposits are local- 
ized along fracture zones. In Nevada, for 
example, where mineral belts have been 
debated for many years (29, 30), six of 
the eight major lineaments delineated in 
Landsat images appear to represent 
three broader structural zones that have 
influenced the distribution of metal de- 
posits (30) (Fig. 5). 

Most of the metal districts are located 
within two of these broad zones: the 
Walker Lane structural zone and the 
Humboldt structural zone, expressed by 
lineaments A and F, respectively (Fig. 
5). The Walker Lane zone was docu- 
mented as a major zone of right-lateral 
strike-slip faults prior to the analysis of 
Landsat images (31), but the importance 
of east-trending structures in southern 
Nevada was first recognized when linea- 
ments B, C, and D (Fig. 5) were found to 

be coincident with similarly trending 
faults, volcanic features, and concentra- 
tions of ore deposits (30). In northern 
Nevada, several very long northeast- 
trending lineaments (F in Fig. 5) reflect 
the presence of the Humboldt structural 
zone. The deformed nature of this zone 
(100 to 200 km wide) is strongly indicated 
by the concentration of northeasterly 
oriented faults, and the broad crustal sig- 
nificance is supported by a transition in 
the gravity and magnetic fields and by 
the presence of the largest regional heat 
flow anomaly in the coterminous United 
States (30). Metal districts are clearly 
concentrated along the Humboldt zone 
in northern Nevada. Conversely, metal 
deposits are notably lacking along one of 
these linear features (E in Fig. 5) and 
the Northern Nevada Rift (32) (G in Fig. 
5); these findings emphasize the impor- 
tance of other factors in ore deposition 
and the need for integrating lineament 
analysis with conventional field mapping, 
geophysical data, and regional geo- 
chemical studies.. 

Several factors influence the detection 
of lineaments (33). One of the most im- 
portant factors is the angular relationship 
between the linear feature and the illumi- 
nation source. In general, features that 
trend parallel to the illtimination source 
are not detected as readily as those that 
are oriented perpendicularly. Moreover, 
moderately low illumination angles are 
preferred for the detection of subtle topo- 
graphic linear features. Because the 
Landsat satellites are in a sun-synchro- 
nous polar orbit, the only choice of illu- 

I) lineaments compiled from SLAR image by G. 
:.I 

mination that is available in a specific 
area stems from seasonal variations. Al- 
though these variations are important, 
some features are not well displayed in 
Landsat images and the lineament data 
set is biased. 

Side-looking radar (SLAR) imaging 
systems provide a means of overcoming 
limitations due to solar illumination, be- 
cause SLAR images are formed by trans- 
mitting bursts of energy to the surface 
and recording the returned signal on film 
or digital tape. The azimuth and illumina- 
tion angle depend on the "look direc- 
tion" and "look angle" of the system. A 
Columbia Gas System study by Owens 
and Ryan in 1975 illustrates the useful- 
ness of SLAR images for delineating 
fracture zones in the Haysi, Virginia- 
Kentucky gas field. This field is situated 
on the rugged Allegheny Plateau in a 
zone of northwest-trending faults that 
mark the northeastern termination of the 
major Pine Mountain overthrust. Gas 
production from relatively tight sand- 
stone formations is common in the Ap- 
palachian Basin, but the most productive 
wells are known to be located where the 
sandstone is naturally fractured. Ryan 
and Owens (34) concluded from an eval- 
uation of several types of images, includ- 
ing Landsat images, black-and-white in- 
frared, color, and color-infrared photo- 
graphs and thermal-infrared and SLAR 
images, that the SLAR images recorded 
from several look directions were superi- 
or for mapping the individual lineaments. 
Although the general fault zone was vis- 
ible as a lineament in Landsat images, in- 

20 FEBRUARY 1981 785 



Lineament , 1, withw;$;trlke 

'\ 

Ground 
level 

&area reservoir 

dividual features could not be defined. 
Lack of definition of individual features 
in the Landsat images is attributed to the 
generally parallel relationship between 
the trends of lineaments and solar illumi- 
nation (35). A sample of SLAR imagery 
of the Haysi area is shown in Fig. 6A. In 
Fig. 6B, note the concentration of north- 
westerly oriented lineaments which rep- 
resent fractures at the termination of the 
Pine Mountain overthrust. Although the 
fracture zones are steeply dipping, wells 
must be located somewhat off the linea- 
ment in order to intersect the fractured 
reservoir approximately 1200 meters be- 
low the surface (Fig. 7). 

