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FOREWORD 

The purpose of this publication is to provide the reader with a basis for 
making an intelligent approach to the use of remote sensing in uranium explora-
tion. It is thus not a user's manual. 

During the last decade, technical advances in remote sensing have had a 
major impact on mineral exploration. With the launching of Earth Resources 
Technological Satellite (ERTS-1) in 1972, remote sensing was revealed as an 
exciting new tool with great promise. Techniques of interpretation and applica-
tion of information derived from remotely sensed data followed a parallel 
development. Many of the special techniques developed for interpreting 
satellite imagery were also found to be effective for aerial photography and led 
to extensive development of special techniques in that field as well. 

A great deal has been written about interpretation of remotely sensed 
data and many excellent publications are available on the subject. Many of 
these are listed in the bibliography included here. However, the role of remote 
sensing as applied specifically to exploration for uranium seems not to have 
been described in the literature. Recognizing the possibility that the Agency 
might be able to fill this apparent gap, a group of experts was assembled in 
Denver, Colorado, USA, in 1976 to discuss the possible publication by the 
Agency of a technical report concerning the role of remote sensing as applied 
specifically to uranium exploration. It was the view of that group of experts 
that the Agency should prepare and publish such a report, and that it should 
describe the various types of remote sensing and their relative usability as 
uranium exploration tools. The group's recommendations included four main 
topics: 

A description of the various techniques 
Specific applications in view of exploration strategy and selection of 
appropriate techniques, and some examples of applications 
Availability and costs 
A bibliography. 
Late in 1978, another group of experts was called together to carry out 

the recommendations of the first group. The results of their efforts are 
presented in this technical report. The contents are basically as recommended 
by the first group, but certain additional information has been included to 
make its use more effective. 



The Agency sincerely thanks all those who participated as consultants in 
both meetings, and their employers for granting them the time for this work 
and in some cases contributing certain travel costs. The consultants at the first 
meeting in July 1976 were Messrs M.J. Abrams, R.K. Cormick, A.C. Correa, 
R.E. Enwall, P.V. Ferguson, A.F. Gregory, T.W. Offield, S.W. Rose and 
F.F. Sabins. The consultants at the second meeting in December 1978 were 
Messrs G. Amaral, A.C. Correa, A.F. Gregory, T.W. Offield and K. Watson. 
A complete list with their professional affiliations is included at the end of the 
publication. 

Special thanks are due to the United States Geological Survey for pro-
viding the meeting facilities and associated services, and for an especially 
informative tour of the EROS Data Centre. Finally, particular gratitude is due 
to the chairmen of the meetings, namely Mr. Offield of the first meeting, and 
Mr. Watson of the second meeting; Mr. Watson also completed the final draft 
for publication. 
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1. INTRODUCTION 
1.1. Purpose of the report 

Remote-sensing techniques have been widely adopted by the mineral industry 
and national governments of many countries around the world. Such techniques 
are used to increase geological knowledge of an area in support of mineral 
exploration, including exploration for uranium. 

The International Atomic Energy Agency is engaged in the International 
Uranium Resources Evaluation Project, along with the Nuclear Energy Agency of 
the OECD. The main objective of the project is to better define the possible 
extent and location of undiscovered uranium resources. Other research and 
development piojects undertaken jointly by the two agencies have two main 
objectives: 
(a) To increase geological knowledge of the mode of occurrence of uranium 

deposits 
(b) To improve existing techniques and to develop new techniques for uranium 

exploration. 
The IAEA is also involved in technical assistance, both by its own funds and 
through the administration of UNDP funds, for large-scale programmes of uranium 
exploration. To assist in these efforts and to help developing countries in their 
own uranium exploration programmes, the IAEA recognized the need for 
publishing a report designed to provide a description of how remote sensing is 
being or could be utilized in exploring for uranium deposits. 

This report is intended to provide managers, scientists and technicians with 
a broad overview of the current (1980) role of remote sensing in uranium 
exploration and of the direction in which future developments are proceeding. 
The report incorporates cumulative experience from current practice as well as 
the results of recent research in remote sensing. As such, the report should also 
be of interest to those already engaged in uranium exploration. The information 
and explanations provided here will serve to guide the planning for and use of 
remote-sensing techniques in uranium exploration; however, technical details 
should be sought in the literature listed in the bibliography. 

1.2. The term 'remote sensing' as used in this report 

As used in this report, remote sensing denotes methods of measuring 
portions of the electromagnetic spectrum, including the ultra-violet, visible, 
infra-red and microwave radiation emitted and reflected from the surface of the 
earth and from its atmosphere (seu Fig.l), by aircraft and orbital spacecraft. 
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FIG.l. Electromagnetic spectrum showing the band-width measured by the most widely 
available remote-sensing systems. 

This terminology excludes the more traditional methods of geophysics, such 
as gamma-ray spectrometry and magnetic surveys. So defined, remote sensing 
has little capability for directly measuring below the surface, except for low-
frequency microwaves that have limited penetration. On the other hand, pervasive 
subsurface features may be revealed in surficial phenomena and these can be 
mapped by remote sensing. 

Most importantly, this definition means that remote sensing, like most 
other exploration methods, is not as specific for uranium as are methods such as 
gamma-ray spectrometry or uranium geochemistry. 
1.3. Current role of remote sensing in uranium exploration 

Mineral exploration is an art that utilizes many different sciences to discover 
ore. Scientific research and exploration are closely related, but their aims are 
fundamentally different. Research strives for accurate description and full 
understanding of phenomena. Mineral exploration is directed to rapid, progressive 
and economic filtering of a complex volume of data from rock, soil, water, 
vegetation and air, not for full understanding, but with the imminent objective 
of finding an orebody. 

In undertaking their search for ore, explorationists are faced with a severe 
problem of selecting and relating information that can advance their specific 
work. A great variety of data may be funnelled into an exploration programme. 
The sources of such data are many, their scales of observation are different, and 
the potential volume of details is vast. For example, in addition to personal 
observations in the field, exploration data may include: rock samples, thin 
sections, chemical analyses, airborne and ground geophysical surveys, geochemical 
surveys, aerial photographs, statistical tabulations, geological maps, and radio-
metric data. Recently, these sources have been augmented by multi-spectral 
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surveys from airborne and orbital platforms. From all these potential sources of 
data, the explorationist must select those that are judged to be most effective and 
economic for a specific exploration concept and relevant programme. Because 
of this selective personal judgement, combined with persistence in effort and 
possibly some luck, exploration is an art with defined economic limitations rather 
than a science striving for full understanding. 

Uranium exploration is not different from exploration for other ores, except 
that uranium as well as thorium and potassium emit characteristic gamma rays 
which make it possible, under certain conditions, to identify the specific radio-
active element. For this reason, radiometric surveys are usually the first methods 
to be considered in designing a uranium exploration programme.1 However, there 
are many instances in which gamma-ray spectrometer surveys do not advance the 
uranium exploration programme, such as where the uranium deposit is obscured 
by a thick cover of non-radioactive rock, soil, water or vegetation. Under such 
circumstances, other methods of exploring for uranium must be considered. 
Among the many options available to the explorationist is remote sensing. 

Since the techniques of remote sensing are not specific for uranium and since 
they are less well known, their application requires a sound knowledge of certain 
factors, including the following: 
(a) Structural and lithological environment in which various types of uranium 

deposits occur (geological model) 
(b) Geochemistry of uranium and possibilities for leaching, dispersion, 

concentration and deposition of uranium minerals (chemical model) 
(c) Physical phenomena associated with uranium deposits that can be detected 

by remote sensing and geophysical methods (physical model) 
(d) Environmental factors, such as seasonal climatic changes, type of soil cover, 

vegetation, drainage and geomorphology, any of which can enhance or 
obscure features related to uranium deposits 

(e) Imposed constraints (e.g. budgetary, political, cultural, etc.) on the 
implementation of uranium exploration. 
A typical uranium exploration programme starts with an area for which there 

are few recorded exploration data. Such a programme includes five major phases, 
with many possible variants (see Table I). Remote sensing plays a different role 
in each phase, and specific applications are outlined in subsequent sections of this 
report. In general, however, remote sensing can provide valuable data for the 
first three phases, i.e. preliminary reconnaissance, regional mapping and detailed 

1 See "Gamma-ray Surveys in Uranium Exploration", Technical Reports Series No. 186, 
IAEA, Vienna (1979). 
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TABLE I. PHASES OF A URANIUM EXPLORATION PROGRAMME AND THE CURRENT APPLICATION 
OF REMOTE SENSING 

Phase (scale) Funct ion 
Area 
(approximate) 

Remote-sensing technique 

Principal Ancillary 

Complemen ta ry 
techniques 

Preliminary reconnaissance 
( < 1 /500 000 ) 

Regional mapping 
( 1 / 5 0 0 0 0 0 - 1/50 000) 

Detailed mapping 
( 1 / 5 0 0 0 0 - 1 /6000) 

Deposit evaluat ion 
(1/6000 - 1/1000) 

Ore deve lopment 
(< 1/1000) 

Selection of 
favourable region 
and model 

Selection of 
favourable districts 
(macro-anomalies) 

Selection of 
favourable sites 
(anomalies) 

Definit ion of grade 
and tonnage, and 
assessment of 
metallurgy f rom 
surface and test 
drilling 

Conf i rmat ion of 
grade and tonnage, 
and defini t ion of 
metallurgy 

100 000 - 10 0 0 0 k m 2 

( ~ 4 0 0 0 0 k m 2 ) 

20 000 - 1000 k m 2 

( - 2 0 0 0 k m 2 ) 

1000 - 10 k m 2 

( ~ 100 k m 2 ) 

10 - 1 k m 2 

2 km 2 ) 

< 1 km 2 

Landsat 

Landsa t , 
air p h o t o s 

Large-scale 
air p h o t o s 

S L A R a (if available), 
small-scale air pho tos 
or mosaics, p h o t o s 
f r o m spacecraf t 

SLAR, Skylab 

Landsat , co lour air 
pho tos , multi-spectral , 
including thermal 
infra-red 

Aeromagnet ic surveys, 
geochemical , geological 
reconnaissance, isolated 
geological mapping 

Electromagnet ics , 
gravity, magnetics and 
gamma-ray spec t romet ry , 
geological mapping, 
geochemical mapping 

Ground geophysical 
surveys, geochemical 
sampling, geological 
mapping, grid drilling, 
pi t t ing and t renching 

Test drilling, g round 
geophysics, representat ive 
sampling, chemical 
analysis, geological 
mapping 

Sys temat ic sampling and 
drilling, underground 
and open-cut workings, 
chemical analysis 

a SLAR = Side-Looking Airborne Radar. 



mapping, all of which are undertaken to increase the geological understanding and 
to select anomalies that may represent ore deposits. The ancillary and complemen-
tary techniques listed in Table I are provided as examples and are not intended to 
serve as a specific exploration scheme. 