The acquisition and processing of 
SLAR images is relatively expensive 
when compared with data such as Land- 
sat images that are already available. 
However, the economic importance, and 

Fig. 7. Sketch map showing the relationship 
between lineaments that are the topographic 
expression of fracture zones that extend to 
the Berea sandstone reservoir. The well inter- 
sects fractured reservoir rock at approximate- 
ly 1200 m below the surface. [Map prepared 
by G. Owens, Columbia Gas System, Colum- 
bus, Ohio] 

hence justification, for acquiring SLAR 
images of this area is illustrated in terms 
of a comparison of the production of 
wells near lineaments with those not 
near lineaments. On the basis of produc- 
tion figures for 63 wells drilled by Colum- 
bia Gas into the Berea sandstone reser- 
voir, the yield is roughly twice as high 
for wells located on or near lineaments. 
However, as with analyses of lineaments 
compiled from other types of images, 
field mapping and subsurface data-par- 
ticularly seismic surveys in this case- 
are essential for interpreting the linea- 
ment data and understanding the region- 
al tectonic framework. Because of the 
relatively high cost of SLAR data, the 
flight parameters, including flight direc- 
tion, depression angle, and wavelength, 
must be carefully tailored for structural 
grain, topographic relief, and vegetation 
cover characterizing each study area. 
The SLAR images are particularly useful 
for studying continually cloud-covered 
areas (36). 

This and other lineament studies in 
densely vegetated areas (16,37) illustrate 
the value of the approach to geologic 
problems in areas of poor as well as good 

rock exposures. Because of the daculty 
of observing faults directly in the field, 
lineament analysis, used in conjunction 
with geophysical data, commonly pro- 
vides the best evidence for some major 
fractures in vegetated areas. Where lo- 
cally observed faults lie along a major 
lineament, a fault of regional proportions 
is indicated. Coincidence of these fea- 
tures with geophysical anomalies sug- 
gests projection of the features into the 
subsurface. Lineament analyses of 
Landsat, SLAR, and thermal-infrared 
images are therefore being applied to pe- 
troleum (38, 39), uranium (40, 41), geo- 
thermal (39), mineral (30, 42, 43), and 
several environmental problems (37, 44, 
45). 

Lithologic Information 

In lithologic mapping through inter- 
pretation of Landsat images, several 
types of images are used, each of which 
is digitally processed to enhance the 
most diagnostic properties. In the visible 
and near-infrared regions, the most diag- 
nostic properties of rocks are brightness 
(average reflectance in the visible and 
near-infrared regions), spectral radiance, 
and the spatial distribution of landforms. 
Brightness differences shown in conven- 
tional black-and-white photographs and 
single Landsat MSS bands allow dis- 
crimination of some units, but more sep- 
aration is usually achieved if one ana- 
lyzes color-composite images which in- 

ah --- - 

Fig. 8 (left). Section of a color-additive composite Landsat image of the Walker Lake, Nevada, area made from MSS bands 4, 5, and 7; A ,  
limonitic, hydrothermally altered rocks; B, limonitic unaltered rocks; C, nonlimonitic altered rocks. [Image identification No. E2951-17293, 
EROS Data Center, Sioux Falls, South Dakota1 Fig. 9 (right). Color-ratio composite Landsat image of the area shown in Fig. 8. Green areas 
in this image represent limonitic rocks. [Image produced by G. L. Raines, U.S. Geological Survey, Denver, Colorado] 
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corporate three spectral bands (Fig. 8) 
and hence display spectral radiances. 
Landsat color-infrared composite images 
consisting of MSS bands 4,5, and 7 are 
widely used for lithologic as well as 
structural studies, because they present 
information about the brightness and 
spectral reflectance of rocks and land- 
forms. In the color-infrared composite 
image (Fig. 8), dark rocks (mainly basic 
volcanic flows and scattered sedimen- 
tary rocks) and a wide range of bright 
rock types are readily separated. How- 
ever, color differences, representing 
spectral reflectance variations, are very 
subtle, except for the red resulting from 
the high reflectance of vegetation in MSS 
band 7 relative to MSS bands 4 and 5 
(Fig. 2). Another complicating factor is 
that the radiance variations are primarily 
related to changes in the topographic 
slope. 