Preliminary reconnaissance is essentially the preparation of a small-scale 
geological map, the selection of a geological model for the deposit that is being 
sought, and the definition of a favourable region in which such deposits might 
occur. At this early stage, Landsat commonly provides systematic coverage for the 
whole region. In a few countries, there may also be systematic coverage with 
black-and-white aerial photography, side-looking airborne radar (SLAR), small-
scale geological mapping, or aeromagnetic surveys. In many cases, there may be 
local field observations and limited coverage by geological, geophysical or 
geochemical surveys. For some countries, there may be few data other than 
Landsat images. Fortunately, such images frequently comprise a quasi-geological 
map, which is a good first approximation of the surficial distribution of rocks, 
structure and soils, but without the legend and symbols that are essential for a 
fuller understanding. Thus, using the principles of photogeological interpretation, 
much structural and lithological information can be derived to assist in the search 
for ore. Such simple techniques, augmented by elementary training in remote 
sensing, may be readily adopted by an experienced field geologist. On the other 
hand, digital processing, which can provide improved images and enhancements 
of specific features, will require some special training and experience. 

Landsat data do not provide definitive information about the lithology or 
the third dimension of depth below the surface of the ground. However, selected 
field observations may serve to provide such interpretation. In essence, the 
geological interpretation of Landsat images can serve to prepare a small-scale 
geological map (perhaps little more than an annota ted image) which, in conjunct ion 
with other geological knowledge, can be used to select both a favourable region 
for more detailed exploration and a model of the deposits that might occur therein. 
Such interpretation is so inexpensive per unit area and the information content is 
so comprehensive that no regional exploration should proceed without preliminary 
reconnaissance on the basis of carefully selected Landsat data and ancillary 
information. 

Regional mapping, as defined here, includes the more systematic survey of a 
selected favourable region using techniques that are judged to have the greatest 
potential for detecting physical attributes associated with the selected geological 
model. The change in working techniques when progressing from preliminary 
reconnaissance to regional mapping is essentially one of increased detail plus new 
information for a smaller area. Accordingly, such a change may be transitional 
and iterative as the exploration programme moves from broad generalizations to 
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a more specific focus. Regional analysis usually includes geological field work and 
a selection of geophysical and/or geochemical surveys. Both Landsat and aerial 
photography can provide useful geological information. The former is commonly 
less expensive and more uniform per unit area and, in some important cases, 
more specific, whereas the latter usually provides greater detail of the terrain. 
Both provide information that can assist in mineral exploration, for example: 
recognition of discrete geological units; discrimination of broad classes of rock 
(alluvium, sedimentary and metamorphic rocks, intrusions, volcanic cones and 
flows, etc.); mapping of faults, folds, fractures and joints; recognition of alteration 
zones and other broad indicators of mineralization. Such geological mapping from 
Landsat data has already effected significant savings in time, by factors of between 
3 and 10, relative to conventional mapping at similar scales. While subtle features, 
such as alteration zones or facies changes, may sometimes be visually delineated 
from Landsat data for arid areas, digital enhancements can provide significant 
improvement in this mapping capability. Recent experience suggests that a heavy 
cover of vegetation will significantly reduce, although not necessarily obliterate, 
such subtle contrasts. 

Detailed mapping may commence as soon as favourable districts are recognized 
by regional mapping. Detailed mapping includes relatively large-scale projects to 
define structures, lithologies and other features that may comprise a favourable 
site for deposition of uranium ores. In order to minimize the increasing costs of 
detailed studies and yet maximize the exploration effort, the detailed mapping 
methods should be selected to focus on specific physical attributes of the expected 
ore deposit. Specialized knowledge and experience related to the occurrence of 
uranium orebodies is an implicit requirement for the optimal selection of such 
techniques. Remote sensing in the form of conventional aerial photography may 
provide greater detail, while Landsat, infra-red thermal images, and multi-spectral 
images and photographs may provide new and specialized information. For 
example, digital enhancement of Landsat data may outline the alteration 
surrounding uranium mineralization, thermal infra-red images may outline structure 
that is not apparent on aerial photographs, and colour infra-red photography may 
define biophysical anomalies related to mineral toxicity in plants. At present, 
however, none of these latter techniques have been used sufficiently to comprise 
a generally applicable approach. Their specificity to a particular exploration 
problem requires local validation in the search area. In addition, the relative 
efficiency and cost of these remote-sensing methods need to be weighed against 
similar assessments for the wide range of available exploration techniques. 

In summary, remote-sensing techniques alone can provide much geological 
information that is useful for uranium exploration. On the other hand, synergistic 
benefits may be attained from an integrated analysis of several sets of data which 
provide converging lines of evidence in support of an exploration concept. 
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1.4. Characteristics of uranium deposits 

In considering the applicability of remote sensing to uranium exploration, the 
starting point is to determine the kinds of exploration-target features which may 
be detectable or mappable remotely. Other than with gamma-radiation surveys, no 
direct detection of uranium deposits is likely, since these deposits are rarely 
exposed significantly at the surface and since they do not have sufficiently 
distinctive spectral reflection or emission signatures. But, as in exploration for 
many other economic minerals, the search for uranium deposits may be greatly 
aided by identifying favourable settings and target areas on the basis of related 
geological features, such as the following: 

Regional geological setting 
Lithological units, including sedimentary facies, intrusive bodies 
Altered ground 
Faults and fractures 
Volcanic features such as calderas, plug domes. 

Many such features, suitable for mapping by remote-sensing methods, are evident 
in the following generalized description of uranium-deposit environments. 

1.4.1. Sandstone deposits 

Deposits in sandstone are typified by those found in the USA. The host 
rocks are continental fluvial sandstones, most commonly Tertiary in age. These 
have accumulated in thick sequences, filling intermontane basins like the Wind 
River Basin of Wyoming, or in basins along the boundary between rising mountain 
blocks and adjacent stable platform blocks as in the Powder River Basin of 
Wyoming, or in coastal plain settings marginal to actively subsiding basins like the 
Gulf of Mexico. In all cases, source areas of actively rising and eroding granitic 
mountain blocks or of active intermediate to silicic volcanism were available to 
provide both the host-sequence materials and the uranium. 

In many countries, geological mapping is well advanced and broadly 
favourable settings like these are easily identified. But even so, regional examination, 
using such tools as satellite images, generally reveals geological aspects previously 
overlooked and which may fit well with the constantly improving understanding 
of uranium occurrence in sandstone environments. In countries without modern 
geological maps, remote sensing can lead very quickly to the recognition of basin 
areas which should be examined in detail for uranium favourability. This detailed 
examination should particularly deal with problems of rock-type discrimination 
(especially clastic sedimentary facies), structure definition and altered-ground 
identification; various remote-sensing techniques directly apply to these problems. 
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1.4.1.1. Trend deposits 
Uranium deposits in sandstones generally occur in three forms or local 

settings. Deposits on the Colorado Plateau typically are tabular bodies with 
dimensions controlled by local sedimentary trends, channel shapes and patterns of 
permeability, and the distribution of carbonaceous trash in palaeochannels. In 
the major district of Ambrosia Lake in the San Juan Basin of New Mexico, 
deposits are remarkably aligned in a well-recognized trend. This alignment has 
not been satisfactorily explained, but it has recently been discovered on Landsat 
images that the lineament coincides with at least part of the linear array of deposits. 
If the lineament can be identified as a structural feature, one possible explanation 
of the coincidence is that the structure controlled the sedimentation and subtle 
facies development as the host rock was deposited and thus in turn controlled 
the subsequent or penecontemporaneous flow of uranium-bearing groundwater. 

1.4.1.2. Tabular deposits 
The Plateau tabular deposits are mostly in red sandstones of the Morrison 

Formation of Jurassic age, and typically are surrounded by bleached white or 
gray aureoles of various sizes. In the San Juan Basin a second form of deposit 
occurs along faults which cut the main deposit trend. These deposits are referred 
to as 'stacked orebodies' and are believed to have been formed where uranium 
was re-mobilized by groundwater from nearby original 'trend' deposits and was 
carried to the cross faults to be concentrated at various stratigraphic levels where 
the chemistry was right to cause ore-mineral precipitation. 
1.4.1.3. Roll-front deposits 

The third form of deposit is the well-known 'roll-front' type seen in the 
Wyoming basins and in the Texas coastal plain. The deposits are associated with 
palaeochannels, probably in a particular facies zone representing a place where 
sedimentation occurred in a particular energy range and where organic materials 
or other uranium precipitants were abundant. Local lineaments seen in remote-
sensing images appear to have a relationship with the presence of favourable rock 
as well as trends of mineral occurrence. The lineaments are believed to be subtle, 
largely non-displacive fractures which have patterns linked to those of buried 
palaeotopographic highs and lows which controlled host-rock sedimentation. The 
Wyoming deposits occur almost everywhere at an oxidation-reduction boundary 
associated with solution fronts. The host rocks are normally gray or brown, with 
oxidative alteration on the updip side of the roll front producing a zone of 
conspicuous red, yellow and orange discolouration commonly exposed in patches 
across broad areas. In the Texas coastal plain, roll-front deposits commonly are 
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updip from faults which carried into the host sandstones hydrocarbon gases leaking 
upward from oil and gas deposits at deeper levels. These gases served to reduce 
and precipitate uranium from oxidized groundwater moving downdip toward the 
faults. The faults may be open and water-filled or tightly cemented with secondary 
silica material; in either case, they can be discriminated in thermal infra-red 
images. Such images also allow discrimination and detailed mapping of palaeO-
channel conglomerates which in places contain uranium in the coastal plain. 

1.4.2. Unconformity deposits 

Deposits of a type known for about ten years, but only recently recognized 
as containing probably the greatest resource potential of all deposits, are those 
referred to as unconformity-vein or unconformity-related deposits. These are 
typified by the large, extremely high-grade deposits of Northern Territory, 
Australia, and northern Saskatchewan, Canada. In both areas the deposits occur 
in basement rocks of green-schist to amphibolite facies metamorphic grade, below 
an unconformity covered by a sandstone. These settings involve Proterozoic 
sedimentary rocks atop Proterozoic or Archean metamorphics, but it is not clear 
whether Precambrian age is an essential condition of this habitat for giant 
deposits. Most deposits found so far occur in shear zones and are associated with 
relatively narrow widths of chloritic and haematitic alteration. In Canada, a few 
deposits have been found along faults in the sandstone above the unconformity. 
Mafic dikes, which are younger than the capping sandstone, are present in the 
Australian and Canadian districts and are believed by some investigators to have 
influenced or caused movement of warm groundwater which mobilized and 
subsequently deposited uranium in a supergene phase of ore concentration. The 
regional setting may be discerned in satellite images, and capping sandstone or 
windows in it, shear zones, dikes and possibly zones of alteration are all obvious 
targets for remote-sensing methods. Some basement rocks appear to be more 
favourable than others and the necessary lithological discrimination may also be 
possible by remote sensing. The Proterozoic-Archean unconformity is a locus of 
quartz-pebble conglomerate deposition, and in a few places such conglomerates 
contain major uranium and gold deposits. This kind of unconformity commonly 
is evident as a structural-stratigraphic discontinuity on several kinds of remote-
sensing images. 