Color-ratio composite images are used 
to display spectral reflectance dif- 
ferences in color while subduing bright- 
ness variations due to topographic slope 
(Fig. 9) (9, 23, 46). A map showing the 
regional distribution of limonitic rocks is 
compiled by extracting the green areas 
from the image (Fig. 9). In large regions 
where limonite is nearly everywhere as- 
sociated with altered rocks, regional 
maps of altered rocks can be prepared 
for roughly 10 percent of the costs of 

and accessibility was difficult, analysis of 
lineaments and limonitic occurrences as 
seen in Landsat images was used initially 
to identify promising areas for more de- 
tailed geologic mapping and geochemical 
surveys (42). 

Statistical analysis of mapped linea- 
ments indicated the presence of two sig- 
nificant trends, northeast and north- 
northwest. Four northeast-trending lin- 

eament zones have been defined and are 
interpreted to be structural zones that 
controlled mineralization in the por- 
phyry copper deposits of northern So- 
nora (Fig. 10) (42). Although northwest- 
trending structures also appear to have 
influenced the localization of ore depos- 
its, these are pervasive structures that 
are not useful as regional prospecting 
guides. In contrast, the northeast-trend- 
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Limoni 
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itic areas, mostly hydrothermally altered 
P 
Lineament zones 

methods (47). The tech- Fig. 10. Map of the northern Sonora, Mexico, area showing regional correlation among north- 

nique is limited to regions having no east-trending lineament zones (heavy lines), limonitic, hydrothermally altered rocks (A), and 
distribution of lead in stream sediments (41). 

more than 35 to 40 percent vegetation 
cover (48), but the acid soil conditions 
that characterize many hydrothermally 
altered areas tend to limit the vegetation 
cover. Furthermore, the MSS band 
passes impose two other important limi- 
tations: (i) limonitic hydrothermally al- 
tered rocks and limonitic unaltered 
rocks, such as those shown at points A 
and B, respectively, in Figs. 8 and 9, are 
not separable; and (ii) nonlimonitic hy- 
drothermally altered rocks, such as 
those at point C in Figs. 8 and 9, are not 
detectable (9, 49). In areas where these 
problems are widespread, the cost bene- 
fit of this approach to mapping hydro- 
thermally altered rocks declines. How- 
ever, as we describe below, these prob- 
lems can be largely overcome if one ana- 
lyzes multispectral images recorded at 
longer wavelengths. 

Mineral evaluations are significantly 
improved if one uses lineament and al- 
tered rock distributions together and 
then combines these data with geophysi- 
cal and geochemical data. This approach 
has proved to be very successful for 
evaluating a 52,000-kmP area in northern 
Sonora, Mexico. Because only recon- 
naissance geologic maps were available 

20 FEBRUARY 1981 

Fig. 11.  Color-ratio 
composite NASA air- 
craft image of the 
Cuprite, Nevada, min- 
ing district. The fol- 
lowing band ratios 
and color combina- 
tions are used: 1.61 
0.48 as green, 1.612.2 
as red, &d 0.64.0 as 
blue (49). Red and 
magenta indicate in- 
tense absorption cen- 
tered near 2.2 pm due 
to the presence of ka- 
olinite and alunite in 
opalized rocks; green, 
limonitic rocks; dark 
blue to black, spec- 
trally flat rhyolite flows 
and tuffs and highly 
silicified, goethite- 
coated rocks; yellow- 
ish green, limonitic al- 
tered rocks with 
kaolinite. 



ing lineament zones are localized and as- 
sociated with concentrations of limonit- 
ic, hydrothermally altered rocks (A in 
Fig. lo), occurrences of known copper 
deposits, and anomalously high lead 
content in stream sediment. These data 
along with other geochemical and geo- 
physcial data have resulted in the identi- 
fication of several specific areas that ap- . 

pear to have exceptional economic po- 
tential. 