1.4.3. Granitic deposits 

Other important uranium deposits around the world occur in fractures within 
granites or in nearby rocks intruded by granites. In several important intragranite 
deposits the mineralizing process involved the solution and removal of quartz 
from the granite around fractures, leaving a zone of 'episyenite'. The material 
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presumably has thermal and reflectance properties that are somewhat different 
from those of the surrounding granite, but this possibility has not been investigated. 
In most settings, granites have discrete boundaries and are texturally (in the 
geomorphic sense) distinct from enclosing rocks; they may be defined on satellite 
images. Most granites known to be particularly fertile for uranium are of the 
tin-tungsten-'two-mica' granite family. These are believed to occur in particular 
zones along sutured continental-plate boundaries, and such settings may also be 
interpretable from the regional syntheses of satellite images and magnetic and 
gravity data. 
1.4.4. Volcanic deposits 

Most prominent volcanic environments for uranium include calderas and 
related flows, ash falls and dikes, particularly in the silicic compositional range. 
Uranium occurs in fractures within the caldera walls and flanks and in the caldera 
fill; also it has recently been discovered in sedimentary-environment deposit types 
within the lacustrine and volcanoclastic units filling calderas. Plug domes on the 
caldera rims also may be exploration targets because of the fracturing and hydro-
thermal alteration associated with them. Landsat images and radar-image mosaics 
are very well suited for obtaining a synoptic view which permits identification of 
circular features and volcanic centres with related dikes and fracture systems. 
1.4.5. Alkaline rock deposits 

A special category of uranium occurrence, better known perhaps for related 
thorium and rare-earth element resources, is in alkaline-rock complexes. These 
form single intrusive bodies and ring complexes characteristically in stable platform 
regions. They may be associated with broad tectonic uplifts and in places where 
rifting has broken the crystalline platform. Two groups of associated rock types 
are known: ultrabasic ijolite-carbonatite and nepheline syenites. The first group 
provides apatite and pyrochlore deposits as in the Araxa, Tapira, Catalao and 
Jacupiranga districts, Brazil. The second group is typified by occurrences in the 
P090S de Caldas area of Brazil, where uranium occurs in hydrothermal veins with 
molybdenite, pyrite and fluorite. The wall rocks are bleached by alteration and 
potassium meta-somatism. Alkaline complexes commonly have distinguishing 
geomorphic texture or diagnostic ring forms in remote-sensing images. 

2. PHYSICAL PHENOMENA AND MEASUREMENT TECHNIQUES 
2.1. General introduction 

Photographs and images, regardless of the spectral band or the sensing system 
from which they were produced, display a variety of geological information that 
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can be extracted by a skilled geologist experienced in the use of these data. 
However, even better interpretations can be made by the geologist who also 
understands the physical principles underlying remote-sensing data, particularly 
the reflection, scattering, emission and thermal properties of naturally occurring 
materials, the interaction mechanisms and the methods by which these properties 
can be measured and displayed. 

All geological applications of remote-sensing data follow a common theme: 
to extract physical property information from remote-sensing data that will help 
solve a particular geological problem. Generally, the type of geological information 
needed is much the same in all cases, regardless of the specific geological problem. 
It is how this information is interpreted and used that defines a type of geological 
application. 

This section summarizes those physical properties and phenomena occurring 
at the earth's surface which are most important in geological remote sensing and 
discusses the basic kinds of information that can be derived from remote-sensing 
data, as well as general approaches to extracting this geological information. 
2.2. Approach to the interpretation of remote-sensing data 

Remote-sensing systems do not directly detect buried mineral deposits or 
their immediate environments. However, these systems can provide some of the 
basic geological information necessary to compile the regional geological setting 
and ultimately to solve specific geological problems. 

In general, remote-sensing data contain information on the lithology, 
geological structure and landforms of an area. The surface expression is often 
complex and commonly indirect. For example, the location of faults or fracture 
zones and certain lithological units may be determined by characteristic landforms 
(topographical expression), by recognizable patterns in the distribution and 
density of vegetation or by the presence of zones of moisture concentration. A 
geological interpreter thoroughly familiar with the many surface manifestations of 

- geological information should then be able to extract the important geology from 
an image or photograph. 

Image expression is contained in the spectral brightness, texture and pattern 
of features. The manner in which a given feature is portrayed on an image is a 
function of the surface expression, the remote-sensing system used (spectral band, 
scale, ground resolution), the image-processing procedures employed, and such 
temporal factors as season and time of day. These parameters may result in a 
common geological feature which an untrained interpreter cannot recognize on 
an image. On the other hand, a skilled interpreter may take advantage of these 
variations in image expressions to selectively acquire data that are appropriate to 
enhance features of interest. The burden of successfully applying remote-sensing 
data to geological problems rests largely on the investigator, his understanding of 
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the principles of remote sensing, his geological expertise and his technical skills 
at processing. 

There is no set of rules for extracting geological information from remote-
sensing data. Each investigator develops a method that is compatible with his 
understanding of the data being studied, the available facilities and the goal of the 
project. There are, however, two general approaches to the problem. The most 
widely used and currently most successful method is a photogeological inter-
pretation technique appropriately modified to account for the specific type of 
remote-sensing data being used. Generally, this involves the outlining of selected 
geological features on an image, perhaps enlarged to a common map scale, in 
much the same manner that large-scale aerial photos have been analysed for years. 
The second approach is to quantitatively manipulate the data (usually in digital 
form) by applying a specific algorithm, in order to identify or discriminate 
areas with a specific image expression (for example, a specified statistical 
relationship to a selected feature) that represents some geological pheno-
mena or features of interest. This approach requires access to computer 
facilities, as well as a firm understanding of the geological phenomena and 
physical processes under study, and so is not usually considered a routinely 
available general-purpose method. However, once a geological problem is 
sufficiently defined and understood, this approach will generally provide 
information that is not extractable by visual interpretation methods and can lead 
to substantial exploration benefits. 

Geological information extracted from remote-sensing data is usually 
compiled on a common map and either interpreted according to a specific 
geological model or used to construct a geological model for explaining the 
occurrence of geological phenomena. This information is, of course, most useful 
when combined with all other available geological information, such as field maps, 
gravity and aeromagnetic maps, and results of geochemical surveys. If these data 
are not available, the interpretation of the remote-sensing data can still be 
extremely helpful and is thus useful in planning the selection of this additional 
and usually costly information. 

There are many ways of analysing and interpreting remote-sensing data. The 
reader is encouraged to consult the extensive bibliography at the end of this 
report for methods compatible with his needs and facilities. It must be 
emphasized that analysis procedures need not be complicated and expensive to 
be effective; many successful remote-sensing studies use the simplest of techniques. 
Many processing techniques which were used purely in research are now available 
as commercial products. However, a clear understanding of the physical properties 
of natural materials and of the methods of measuring these properties as discussed 
below is essential for their use. 

The physical properties of geological materials and the measurement methods 
are discussed under three general headings: spectral reflectance and emittance, 
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thermal images, and side-looking radar systems. Although a distinction is 
commonly made between reflection and emission properties we shall not do so. 
This segregation largely arises because at the earth's surface the reflected solar flux 
dominates below about 3 /im and the emitted terrestrial flux dominates above 
4 ^m, and not because of an inherent difference in the physical properties of 
materials. Thermal images display tonal variations which are largely due to the 
absorbed solar flux (albedo, slope) and the thermal properties of materials, and 
only secondarily due to the emission properties. Side-looking radar is an imaging 
system based on active illumination of the ground and is a sensitive indicator of 
surface roughness and geometry. 

2.3. Spectral reflectance and emittance 

It has long been recognized that the reflectance and emittance properties of 
geological materials (comprising the spectral region from 0.4 to 25 Mm) are useful 
indicators of material composition and physical state. Landsat multi-spectral 
images have provided thousands of pictures of the earth's surface for agricultural, 
hydrological, geological and other applications. Methods involving the measurement 
of spectral emittance have been much less widely applied because of the substan-
tially greater technical difficulty. 

It is convenient here to note how the electromagnetic spectrum is divided 
for the purpose of discussion. As mentioned above, the reflectance and emittance 
regions are determined largely by the nature of the radiation fields at the earth's 
surface and by the transmission properties of the earth's atmosphere, and not by 
any fundamental physical properties of the materials involved. It is not possible 
or desirable here to give an exhaustive account of reflectance and emittance 
properties of rocks. For such a discussion, the reader is referred to publications by 
Hunt (1977) and Hunt and Salisbury (1974, 1975, 1976) where comprehensive 
bibliographies are given or referred to. 

The reflection spectra of rocks and minerals are dominated by various 
electronic effects involving transition metals (mainly iron) and by molecular 
vibrational bands due to hydroxyl, water and carbonates. Thus various minerals 
(iron oxides, clays) often associated with rocks in mineralized areas have recog-
nizable spectral characteristics: ferrous and ferric oxides due to crystal field and 
charge transfer effects are in the 1-Mm region, and the combination of AlOH 
binding and OH stretching modes occurs in the spectrum of clay minerals near 
2.2 Mm. 

Sandstone deposits may occur in association with limonite and haematite 
alteration due to the oxidation of iron sulphides by groundwater. These produce 
strong visual effects resulting from pigmentation in the host rock by iron oxides 
and iron hydroxides. In some cases the deposits may be subjected to so-called 
bleaching effects involving removal of the iron oxide and iron hydroxide 
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pigmentation. All such deposits may be accompanied by changes in the clay 
mineralogy, either by modification of pre-existing assemblages or by formation 
of clay minerals through alteration of feldspar. 

The mineralogy of igneous deposits is far more diversified and less well 
defined. Whereas it may be posible to identify a distinctive 'halo' mineralogy 
involving the introduction of chlorite and haematite, the strategy for exploration 
of such deposits may necessarily involve the determination of the lithological 
associations. Thus, in vein deposits, for example, it may prove essential to map 
the location of major unconformities on a regional scale rather than effects specific 
to a single deposit. 

Between 7 and 25 nm lies the region of Si0 4 molecular vibrations, with the 
absorption spectra governed primarily by the degree of Si0 4 polymerization. The 
diagnostic power of 8 — 14 jum absorption spectroscopy for rock and mineral 
identification has long been appreciated and used as an analytical laboratory tool. 
The application of this methodology to problems in field geology and rock 
discrimination is complicated by many technical and experimental difficulties. 
With the emergence of new and improved detector systems and careful application 
it seems that this method may finally emerge with the strong field diagnostic 
capability it richly deserves. 

In summary, the visible, near and mid infra-red spectral properties of rocks 
and minerals contain information concerning elemental constituents, mineralogy 
and, by inference, lithology, and sometimes much more. Two general strategies 
are available for remote-sensing application: first, direct identification of alteration 
products identifiable as significant in uranium exploration; second, the regional 
delineation of lithological associations with known deposits. In no case can these 
remote-sensing observations be used alone. A knowledge of the field relations 
involved is a prerequisite; rarely can one expect to detect uranium mineralization 
directly. On the other hand, remote-sensing observations possess the overwhelming 
potential of rapid surveys of vast territories. Future advancements in the develop-
ment of mid infra-red techniques which supplement visible and near infra-red 
measurements will greatly enhance the lithological classification. 
2.4. Thermal images 

A thermal image of the ground radiant emission, acquired from aircraft or 
spacecraft, displays tonal variations which are due to differences in physical 
properties (reflection, emission, thermal properties) and to various heat transfer 
mechanisms operating at the ground/air interface. In some cases an analysis can 
be performed without further processing of the image data. Intensely hot ground, 
major structural control or significant lithological differences can be observed as 
distinctly different tonal values and patterns. Within constraints, fairly subtle 
lithological differences, such as those between limestones and dolomites, may be 
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distinguished because of significant differences in thermal properties. But the 
maximum use of thermal-image data can only be achieved by using a combination 
of digital-image processing, thermal modelling and regional meteorological 
measurements. 

Digital processing is used to enhance very subtle tonal variations and to 
geometrically correct and register images. This processing is essential for combined 
analysis of day-time and night-time data, to form special derivative products such 
as thermal-inertia images. 

Thermal models are needed in the analysis to understand the effect of various 
geological, topographical and meteorological parameters on the surface temperature, 
to select optimum data acquisition times for aircraft data and, most importantly, 
to derive quantitative thermal property information. One example of the latter 
concept is thermal-inertia mapping. This technique was developed as an outcome 
of aircraft observations made in 1968, was first applied to the analysis of meteoro-
logical satellite data in 1974 and was later refined for aircraft uses in 1976 and 
1977. A new experimental satellite, HCMM (Heat Capacity Mapping Mission), was 
launched in 1978 to acquire data on a limited world-wide basis and is now used to 
evaluate the utility of thermal-inertia mapping in regional geological studies. 

The interpretation of thermal images is complicated because of two major 
problems. (1) The surface temperature is controlled by many parameters 
including meteorology, topography, vegetation, surface properties (albedo, 
emissivity), near-surface thermal properties, and complex heat transfer processing 
occurring at and near the surface. (2) The surface temperature carries a memory 
effect, unlike surface reflectivity which does not, thus temperature is affected not 
only by the present values of the heat-flux terms but also by their previous 
history. For a more extensive treatment of the problem, the reader is referred to 
the bibliography in general, and to Watson in particular. 

2.5. Side-looking radar systems 

Side-looking radar (SLR) is an active imaging, remote-sensing system which 
displays the radar backscatter characteristics of the earth's surface in the form of 
a strip map or image. 

SLR systems use three spectral bands, L, X and K, corresponding respectively 
to wavelengths of 25, 3 and 0.8 cm, and their equivalent frequencies of 1.25, 10 
and 35 GHz. The intervening atmosphere presents low attenuation in these bands, 
even in hazy and cloudy situations, and since SLR is a self-illuminating system it 
can be operated at any time. This is the reason for its use over regions almost 
permanently cloud covered, such as parts of the tropics. 

The amplitude of the returned signal provides characteristic information 
regarding the ground, and angles and range are used for image construction. The 
amplitude is a function of several variables, such as surface roughness and geometry, 
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dielectric properties of the ground, and the wavelength, polarization and pulse 
power of the transmitted signal. Subsurface effects, self-emissions and spurious 
echoes can also be important and thus the image tones are generally difficult to 
interpret in terms of differences between surface materials. Since surface roughness 
and geometry are the most important ground parameters, SLR images are especially 
suitable for geomorphological analyses. Systems using different frequencies and 
polarizations and having controlled signal amplitudes yield additional information 
which can be used for target discrimination. 

Since the ground resolution is ultimately controlled by the receiving aperture 
and since high resolution requires large receiving antennae, a technique named 
'synthetic aperture' has been developed to improve resolution along the flight 
path. This technique consists of the observation and processing of backscatter 
signals from a single ground resolution element recorded at several different 
positions of the aircraft, thus providing a larger collection aperture. The data are 
processed using an optical correlator to construct the final film image. Newer 
systems have a theoretical resolution of 15 m X 15 m on the ground. An important 
characteristic of synthetic aperture systems is that their resolution is independent 
of range. Consequently, when operated from spacecraft, a resolution similar to 
that obtained by aircraft-operated systems is provided. Limitations of SLR include 
horizontal polarization of the outgoing signal, which results in less depth interaction 
and consequently poorer discrimination of the targets and the need for platform 
stability. 

The most important advantage of these images is the enhancement of topo-
graphical aspects. Such an enhancement is best expressed in the structural features 
nearly parallel to the flight path. In addition, lithology can be inferred from 
geomorphological analysis when the tonal contrast is low. However, drainage 
analysis, the most powerful tool for geological interpretation of aerial images, is 
somewhat hampered if excessive shadowing occurs because of moderate 
topography. 

Images of forested regions exhibit the topography of the tree crowns and 
not of the ground surface. This is the reason why the geological relief contrast is 
reduced in tropical regions, where the trees can reach 60 m in height and those 
at the bottom of valleys are tallest. 

Most commercially available SLR systems provide small-scale images suitable 
for regional studies. These images are typically acquired at a single frequency and 
polarization, and are presented in the form of photographic copies. Optical 
techniques exist which can be used to enhance the spatial frequency for structural 
feature studies. Enhanced results can be expected with multi-polarization, multi-
frequency, controlled-amplitude systems. 
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2.6. Remote-sensing systems 

A variety of existing satellite, aircraft and field spectral systems are available, 
both for regional studies and for more intensive studies of alteration and bleaching 
effects associated with uranium deposits. Examples of these systems are 
summarized in Tables Ila-IId. It is important to realize that none of the systems 
listed in these tables can be considered optimal for uranium exploration. For 
example, in a recent study, Conel et al. ( 1 9 7 8 ) , discussing the question of scanner 
optimization for this purpose, found that a 93% correct classification into 
specified groupings (uranium altered, unaltered or hydrothermally altered) could 
be achieved utilizing five narrow bands (Aa = 0 . 0 5 /um): 1 . 2 5 , 0 . 9 5 , 2 . 2 0 , 2 . 1 5 

and 2.05 nm. The discrimination of other rock suites or types of alteration would 
likely employ other combinations and there seems to be no way of predicting on 
general grounds which combinations are most useful. Thus, the optimum scanner 
system would employ the principles of a high-resolution spectrometer, with no 
portion of the spectrum excluded. This simply corresponds to the idea that a 
classification is made in the best way when the most information is available for 
such purposes. 

2.7. Image analysis 

An image is more complex than a photograph because it is produced by an 
electro-optical device that scans the ground and records electromagnetic radiation 
which is reflected or emitted by the ground beyond the response regions of the 
eye or a photographic film. Interpretation of conventional photography, 
particularly from low-flying aircraft, is widely used in mineral exploration. The 
reader is referred to the bibliography and in particular the recent paper by 
Gregory (1979). However, an image presents unique problems and opportunities, 
and for proper interpretation requires an interpreter with some specialized training. 
The degree of his training is dependent on the type of data being examined and 
on how much manipulation has been performed to produce the image. 

Remote-sensing data from the Landsat satellite series are the most readily 
and universally available. These satellites use a multi-spectral scanner that acquires 
data in four spectral bands of a scene of 185 km by 185 km, with 80 m spatial 
resolution, every 18 days for every point on earth. The four spectral bands are: 
green (0.5 - 0.6 jum), red (0.6 - 0.7 ^m) and two near infra-red bands 
(0.7 - 0.8 jum and 0.8 — 1.1 jum). These data are acquired at approximately 
9:30 a.m. local time and are available in two forms, as images and digital data, 
the latter being available on computer-compatible tapes (CCT). 

The Landsat CCTs contain the digital data from which images are made. 
Consequently, these CCTs can be used to form images that are specially prepared 
for a specific task; this is often extremely beneficial. For example, spectral 

Text continued on page 24 
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TABLE Ila. REMOTE-SENSING SYSTEMS: FIELD-PORTABLE SYSTEMS 

Name Manufacturer Wavelength 
No. of 
channels 

FOV Temperature range 

Precision Radiation 
Thermometer 
(PRT-5) 

Instatherm 
(formerly PRT-io) 

Teletemp 'Darringer' 
Infra-red Thermometer 
Model 44 

Eppley Precision Infra-red. 
Radiometer (Pyrgeometer) 
ModelPIR 

Exotech 
Model 100A 

ISCO Spectral 
Radiometer 

Aga Thermovision 

Thermatrace 

Barnes Engineering Co. 

Barnes Engineering Co. 

Teletemp Corp. 

Eppley Laboratory Inc. 

Exotech Inc. 

Instrumentation 
Specialties Co. (ISCO) 

Aga Corp. 

Barnes Engineering Co. 

8—14 /urn 1 

.6.2—20 /Jtm 1 

8—14 jLtm 1 

4 - 5 0 jum 

0 . 5 - 1 . 1 nm 

0 . 3 8 - 1 . 5 /im 

2 - 5 /im 

8 - 1 4 / i m 

1 

Continuous 
spectrum 

1 

0.14 or 
2.0° or 
2 0 ° 

2.8° or 
2 8 ° 

Variable 

180° 

1 ° 1 ru 
1 or 15 

8 , 25 
or 45° 

24°X 0.5° 

- 2 0 to +75 C 

- 1 0 to +60°C 

0 to 600°C 

- 2 0 to +40°C 

- 5 0 t o + 1 0 0 0 C 

10 to 1000°C 

a FOV = Field of view. 



TABLE lib. REMOTE-SENSING SYSTEMS: AIRCRAFT - CAMERAS (photographic) 

Name Manufacturer Wavelength 
Focal 
length, 
lens 

Coverage Data format Aircraft 

RMK 15/23 
(JSC) 

Zeiss 

Itek Corp. Airborne 
Multispectral 
Photographic 
System (AMPS) 
(JSC) 

RC-10 
(Ames) 

HR-73B-1 
(Ames) 

HR-732 
(Ames) 

Panoramic Camera Itek.Corp. 
(Ames) 

Wild Heerbrugg 

Hycon 

Hycon 

Vinten 
(Ames) 

l 2 S 
(Ames) 

0 . 4 - 0 . 9 2 Mm 
(dependent on film/filter 
combination selected) 

0 . 4 - 0 . 9 Mm 

Vinten 

International 
Imaging Systems, 
Inc. 

0 . 4 - 0 . 9 2 Mm 

6 in 

6 in 

6 in 
12 in 

36 in 

24 in 

24 in 

3 - 4 in 

4 in 

74° X 74° 
(Camera FOV) 

16 nm X 16 nm 
8 nm X 8 nm 

4 nm X 8 nm 
(IFOV= 2 - 8 ft) 

.2 nm X 37 nm 

14 nm X 14 nm 

9 in X 9 in 

21° (Camera FOV) 2.25 in X 2.25 in 

9 in X 18 in 

4.5 in X 50 in 

2.25 in X 2.25 in 

CI 30 
B57 

CI 30 
B57 

9 in X 9 in U2 

5.3 nm X 5.3 nm 18 in X 18 in U2 

U2 

U2 

U2 

9 nm X 9 nm 9 in X 9 in, U2 
(IFOV = 2 0 - 3 0 ft with four images, each 

3.5 in X 3.5 in 



TABLE lie. REMOTE-SENSING SYSTEMS: AIRCRAFT - SCANNERS (non-photographic) 

Name Manufacturer Wavelength 
No. of 
channels 

FOV Data format Aircraft 

Reconofax 10 Texas 0.5—0.97 jum 2 IFOV = 1 mrad Digital Caribou 
(ERIM) Instruments (passive) 40° scan angle 8-channel recorder 

8 - 1 0 . 3 /Urn 1 
(passive) 
1.06 & 10.6 /urn 2 
(active) 

Resolution 

Name Manufacturer Wavelength Polarization Aperture Name Manufacturer Wavelength 
along track across track 

Polarization Aperture 

Side-Looking Radar Systems 

Gems Goodyear 3.1 cm/X band 15 m 15 m HH Synthetic aperture 

APQ-97 Westinghouse 0.86 cm/Ka band 1.750 mrad 12 m HH, HV, VV 
(two at the same time) 