Unaltered 
volcanic rocks 

---- Montmorillonite 
-- Alunlta 
-Calcite 

Argillized rocks "11- ~1 Geobotanical Information 
*O 11 

0 " " " " "  
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Fig. 12 (left). Representative spectral reflec- 
tance curves of altered and unaltered rocks 
in the Cuprite, Nevada, mining district (49). 
Fig. 13 (right). High-resolution laboratory 
reflectance spectra in the region from 2.0 to 
2.4 pm for some typical hydrothermal altera- 
tion minerals (55). 

Some geobotanical associations are re- 
lated to regional lithologic variations, 
whereas others, such as barren areas and 
certain herbs and shrubs, are specifically 
related to anomalous concentrations of 
metals (50). Prior to the launch of Land- 
sat- 1, relatively small areas character- 
ized by anomalous vegetation were 
mapped by means of aerial photographs 
and field studies. The availability of the 
multispectral, synoptic MSS images 
makes the study of regional geobotanical 
associations practical. Landsat MSS 
images have also been used successfully 
to detect barren areas associated with 
known metal concentrations (51). 

One of the most interesting geobotan- 
ical applications of Landsat MSS images 
was conducted in the Powder River Ba- 
sin, Wyoming, a region of significant ura- 
nium potential (41). The uranium depos- 
its occur at boundaries between unoxi- 
dized gray and oxidized yellowish-gray 
sandstone with zones of red altered 
sandstone situated higher in the altered 
rock sequence. Although MSS color-ra- 
tio composite images accurately deline- 
ated areas of exposed limonitic rocks, 
limonitic materials that are not hydro- 
thermally altered were not consistently 
distinguished from the limonitic altered 
rocks. Examination in the field was nec- 
essary to achieve this separation. A 
more severe problem was obscuration of 
many mineralized areas by vegetation, 
chiefly high prairie sage, grass, and 
herbs, that covers 50 to 75 percent of the 
ground (41 ). 

A color-coded MSS 516 ratio image 
was used to display regional variation in 
the vegetation cover because this ratio is 

I- I 
2.0 2.1 2.2 2.3 2.4 

Wavelength (urn) 

Fig. 14. Principal component color-composite 
image of the central part of the East Tintic 
Mountains, Utah, made from multispectral 
mid-infrared NASA aircraft data (14, 61): A ,  
quartz-rich rocks; B, interlayered quartz-rich 
and carbonate rocks; C, silicified rocks; D, 
quartz latite and quartz monzonite; E, latite 
and monzonite; and F, areas that exceeded 
the thermal response range of the scanner. 
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particularly sensitive to the proportions 
of vegetation, rock, and soil. In this im- 
age, Raines and his associates were able 
to show a spatial correlation between 
moderate vegetation cover and rocks 
having an intermediate ratio of sand- 
stone to mudstone with which the urani- 
um deposits are associated. This infor- 
mation along with structural information 
derived from lineament analysis led to 
the formulation of a model for the depo- 
sition of uranium in the Powder River 
Basin (41). 

One of the more promising experi- 
ments in the application of remote-sens- 
ing techniques to mineral exploration 
uses very high resolution spectra from 
aircraft recorded in the region from 0.45 
to 0.95 pm to detect a slight (- 15 na- 
nometers) shift in band position in the re- 
flectance of vegetation growing in areas 
with anomalous metal content (52). The 
most important shift occurs toward 
shorter wavelengths on the shoulder 
from 0.70 to 0.75 pm of the chlorophyll a 
absorption band centered near 0.68 pm. 
In the study area, Cotter Basin, Mon- 
tana, a zone of veins containing copper 
and lead sulfide minerals was detected 
by wave-form analysis of the spectra re- 
corded along closely spaced flight lines 
(53). It is especially encouraging that 
these 1976 results were repeated in 1978. 
Their repeatability strongly suggests that 
the vegetation anomalies probably per- 
sist with time. Much more research is 
needed, however, to establish the 
uniqueness of this shift in vegetation 
spectra, to determine the effects of sea- 
sons, sun angle, precipitation, and envi- 
ronmental factors, and to gain a better 
understanding of the phenomenon. 