Real aperture 

APS-94D Motorola 3.0 cm/X band 8 mrad 30 m HH Real aperture 

P-931 EMI(UK) 0.86 cm/Ka band 3.5 mrad 15 m n.a. Real aperture 

Toros (USSR) ~ 1.0 cm/Ka band n.a. n.a. n.a. Real aperture 



TABLE lid. REMOTE-SENSING SYSTEMS: SATELLITES 

Name Operational Orbit specifications Sensors Data availability 

NIMBUS 1 - 6 
(NIMBUS 1 - 3 not 
operational; 4—6, 
one or more sensors 
operating) 

NIMBUS G 

TIROS-N 
(Television and 
Infra-red Observation 
Satellite) 
(2-satellite. weather 
system) 

Aug. 1964 
through 
June 1975 

Mid-1978 

1978 

Sun-synchronous, 
near polar orbit 
Period: 107 min 
Coverage: global, 
twice daily 

Sun-synchronous, 
near polar orbit 
102° inclination 
14.2 orbits/day 

SMS/GOES 
(Synchronous Meteorological Satellite/ 
Geostationary Operational Environmental Satellite) 
SMS-1 5-17-1974 Earth-synchronous 

(105°W on standby) (geostationary) 
SMS-2 2-6-1975 (135°W, < 0.5° inclination 

S of Alaska) 

Various meteorological and geophysical 
remote-sensing instruments and data transmission 
and processing techniques are tested on NIMBUS 

Coastal Zone Colour Scanner (CZCS), 
6 channels, 0.43 — 12.5 fim, 
800 m resolution, 1800:km FOV 

High-resolution Infra-red Radiometer Sounder 
(HIRS/2), 20 channels. Temperature soundings 
accurate to 1°C from surface to 50 km 
Water vapour soundings accurate to 15 km 
Advanced Very High Resolution Radiometer 
(AVHRR, 4 channels, all-digital system, 
0.55—0.9 /urn; 0 . 7 2 5 - 1 . 0 /urn; 1 0 . 5 - 1 1 . 5 Mm; 
3.55—3.93 m, 4 km and 1 km resolution, 
NEAT of 0^20 K 

Visible Infra-red Spin-Scan Radiometer (VISSR), 

8 visible channels, 0.5—0.7 Mm, 0.8 km resolution 

NIMBUS Project 
Office, GSFC 

NESS 

Dept. of 
Commerce, World 
Weather Bldg., 
Camp Springs, MD 



TABLE lid (cont.) 

Name Operational Orbit specifications Sensors Data availability 

LANDSAT (ERTS)-l 7-23-1972 
Band 4 defunct 
LANDSAT-2 1-22-1975 

LANDSAT-3 

SKYLAB 

March 1978 

5-14-1973 
(10 years duration) 
5-25-1973 (28 days) 
7-28-1973 (59 days) 

11-16-1973 (84 days) 

Circular orbit, 
99 inclination 
Period: 103 min 
Coverage: ~ 82°N-S 
Cycle: 18 days 

Same as Landsat-1,2 

50° inclination 

Period: 93.2 min 
Coverage: 50°N-S; 
scattered 

Multi-spectral scanner, 4 channels, 0.4—1.1 im, 
80 m resolution, 57 m X 79 m pixel size, 
10% sidelap at equator, increasing towards poles 

2 Return Beam Vidicon cameras, 0 . 5 0 5 - 0 . 7 5 /um, 
40 m resolution, 185 km swath 
Multi-spectral scanner, 4 channels, 0.4—1.1 nm, 
80 m resolution; thermal channel failed 

Multi-spectral photographic camera (S190A) 
6 channels, 0.50—0.9 /Lim; 24—67 m resolution; 
163 km FOV 
Earth terrain camera (S190B), 3 channels, 
0.4—0.88 jim; 1 5 - 3 0 m resolution; 110 km FOV 
2 bands, 0 . 3 9 - 1 5 . 9 9 km 
Multi-spectral scanner (SI92) , 13 bands, 
0.41 — 12.5 |im; 69 km swath 

Dept. of Interior, 
EROS Data 
Center, 
Sioux Falls, SD 

EROS Data 
Center 

EROS Data 
Center 



TABLE lid (cont.) 

Name Operational Orbit specifications Sensors Data availability 

HCMM (Heat 
Capacity Mapping 
Mission) 

April 1978 
(for 1 year) 

Circular, sun-
synchronous, crossing 
equator at 02 .00 and 
14.00 h 
Cycle: l i ~ 3 i d a y s 

Heat-capacity mapping radiometer, 0.5 — 1.1 |im; 
10 .5 -12 .5 fim, 500 m X 500 m resolution at nadir, 
700 m swath 

NSSDC Goddard 
Span Flight 
Center 

SEASAT May 1978 
(for 1 year) 

Circular, non-sun-
synchronous, 
108° inclination 
Period: 100.75 min 
14.3 orbits/day 
Coverage: 72°N-S 
95% of globe 
covered in ~ 36 h 

23 cm L-band, 25 m along track, 
25 m across track, HH polarization, 
synthetic aperture 
Failed after 1 month 

NOAA/NESS 

Note: The meteorological satellites ITOS, NOAA, NIMBUS, TIROS and SMS/GOES are also sources of data to be considered for very 
broad regional studies. 



FIG.2. Simplified Landsat image processing flow chart. 

reflectance models for enhancing or delineating features not apparent in the 
original data can be applied. For work with CCTs, specialized expertise and 
equipment are required and these are beginning to be available through consultants. 
For processing of data from thermal systems (such as HCMM) and radar systems 
(such as SEASAT) similar but specialized analysis is employed, and the inter-
pretation of the data also requires expertise and training in order to make effective 
use of them. The final analysis commonly involves the procedures described in 
Section 1. A simplified Landsat image processing flow-chart is given in Fig.2. 
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3. APPLICATIONS OF REMOTE-SENSING TECHNIQUES 
The application of remote-sensing techniques to uranium exploration is an 

area of current research and is consequently rapidly changing. The existing 
remote-sensing techniques and probably also those being developed are not uranium 
specific. These techniques are mostly employed for basic geological information, 
thus providing useful additional information for uranium exploration. Therefore, 
the applications of remote-sensing techniques to uranium exploration reviewed 
here are generally for geological mapping. Other reports referred to are considered 
relevant or potentially relevant to some aspects of mineral exploration having 
transferable value to uranium exploration. 
3.1. General examples 

Several recent text-books on remote sensing (Gillespie, 1980; Sabins, 1977) 
discuss geological remote sensing in general, including certain applications 
(Reeves, 1975; Schanda, 1976; Barrett and Curtis, 1976). A number of 
publications present remote-sensing techniques relevant to mineral exploration. 
Rowan and co-workers (1974) give basic information concerning the digital 
image-processing technique for mapping limonitic materials, especially altered 
ground. Abrams and co-workers (1977) consider the 2.2 Mm clay-related spectral 
reflectance features for the case where clay mineralogy is part of the alteration 
problem; these investigations are directly transferable to uranium exploration. 
These two papers demonstrate the basic techniques for mapping major aspects 
of materials altered by processes associated with mineralization. For mapping 
of structural features in regional geological exploration, Offield and co-
workers (1977) investigate the use of Landsat data to define previously un-
recognized structural features. Examples of computer analysis of structural data 
are given by Sawatzky and Raines (1978), and examples of optical processing 
are given by Correa and Lyon (1974). Combining the structural and spectral 
features in a regional mineral exploration programme, Raines (1977) has mapped 
regional structures and the distribution of limonitic materials. These data were 
then combined with regional geophysics and geochemistry (Raines et al., 1978b), 
leading to the discovery of a large hydrothermal system including a large lead 
deposit. 

Thermal data have been used to map regional rock type differences. A pre-
dawn thermal image of Mill Creek, Oklahoma, USA, showed that dolomites could 
be distinguished from limestones, and facies changes could be mapped. The 
results are consistent with the thermal inertias of limestones and dolomites 
(Rowan et al., 1970; Watson et al., 1971). A reconnaissance thermal-inertia 
map of Oman from meteorological satellite data displayed a conspicuous zone 
of quartzite and dolomite which demonstrated the need to modify the existing 
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regional geological mapping using these data (Pohn et al., 1974; Watson, 1975; 
Pohn, 1976). A thermal-inertia image of an area in the Morave Desert, California, 
USA, was used to discriminate basaltic lava flows, playas, cinders and alluvium, 
and geological materials underlying a thin surface cover were detected (Kahle et al., 
1976; Kahle, 1977). Thermal infra-red sensing has been used to map structural 
features by discrimination of juxtaposed units, moisture zones and topographical 
features (Rowan etal., 1970; Offield, 1975). 

Documented applications of remote sensing to uranium exploration are not 
extensive at present. A new approach being tried involves the use of remote 
sensing in pattern recognition. Primarily this involves a statistically based technique 
of decision-making that uses information from many different geological data 
sources. An example of this, but which does not involve remote sensing, is given 
by Briggs and Press (1977) in a study identifying the important characteristics of 
uranium deposits. An example that includes remote-sensing data is given by 
Missalati and co-workers (1978) and by Prelat and co-workers (1978). In this 
study, an area of 850 km2 is examined using regional geological information, 
airborne magnetics, low-altitude gamma-ray spectrometry and Landsat data. They 
were compiled into a numerical data base, and the pattern recognition technique 
of discriminant analysis was applied to areas with high aero-radiometric counts, 
whereby it could be inferred that these areas have uranium potential. After this, 
all areas with geological characteristics associated with high aero-radiometric 
counts were statistically identified. The technique has the potential to analyse 
very large data sets in an objective way, using all the available data. It is hoped 
that by this technique models of uranium deposition might also be developed 
and these will ultimately lead to more efficient exploration techniques. 
3.2. Specific examples of the application of remote-sensing techniques 

to uranium exploration 

3.2.1. Multi-sensor approach to uranium exploration in southern Texas, USA 

Side-looking airborne radar (SLAR) images and low-sun-angle photographs 
(LSAP) were used as sources of additional information to guide the exploration 
for uranium in southern Texas by N. Foreman in a proprietary study for 
Continental Oil Co. This is a low-relief terrain with sparse vegetation, mostly 
grass, scrub bush, cacti and relatively few trees. Ore deposits in this district 
constitute geochemical roll fronts in Tertiary sandstones, associated to some 
extent with fault zones. 

Conventional aerial colour photography of the region revealed strong tonal 
anomalies in the soils, particularly red zoning, commonly concentrated in the 
vicinity of mining areas. Structural control of the drainage and a concentration 
of linear features are also observed in this mining district. 
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SLAR data were acquired by a Westinghouse AN/APQ-97 radar system at 
two perpendicular-look directions. The interpretation was carried out using 
prints of mosaics at the 1 : 100 000 and 1:48 000 scales. LSAP was acquired 
at the 1:4000 scale by a vertical framing camera, using Ektachrome Aerographic 
film (EK Type 2448) filtered for haze. The sun elevation at the time of the 
photographic mission was less than 30 degrees above the horizon. The inter-
pretation was carried out in individual colour-positive transparencies and an 
uncontrolled mosaic of black-and-white contact prints. 

As a result of the interpretation of remote-sensing data, qualitative guides 
for the selection of areas of interest for follow-up field work were obtained. 
Soil tonal anomalies were considered to be primary guides to delineate the prospects, 
while linear trends and drainage anomalies, where prominent, provided supporting 
data to rate the selected targets. 

A comparison of the contribution from these remote-sensing data sets to 
the selection of prospects and the results of follow-up work in the area indicates 
that detailed photogeological interpretation of vertical colour LSAP seems to 
provide more information in this region. For maximum effectiveness, LSAP missions 
should be flown when the crop cover is minimal, in this area in late fall through early 
spring. While LSAP was more effective in outlining linear trends, the synoptic 
effect was lessened by the large scale used. SLAR images resolved major lineaments 
fairly well and provided a regional synoptic view of the area. Conventional (high-
sun-angle) aerial photography has fewer colour rendition problems than LSAP 
but lacks its shadow enhancement capability. 

3.2.2. Alteration studies, Colorado Plateau and Powder River Basin, USA 

Conel et al. (1978) made detailed investigations of alterations associated with 
tabular uranium occurrences in the San Rafael Swell, Utah, and of remnants of 
roll-front type deposits in the Powder River Basin, Wyoming. Field (both ground-
based and at helicopter altitudes) and laboratory spectral reflectance studies on 
these uranium occurrences and deposits were carried out and supplemented with 
mineralogical and chemical analyses to determine the origin of the spectral features 
observed. The principal alteration products were found to be goethite/limonite 
(Utah deposits), and geothite/limonite and haematite (Wyoming deposits), with 
reflectance properties typical of these materials. The principal clay mineral present 
in both types of deposit is montmorillonite. 

Statistical analysis of the field data was performed to determine which wave-
length band provides the best separation of specified groupings of data. Altered 
and unaltered rocks could be separated with 95% accuracy utilizing 30 equal wave-
length increments of a band-width of 0.05 ^m (between 0.4 and 2.5 pm) as 
statistical variates. 
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3.2.3. Crooks Gap uranium district, Wyoming, USA 

Uranium is being mined in the Crooks Gap area along the north edge of the 
Great Divide Basin in south-central Wyoming. The host rocks are sandstones 
and conglomerates of the Battle Spring Formation of Eocene age. All of the 
Battle Spring was probably altered slightly by the passing of a roll front, but a 
few places have distinct concentrations of red iron oxides marking significant 
oxidation, in contrast to the normal drab white to tan colours of the surrounding 
rocks. The red alteration has been used to guide the exploration, first at the 
surface and then in drill holes. Most mapped surface areas of alterations are large 
enough to be resolved in Landsat images. 

Some of the patches of reddish altered ground are relatively bright in the 
red band (MSS 5) of Landsat, but appear not different from many bright areas 
of good outcrop of normal rocks in the area, even in computer contrast-stretched 
images. Other altered areas cannot be distinguished from their surroundings. 
Altered ground is best detected by the use of the ratio image MSS 4/MSS 5, in 
which red ground is dark (Offield, 1976). All previously mapped areas of 
altered ground and a few newly recorded ones can be discriminated on the ratio 
images, including a reddish zone along a fault where alteration is not known to 
be related to uranium mineralization: A statistical examination of ratio values 
•for four altered areas around uranium occurrences and a fifth area of alteration 
in the fault zone showed that in the three areas of economic mineralization the 
alteration was significantly more intense (lower ratio values) than in the fourth, 
uneconomic area and the fault zone. This test was too limited in scope to 
establish the general validity of a correlation between ratio values and alteration. 

3.2.4. Freer/Three Rivers district, southern Texas, USA 

Thermal images of the Freer/Three Rivers area along the southern Texas 
uranium belt were acquired on an aircraft mission in November 1974 (Offield, 1976). 
Heavy rains occurred during the week before the flights and nearly everywhere 
was the ground wet enough to seriously reduce the thermal contrast between 
different lithological materials. The principal objectives were to see whether 
lithological subunits in the generally clayey Catahoula Tuff could be discriminated, 
whether coarser materials filling palaeochannels in the Catahoula could be detected 
and whether faults could be defined. Uranium mineralization in the Catahoula 
is commonly localized by channels or faults, and wet faults in places constitute 
hazards in mining operations. Geological mapping in the area is hampered by 
the lack of outcrops, non-distinctive lithologies, a thin partial cover of lag gravel 
from a younger transgressive formation and difficulty of land access. 

Images were taken at midday and before dawn during a fairly stable diurnal 
temperature cycle. The most important result of this type of analysis is that 
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conglomeratic channel-fill units are relatively warm areas on the pre-dawn images 
and thus can be defined in better detail by thermal images than by field mapping. 
As a result, numerous patches of conglomerate not mapped in the field were seen 
on the images. The excellent definition of the conglomerate is explained by the 
fact that it has higher thermal inertia than the surrounding clayey formation and 
thus better held its temperature from the proceeding day's solar heating. Lag 
gravel areas do not appear warm on the images because they are thin and do not 
have the thermal inertia of a conglomerate mass. 

Subtle thermal contrasts were enhanced and a different level of inter-
pretation was achieved by the production of thermal-inertia images. This involves 
superposition of day and night images, determination of day/night temperature 
differences for each resolution element in the scene, and correction of these 
temperatures for effects of different albedos and topographies by means of a 
computer model. Gray values on the resulting image are a measure of relative 
thermal-inertia values for the observed surface materials. When thermal-inertia 
images of several flight lines are mosaicked to obtain a picture of thermal contrasts 
in the whole area, several features are apparent. Numerous isolated areas of high 
thermal inertia within the outcrop belt of Catahoula Tuff may be either conglomerate 
channel fills or outliers of water-saturated (or in places silicified) Oakville Sandstone. 
These are readily mappable but cannot be distinguished from each other on the 
images. In aerial radioactivity data available for the area, however, the conglomerates 
have high uranium values and the sandstone outliers have low values. A comparison 
of data sets thus permits both mapping and separate identification of these two 
rock types, commonly in places where they are not shown on existing geological 
maps. Several known faults and some new lineaments which are almost certainly 
faults are readily distinguishable, either because they are wet or silicified and thus 
have relatively high thermal inertia or because they show clearly as straight-line 
boundaries between blocks of ground having contrasting thermal inertias. Caliche, 
which occurs in patches within the Goliad Formation, is also clearly defined on 
the images. It appears that the distribution of the Catahoula Tuff, the Oakville 
Sandstone and,the Goliad Formation in several areas as shown on available 
geological maps is incorrect; mismatches at the boundaries between two maps 
can be corrected and important detail added. 

3.2.5. Remote-sensing and subsurface definition of facies and structure related 
to uranium deposits, Powder River Basin, Wyoming, USA 

Computer-enhanced Landsat images of the southern Powder River Basin 
roll-front type uranium districts of the USA have been used to define facies and 
linear structural features within the uranium-bearing Wasatch Formation. From 
the definition of these data a new regional model for uranium deposition in the 
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Powder River Basin was developed. This summary of the analyses performed and 
the model developed is taken from Raines et al. (1978a). 

Uranium deposits in the Powder River Basin commonly are associated with 
red altered ground, which occurs behind curved redox interfaces. Red ground 
of this type is exposed in several districts on scales detectable on computer-
enhanced Landsat images. Although the area is semi-arid, the detection of altered 
ground is made difficult by the presence of grass and sagebrush covering 50-75% 
of any given area. 

Besides obvious remote-sensing targets such as red ground, subjects of interest 
include the possible delineation of channel sands and associated rock types that 
make up the Tertiary basin fill, and the detection of structural features that might 
have influenced sedimentation or mineralization. Earlier studies using enhanced 
Landsat data (Rowan et al., 1977) have amply demonstrated the possibilities for 
delineating iron-oxide-stained ground in regions with minor vegetation cover. In 
this study, special approaches had to be developed in order to deal with the.problems 
of vegetation cover and a possible distinction between red altered ground and other 
red materials. 

From the analysis of the computer-enhanced Landsat data, the newly defined 
geological features are spatially related to known uranium mineral occurrences 
and are believed to be related to mineralization in the following ways: (1) Major 
uranium occurrences are virtually restricted to an intermediate-grain-size facies 
of the Wasatch Formation, probably marking the axial zone of the depositional 
basin. (2) This axial zone is also marked by a change from one structural linea-
ment domain to another, and these structures may influence details of uranium-
bearing groundwaters. (3) A recently active linear structure may mark the current 
basin axis; this structure appears to have some relation to both groundwater 
chemistry and the distribution of uranium occurrences, suggesting structural 
influence on modern uranium deposition. 

The defined facies distribution is detectable primarily because of a relation 
of vegetation density to the local substrate. The vegetation density is mappable 
with Landsat data because of differences in the spectral reflectance properties 
of vegetation and rocks. These differences are observable and identifiable by an 
experienced interpreter after specialized digital image processing involving ratios 
of Landsat bands 5 and 6. 

3.2.6. Pogos de Caldas district, Minas Gerais, Brazil 

The P 0 5 0 S de Caldas alkaline complex is a circular feature approximately 
30 km in diameter, emplaced in granite and gneiss terrain of the Precambrian 
Basement Complex, near the north-eastern boundary of the Parana sedimentary 
basin in southern Brazil. This complex is one of the several alkaline intrusive 
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centres of Upper Cretaceous age associated with a zone of major fracturing between 
the Parana basin and the Sao Francisco craton. 

The outline of the Pogos de Caldas complex is defined by a system of ring 
dikes'. The central part of the district is occupied mainly by nepheline syenite 
(referred to also as foyaite) and phonolite, with minor amounts of volcanic and 
sedimentary rocks, all of them deeply weathered. Economic uranium mineralization 
consists of veins of uraniferous molybdenite with variable amounts of pyrite and 
fluorite. 

The Campo de Agostinho deposit located approximately at the centre of 
the P 0 9 0 S de Caldas plateau is the largest known uranium deposit in Brazil. Two 
other types of mineralization are also found in the district, but without current 
economic value owing to the lack of metallurgical processes to extract uranium. 

Uraniferous zirconium deposits are found in the west-central part of the 
P 0 9 0 S de Caldas plateau (Cascata area) and, associated with thorium and rare-
earth elements, in the Morro do Ferro area in the east-central part of the plateau. 

Geological maps available for the POQOS de Caldas district show in great 
detail the lithologies present; however, they do not indicate the presence of some 
major circular features within the area. The geological interpretation of Landsat 
imagery indicates that within the large Po?os de Caldas circular structure there 
are smaller circular features and a complex fracture pattern (Correa et al., 1977). 
This structural framework is an indication of secondary intrusive activity which 
may have largely controlled the hydrothermal mineralization in the district. 

Digital processing of Landsat data and reinterpretation of radiometric data 
available for the area suggest that mineralization is concentrated around small 
circular features, particularly those located near or at the intersection of major 
fractures (Paradella and Almeida Filho, 1976). The remote-sensing studies have 
re-defined the targets for uranium exploration in the district and have led to field 
re-examination of other previously known circular features in nearby areas. 

3.2. 7. Ceara and Goias States, Brazil 

As a result of aerial gamma-ray surveys, Nuclebras has found important 
anomalies in southern Goias State. These anomalies are associated with uranium 
concentrations in arkose lenses within the Devonian Ponta Grossa Formation of 
the Parana sedimentary basin. Automatic interpretation of Landsat data in that 
region has successfully delineated arkose lenses. 