Recent Results from Aircraft 

Experiments 

The contribution of remote sensing to 
the geologic process will become more 
significant as lithologic determination is 
improved. As noted earlier, considerably 
more compositional information can be 
obtained if one analyzes multispectral 
data recorded at longer wavelengths than 
the Landsat MSS bands. Evaluations of 
field spectra and multispectral aircraft 
images show that bandpasses centered 
near 1.6 and 2.2 pm are especially useful 
for mapping altered rocks, because OH-- 
bearing minerals, commonly contained 
in these rocks, give rise to a relatively 
sharp absorption band near 2.2 pm and a 
decrease in reflectance associated with 
the 2.74-pm OH- absorption. The 2.2- 
pm band is either absent or weak in the 
spectra for most unaltered regional lith- 

fi Sha les  
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A Q u a r t z i t e s  

Thermal  inert ia  

Fig. 15. Typical variation of thermal inertia 
values for sedimentary rocks (65). 

ologic units in arid and semiarid environ- 
ments (Fig. 2). 

Color-ratio composite images made 
from National Aeronautics and Space 
Administration (NASA) aircraft data 
that include bandpasses centered at 2.2 
and 1.6 pm illustrate that bleached, non- 
limonitic altered rocks in the Cuprite, 
Nevada, mining district, which were not 
identified in Landsat MSS images, are 
correctly categorized (Fig. 11) (49). Col- 
ors in the image can be related to the 
spectral characteristics of the rocks in 
the district (Fig. 12). 

In an identical color-ratio composite of 
the Coaldale, Nevada, area, limonitic 
unaltered tuffs were readily identified by 
their green color, indicating limonite but 
no OH--bearing minerals (54). These 
rocks were inseparable from limonitic al- 
tered rocks in MSS color-ratio com- 
posite images (9). The Landsat MSS 
does not record data in the 2.2- and 1.6- 
pm regions. However, these bandpasses 
will be included in the Landsat D The- 
matic Mapper system scheduled to be 
launched in 1982. Analysis of these data 
should allow resolution of most of the 
ambiguities in the mapping of altered 
rocks with Landsat MSS images. 

Detailed examination of reflectance 
spectra for hydrothermally altered rocks 
containing OH--bearing mineral shows 
that the minima near 2.2 pm shift as a 
function of the composition (Fig. 12). 
High-resolution laboratory spectra (Fig. 
13) indicate that important mineralogical 
information can be gained if one exploits 
this wavelength region (55). In order to 
test this approach to remote mineral- 
ogical determination, the Shuttle Multi- 
spectral Infrared Radiometer (SMIRR) 
was constructed to be flown on board the 
second space shuttle flight (56). 

Another technique, the spectral emit- 
tance approach to identifying rock types, 
has not been adequately tested from or- 
bital altitudes, but a series of aircraft ex- 
periments have shown the importance of 
this technique (14, 57). The most encour- 
aging results thus far are in the analysis 
of multispectral mid-infrared aircraft im- 

ages of the central part of the East Tintic 
Mountains, Utah (14). This area is par- 
ticularly challenging for lithologic deter- 
minations by remote sensing because a 
variety of rock types, including Paleozoic 
quartzite, shale, carbonate rocks, and 
Tertiary extrusive and intrusive rocks of 
felsic to intermediate composition, are 
present (58). Several types of hydro- 
thermally altered rocks are also present, 
with argillized and silicified rocks being 
the most widespread (54,58,59). In addi- 
tion, vegetation cover and topographic 
relief are moderately high (48, 60). 

A principal component color-com- 
posite image (Fig. 14) derived from three 
spectral bands in the region from 8.3 to 
9.8 pm exhibits red to pink, green, and 
blue colors primarily (14, 61). In general, 
the red colors represent rocks in which 
quartz is a major component, and green 
indicates nonsilicate rocks (limestone 
and dolomite) and vegetation (61). These 
results indicate that very important lith- 
ologic information can be obtained in 
bandpasses that do not include the 9.6- 
pm ozone absorption band (Fig. 1). 
Ozone has been considered to be a limit- 
ing factor in multispectral mid-infrared 
imaging from orbit. 