Recently, field gamma-ray surveys disclosed an important radioactive anomaly 
in central Ceara State in north-eastern Brazil. The anomaly is associated with a 
mylonitized alkalic phosphate rock in a large NW-transcurrent fault zone in the 
Precambrian basement. An automatic interpretation of Landsat data yielded a 
distinct spectral signature for two test site areas and successfully classified other 
ones. 
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3.3. Analysis scheme 

As a result of an integrated analysis of Landsat data in conjunction with 
geological and geophysical information, Gregory (1979) has developed an analysis 
scheme for uranium exploration which provides an instructive methodology to 
approach the general problem. It was designed for areas where the regional 
geology was relatively well known but the formations and structures associated 
with uranium deposits were incompletely known. A substantial amount of data 
in addition to Landsat data was also available, including gravity and aeromagnetic 
maps, widely spaced gamma-ray spectrometer profiles, and topographical and 
geological maps on scattered exploration leases. The intent was to prepare an 
interpreted geological map at medium scale, from which districts could be selected 
for detailed exploration and, if warranted, sites for specific evaluation could also 
be selected. Gregory's method closely parallels that outlined in Section 1.3. The 
procedures are listed sequentially, but it is intended that they be conducted 
iteratively. 

(a) Select appropriate Landsat data (seasons, illumination best to enhance 
texture and pattern), gain overall familiarity with data, conduct preliminary 
mapping of major structural features, and project the data onto a topographical 
base map for scale and geometry. 

(b) Map and appropriately classify linear and irregular features, statistically 
analyse as warranted, project and register on an aero-magnetic map, and analyse 
both coincident features and those without Landsat expression. 

(c) Classify structural data according to a three-level hierarchy of: defined 
(having converging lines of evidence and/or direct field observation), probable (at 
least one strong line of indirect evidence), and assumed. 

(d) For lithological evaluation analyse spatial brightness and patterns 
(a knowledgeable observer might consider various digital processing avenues at 
this point) in terms of known geological formations. 

(e) Comparison with magnetic and radiometric (gamma-ray) stratigraphy 
could guide the analysis at this point, including the recognition of such problems 
as residual or transported soils, in order to classify the lithological data as under (c). 

(f) The compiled map represents an interpreted geological map on the 
basis of lithological and structural data, parallelling the technique used in con-
ventional studies. Remaining ambiguities require geological deduction and 
intuition. Further steps, in conjunction with additional data, can lead to the 
development of geological models and guides to further exploration. 

3.4. Logistics applications 

Although the emphasis of this report is on the use of remote-sensing data in 
mineral exploration, a second use of these data also has to be mentioned. An 
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exploration programme will involve the need to transport equipment and personnel 
to the field in order to make regional and detailed geological studies of a promising 
terrain. Remote-sensing data can contribute to the planning of the logistics for 
these field operations in many ways. Traverses, camp sites and meeting points 
can be studied in advance, thereby increasing the efficiency of the operation by 
anticipating some of the physical problems that may be encountered by the field 
crew. During extended operations, remote-sensing data may be useful for choosing 
safe sites to cache supplies as well as for planning evacuation routes in case of 
emergency. Remote-sensing data are also useful for preparing maps if the existing 
maps are unsatisfactory or if no maps are available. 

A successful exploration programme will eventually lead to site evaluation 
and finally to discovery of an orebody. Remote-sensing data are an economical 
means of planning the all-important supply and transportation routes essential 
to a mining operation (road, rail, water). In some operations, exploration for water 
for mining and domestic use can be accomplished by interpretation of the remote-
sensing data used in the mineral exploration programme. Similarly, the remote-
sensing data can be used to explore for local sources of building materials, thereby 
saving costs of material transportation. 

4. ECONOMIC CONSIDERATIONS 

4.1. Exploration ph ilosophy 

The objective of an exploration programme is to locate the occurrence of a 
mineral deposit that can be exploited (mined) economically. This is a clear-cut 
objective for the mining industry which in many cases sets exploration targets 
with minimum size and grade. The classification of a mineral deposit as economic 
depends on many substantial factors beyond the geological characteristics, i.e. 
availability of roads, water, energy, economic conditions, etc. 

In some cases, however, a government may be interested in locating mineral 
occurrences regardless of their economic value. In such cases, an appraisal of 
mineral resources can be made without considering the economic viability of 
individual deposits, since long-range objectives are more important than short-range 
return on investment. 

Remote-sensing techniques in general provide very useful, multi-purpose, 
low-cost data for the initial stages of exploration. In some regions they may well 
provide the only data available for the selection of areas of interest and for 
establishing priorities. 

The cultural, political, economic and man-power usage characteristics of 
developing countries must be clearly understood before an exploration programme 
is begun. These constraints will have a significant impact on the establishment of 
'confidence intervals' for the programme requirements and specifications. 
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4.2. Available techniques 

Landsat multi-spectral images available since 1972 provide the first systematic 
coverage of the entire earth, excluding the polar regions. Three Landsat space-
crafts, two of which are still operational, carry two imaging systems - a TV-type 
camera (RBV - Return-Beam Vidicon) and a multi-spectral scanner (MSS) - both 
of which provide multi-spectral data in the visible and infra-red parts of the electro-
magnetic spectrum. The Landsat system, operating at an altitude of 920 km 
(about 560 miles), acquires data on a repetitive basis (9-day interval) over the 
same areas at approximately the same local time. Landsat data can be acquired 
at a nominal cost from distributing centres in the USA, Canada, Brazil, Italy and 
Iran (under construction at the time of this report) and are an excellent source 
of information for the initial evaluation of geological provinces. Landsat repetitive 
coverage is of particular value in those areas where almost constant cloud cover 
is an obstacle to the more conventional coverage by photographic systems. 
A typical example is the jungle area of the Amazon in northern Brazil. Owing to 
the repetitive coverage by the Landsat satellite, cloud-free images for the whole 
region are now available. 

Other remote-sensing techniques may provide data on a regional basis for 
specific areas. Probably the most readily available of them are vertical black-and-
white aerial photographs, acquired for cartographic use. This low-cost information 
has been the source of basic geological data for a long time, in spite of the problems 
of mosaicking of the photographs for regional interpretation. In many cases, 
however, the availability and low cost of these data should be weighed against 
the need for new coverage with a more adequate film/filter combination in order 
to enhance the geological features, to provide up-to-date information about the 
accessibility of areas of interest and to use more effectively non-conventional sun 
illumination. Another option to be considered when the acquisition of aerial 
photography is desirable is the use of jet aircraft from high altitude to obtain 
small-scale photography. 

Side-looking airborne radar (SLAR) surveys in some countries with persistent 
cloud cover provide the information needed to outline areas of interest for 
exploration. However, the high cost per unit area for this type of coverage in 
relation to the techniques previously discussed often limits its use for regions 
where it is already available. In 1974, regional coverage by SLAR in Brazil cost 
an average of US $3.60 per square kilometre, whereas Landsat data coverage 
was available there at a cost of approximately US SO.70 per square kilometre, 
including the return of a US $10 million investment for the receiving and 
processing systems (Amaral, 1974b). It was demonstrated that Landsat imagery 
yields almost the same amount of structural information as SLAR, but gives 
much more spectral data (Amaral, 1974a). It appears that Landsat data are the 
most suitable for regional geological mapping, even in heavily forested regions 
such as the Amazon. 
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The all-weather characteristic of SLAR systems, however, makes them unique 
as a source of data for areas where the cloud cover is a problem and when the 
data are needed immediately. The availability of world-wide radar images from 
satellites in the next few years may represent a valuable data set to be analysed 
by exploration geologists. 

Other remote-sensing data may be regarded as being able to provide more 
specific information and seem to be particularly appropriate to support detailed 
exploration work on a district or prospect level. Some of these methods, such as 
colour and colour-infra-red (CIR) photography and low-sun-angle photography 
(LSAP), use the same standard equipment as that required by aerial photographic 
surveys and are available at a relatively low cost. Multi-spectral photography 
requires special cameras or a cluster of standard photographic cameras and may 
be relatively easy to obtain. However, the effective use of images acquired by 
airborne and satellite multi-spectral scanners, implying some degree of computer 
enhancement and analysis capability, may be limited, at least for the moment, 
to regions where local research organizations or contractors are able to assist in 
or to provide this service. 

Few definitive costs of these systems have been published, except for aerial 
photography. Hence, Table III should be considered as a preliminary approxi-
mation. The following remarks of Gregory (1977), relating to a similar tabulation 
of costs, are very appropriate: "Even if actual costs vary by a factor of 2 or 3, 
the trends remain obvious. The current cost of acquiring Landsat data is much 
less than the cost of interpretation. This is rarely true for other types of remote 
sensing except under special but analogous circumstances, i.e. when the data 
have been acquired by government for multiple use and are sold across the 
counter at nominal prices. Otherwise, the cost of new airborne sensing is greater 
than the cost of interpretation, and much greater than the total cost of interpreted 
Landsat data. While significant savings can be effected for airborne surveys of 
very large areas, the cost per unit area will still be greater than current Landsat 
costs. Cost, however, should be balanced against the desired level of detail which 
is inherently greater for airborne surveys." 

In summary, the decision on the use of remote sensing in a uranium 
exploration programme should consider the following points: 
(a) The preference for a given remote-sensing technique should be justified 

by its ability to detect geological features which can be related to 
mineralization and not by its low cost alone. 

(b) The price of exploration activity increases as the methods become more 
specific and more directed to detect the occurrence of economic 
mineralization. Techniques which can provide the regional informa-
tion at low cost are recommended. 

(c) In some areas, the ability of a technique to provide additional non-geological 
information (topography, access routes) may recommend its use. 

(d) Low-cost reconnaissance programmes encourage exploration activity in many 
areas. 
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TABLE III. APPROXIMATE COSTS FOR ACQUISITION AND INTERPRETATION OF REMOTE-SENSING DATA 
(MAIN SOURCES: USAID, 1975; GREGORY, 1977) 

Sensor system Product Scales 
Costs (US $ per km 2 ) 

Data acquisition Interpretation3 

(over the counter) (exclusive field 
investigation). 

Observations 

Landsat 1, 2, 3, 
MSS 

Photographic 
reproduction 

1:I 000000 
to 
I : 200000 

0.0008-0.002 0 .09 -1 .00 

Computer-
compatible tape (CCT) 

0.006 1.00-9.00 

Readily available data. Provides 
spectral information in four 
spectral bands. Each frame 
covers 35 000 km2 . First Landsat 
satellite launched in 1972. 

Sky lab Photographic 
reproduction 

1 :1000000 
to 
1 : 125 000 

0 .0003-0 .005 
(per band) 

0 .09 -1 .00 Available for some areas only. 
Coverage from 1973 to 1974. 
Provides photographic coverage 
in six bands. Each frame covers 
10600 km2 (S190B) to 
26500 km2 (S190A). 

Aerial photos 
(stereo coverage) 

Black-and-white 
photography 

1 : 10000 
to 
1:100000 

0 . 0 0 6 - 0 . 6 0 . 7 - 9 . 0 

Colour photography 1 : 10000 
to 
1: 100000 

0 .014 -1 .4 0 . 7 - 9 . 0 

Readily available in some 
countries. High ground resolution, 
but with coverage restricted to 
specific areas and usually not 
repetitive. 



TABLE III (cont.) 