Because both vegetation and non- 
silicate rocks are green in this image, a 
visible and near-infrared color-ratio 
composite image must be used to sepa- 
rate these two materials (59). This image 
must also be used in conjunction with the 
color mid-infrared image to distinguish 
between silicified and argillized altered 
rocks. These results illustrate the impor- 
tance of multispectral mid-infrared im- 
ages but also stress the value of these 
data when used in combination with the 
visible and near-infrared portions of the 
spectrum. 

The use of the parameter thermal iner- 
tia, which characterizes the response of 
rocks and soils to diurnal heating and 
cooling, has been demonstrated from 
satellites with the use of Nimbus 3 and 
Nimbus 4 data (62), as well as from air- 
craft altitudes (6, 63). Because thermal 
inertia is a body property, some dis- 
tinctions are possible that cannot be ob- 
tained from spectral reflectance and 
emittance data alone. For example, lime- 
stone and dolomite are readily separable 
on the basis of the significantly higher 
thermal inertia (63) of dolomite, even 
though these rocks are essentially spec- 
trally similar in the mid-infrared and the 
visible and near-infrared regions (13, 64). 
In general, this technique is especially 
effective for distinguishing among sedi- 
mentary rocks (Fig. 15) (65). Thermal in- 
ertia studies complement the spectral ap- 
proaches. 
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Future Directions lution or coverage swath cannot contrib- 

The main contributions of remote- 
sensing information to the geologic map- 
ping process will continue to be in the 
areas of morphology, structure, and lith- 
ologic mapping. Landsat has laid the 
groundwork for the widespread use of 
synoptic image data for regional struc- 
tural interpretation. Landsat images 
have also reopened an old controversy 
concerning the origin and importance of 
lineaments, the large throughgoing frac- 
tures seen on almost any scene. Ques- 
tions abound concerning the age of these 
crustal features, their vertical extent, 
and their importance as conduits for 
magma and ore fluids. These questions 
are related to more general problems in 
plate tectonics concerning the history of 
plate movement, the dynamical inter- 
action of crustal blocks, and the driving 
forces. Although much has been learned 
about the present state of the crust and 
mantle by geophysical methods, in par- 
ticular seismology, the history of most of 
the past events is finally recorded on the 
surface of the earth. Remote sensing is a 
powerful technique with which to unrav- 
el this history. 

There still remains much virgin terri- 
tory in geologic remote sensing that will 
require new instruments and techniques 
with which to explore. Some of the ap- 
proaches to be taken include the follow- 
ing: 

1) Global stereoscopic image cov- 
erage with resolution five or more times 
greater than Landsat to derive dips of 
strata, aid in landform interpretation, 
and reveal evidence for faults. 

2) High-spectral-resolution imaging in 
the region from 2 to 2 .5  pm for the identi- 
fication of layered silicates, clays, and 
carbonates. 

3) Exploitation of the region from 8 to 
14 pm through multispectral scanners, 
active laser spectral reflectance mea- 
surements, and orbiting high-spatial-res- 
olution, broadband imagers. 

4) Multifrequency and multipolar- 
ization radar systems for increased rec- 
ognition of lithologic units based on sur- 
face roughness characteristics. 

5) Active imaging systems in the near- 
and short-wavelength infrared region, 
utilizing tunable laser systems to obtain 
data in very narrow spectral bands not 
otherwise obtainable with passive sys- 
tems. Active systems also have potential 
for obtaining elevation data directly 
without the aid of stereoscopjc images. 

Remote-sensing techniques alone can- 
not solve geologic problems. Neither can 
data taken in a single wavelength region. 
Data obtained at a particular spatial reso- 

- 
Ute as much as a combination of data 
types. The future success of remote 
sensing will depend on understanding the 
value of each technique and integrating 
the various techniques into a geologic 
problem-solving methodology. Con- 
versely, new tools will require new in- 
sights in geologic thinking and model de- 
velopment in order that we might best 
exploit them. 
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