Sensor system Product Scales 
Costs (US $ per km2) 

Observations Sensor system Product Scales 
Data acquisition 
(over the counter) 

Interpretation3 

(exclusive field 
investigation) 

Observations 

Multi-band 
photos 

Photographic 
reproduction 

1 :20000 
to 
1 : 100000 

0.02-2.5 
(four bands) 

8 .0-30 .0 Very limited availability, 
usually acquired through aerial 
mapping contractor at prices 
to be established for each 
programme. 

Side-looking 
airborne radar 

Photographic 
reproduction 

1:250000 
to 
1 :1000000 

0.001-0.008 1.0-5.0 Very limited availability. SLAR 
coverage is available in some 
countries because of national 
development programmes. 
Acquisition of SLAR imagery 
usually involves high costs. 

Airborne 
multi-spectral 
scanners 

Photographic 
reproduction 
and digital data 

1 :10000 
to 
1 : 100000 

4 .0-10.0 1.0-100 

n.a. 

Data usually not available for 
general use. Contractors may be 
able to provide this service, 
usually at a relatively high cost. 

a Exclusive field investigation, single-theme mapping; includes professional salaries and overhead, but wide range reflects amount of detail in image, scale, objectives 
of project and methods of interpretation. 



5. FUTURE DEVELOPMENTS IN REMOTE SENSING 

A significant aim of remote sensing in geology is to speed up the process of 
regional geological assessment in order to select areas for more intensive study. 
Future advances in remote-sensing techniques are aimed at improving these 
capabilities. Until now, the most significant contributions have been in structural 
interpretation; much less success has been achieved in directly identifying lithologies, 
with several exceptions. Future systems may be significantly more successful by 
providing advances in several areas: 

(a) Improved spatial resolution. Current satellite scanner systems provide 
resolutions of about 80 m for reflectance data and of 500 m for thermal 
data. Future systems are planned with up to six times better resolution. 
This improved resolution for mapping the earth's surface will allow smaller, 
often critical features to be identified, such as alteration zones associated 
with potential mineral deposits. 

(b) Narrower spectral bands. Improved spectral resolution is critical for improving 
the ability to identify rock and mineral types. Laboratory studies have 
designated diagnostic spectral features for several minerals which potentially 
could be identified from space with increased spectral resolution. 

(c) Additional spectral regions. Current emphasis in reflectance studies has been 
on the visible and near infra-red regions, below 1.1 jum. However, the most 
useful regions for geological discrimination are beyond this, in the 2-/im 
region, and also in the thermal emissive part of the spectrum (8 — 14 Mm). 
In addition, the microwave region holds promise for additional information 
with greater depth penetration. Future systems will be designed to measure 
the spectral, thermal, scattering and dielectric properties of the surface in 
these regions, allowing much improved discriminability of rocks and minerals. 

(d) Specialized instruments. Future systems will have on-board data processing 
in order to transmit only the most critical information at those high data 
band-widths required for increased spatial resolution. Thus, the most critical 
information will not have to be sacrificed in order to meet the constraints 
imposed by the telemetry and data-storage capabilities. 

These and other advances are in various stages of implementation. The status 
of various future systems is described below; these are grouped into four 
categories: (1) Advanced existing systems; these are systems recently orbitted and 
for which analysis of data is only beginning. (2) Approved systems, i.e. systems 
that have been funded and are scheduled for launch in the next six years. 
(3) Proposed systems, i.e. systems under study as potential launches; these have 
a high probability of achieving operational status. (4) Systems to be studied; 
these are ground and aircraft systems which will be built to investigate the potential 
of improved spectral resolution, new parts of the electromagnetic spectrum, 
specialized geological applications systems and other geologically related phenomena. 
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5.1. Advanced existing systems 

Two new satellite systems are currently returning remote-sensing data which 
will be evaluated for developing future application missions: Seasat-A and HCMM. 

Seasat-A is a synthetic aperture L-band radar system with 100 km swath 
width and 25 m resolution. Before the failure of the satellite, most of North 
America was covered. Potential uses of the data are for geomorphological mapping 
related to structural features, such as faults, fractures, jointing patterns, drainage 
textures. The ability to obtain synoptic radar images will overcome the 
problems related to mosaicking of aircraft-acquired data and will provide single-
look-angle data at constant azimuth resolution across each swath. 

The HCMM satellite (Heat Capacity Mapping Mission) has two detectors on 
board - one in the visible region (0.5 to 1.1 Mm) and one in the thermal infra-red 
(10.2 to 12.5 /im). The system provides low-resolution (500 m), large-swath-
width (700 km) coverage of the earth's surface. Both day and night images are 
acquired with 16-day repetition. The data will be used to map surface characteristics 
through detection of thermal emission and will allow the creation of thermal-
inertia images. The low resolution will limit its use to regional geological studies 
for uranium exploration. The data are limited to certain world-wide areas (including 
parts of North America, Europe, Africa and Australia). 

5.2. Approved systems 

Several advanced satellite systems have been approved and assigned firm 
launch dates. Landsat-D will be launched after 1981. The Thematic Mapper 
Sensor will provide seven channels of data at 30-m resolution, with a 185 km 
swath width. In addition to four channels in the visible and near infra-red spectrum 
(0.45—0.90 Mm), there will be two channels beyond 1 Aim (1.25 — 1.55 Aim and 
2 .08-2.35 Aim) and one channel of thermal data (10.4-12.5 Mm). These data 
should be applicable to studies for improving lithological discrimination and alteration 
mapping. Of particular benefit are the two channels beyond 1 Mm. As noted in 
Section 2.3, previous studies have shown that alteration with associated clay 
minerals can be discriminated with this type of data. The satellite will be of great 
benefit for uranium exploration because it will permit better general lithological 
discrimination and improved mapping of different kinds of alteration. 

The Large Format Camera (LFC), scheduled for launch in 1981 aboard the 
Space Shuttle, will provide high-resolution (20 m) panchromatic stereo photographs 
of parts of the earth's surface. A variety of base-to-height ratios will allow of 
detailed structural interpretations. The lack of current adequate stereo coverage 
by existing systems has greatly limited the structural mapping of geological 
features and LFC will begin to remedy this problem. 

Shuttle Imaging Radar (SIR-A) is scheduled for launch in 1982. This system will 
provide 20-m-resolution, 50°-off-nadir-look-angle, L-band radar images, for parts 
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of the earth's surface. The data can be used for structural mapping and limited 
rock-type discrimination. Of benefit is the synoptic coverage provided from 
orbital and single-look-angle images. These data will be more useful than the 
Seasat data because of the more inclined look angle which will eliminate the 
'lay-over' problems produced over areas with moderate to high topographical 
relief. 

The Space Shuttle will also carry the Multi-spectral Infra-red Radiometer 
(SMIRR). This is a non-imaging device designed to measure the spectral 
reflectivity of the earth's surface in ten wavelength bands — five between 0.45 
and 1.6 Mm, and five in the 2.2 to 2.5 Mm region. 

This instrument will evaluate the use of narrow spectral bands to dis-
criminate various geological materials including altered rocks. The 2.2 Mm region 
has been shown to contain diagnostic features for clay mineralogy and bands have 
been selected to monitor them. 

An earth-observation satellite called SPOT is to be launched by France in 
1983. The first payload will have a high-resolution visible scanner which will 
provide either 10-m panchromatic images or 20-m three-channel multi-spectral 
data (0 .5-0.59 Mm, 0 .61-0 .69 Mm, 0 .79-0 .90 Mm) with between-orbit stereo 
capability. The benefits of this system over existing systems are improved 
resolution and orbital stereo capabilities. 

5.3. Proposed systems 

Two systems are proposed and under consideration for approval: Stereosat 
and SIR-B, C. The latter is a follow-on to SIR-A, discussed previously. Stereosat 
is a satellite-borne scanner system which will provide high-resolution (15 m) black-
and-white stereo coverage for the entire land surface on a 48-day repetitive basis. 
The image size will be compatible with Landsat images. The high resolution will 
enable detailed structural mapping to be performed, including measurement of 
bedding attitudes, identification of faults, fractures, joints, etc., which have only 
minimal topographical relief. 

5.4. Systems to be studied 

This section briefly describes areas of current and future research technology 
which may eventually lead to space experiments and operational usage. Two 
classes of instruments are considered: ground-based and aircraft-borne. The 
evaluation of information derived from these instruments, following careful 
research study, will lead to the definition of instrument parameters that may 
ultimately result in spacecraft systems. The intent of this section is to indicate 
the directions currently being followed because of their ultimate effect on the 
data which may become available in future years and thus may have an impact on 
long-range planning activities. 
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Ground-based instruments include spectrometers and radiometers for 
measuring the reflected and emitted radiation on a wide range of wavelengths 
and with broad to narrow spectral band-passes. These instruments are used to 
study the properties of natural materials in situ and will include capabilities which 
are directly related to mapping surface alterations associated with uranium 
occurrences. Other types of ground instrumentation being designed include 
instruments that measure three-dimensional surface properties for radar backscatter 
investigation, such as those following Seasat, and instruments that measure in-situ 
thermal properties for future satellites following HCMM. All these ground 
instruments will contribute significantly to the development of a library of remote-
sensing properties of materials which will be useful not only in developing 
instrument experiments but also as a fundamental base of information to interpret 
and correlate remote-sensing data. 

Aircraft instruments include several possible devices: (1) the Thematic 
Mapping Simulator, an instrument with two bands centred at 1.6 and 2.2 /xm 
which can map altered materials; (2) a multi-channel thermal infra-red imager 
to map the spectral emission of geological materials; (3) a narrow-band imaging 
spectrometer with a two-dimensional detector array to map spatial position in one 
direction and spectral bands in the other; (4) a narrow-band spectral imager to 
map vegetation stress by monitoring changes in the shapes of the chlorophyll 
absorption band; (5) advanced radar systems with multi-spectral, multi-polarization 
capabilities in the M and L bands for morphological discrimination; (6) devices 
to map active and passive fluorescence as an aid to lithological and mineral dis-
crimination; and (7) an active infra-red system operating in the thermal infra-red 
for lithological identification. 

All these instrument systems are at various stages of investigation as part of 
ongoing research activities. Future developments will be reported in appropriate 
scientific journals and symposia. 

6. SUMMARY AND CONCLUSIONS 

The objective in exploration is to locate mineral deposits, either for economic 
exploitation or as part of a general assessment. This report summarizes the current 
role and likely future developments of remote sensing in uranium exploration and 
is intended as a guide for exploration managers and their technical staff. 

Remote-sensing techniques are not currently specific to uranium detection. 
Their successful application requires a knowledge of the structural and lithological 
environments in which uranium is found, the geochemistry of uranium, the remote-
sensing characteristics of deposits, environmental factors and any imposed 
constraints. In a typical exploration programme, remote sensing is valuable first 
for preliminary reconnaissance and then for regional and detailed mapping. The 
location of favourable settings and target areas for uranium deposits can be defined 
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on the basis of the regional geological setting, the distribution of lithological units, 
and the location of faults, fractures and volcanic features. Remote-sensing methods 
are suitable for mapping many of these particular features. 

The amount of useful geological information that can be extracted from 
photographs and images depends largely upon the extent to which the interpreter 
understands the underlying physical principles and the methods by which physical 
properties can be measured and displayed. Geological information, extracted by 
photogeological interpretation and quantitative computer analysis, is most useful 
when combined with all other available geological, geophysical and geochemical 
information. The reflectance and emittance properties of geological materials 
are useful indicators of material composition and physical state. Thermal data 
provide complementary information on structural control and lithological 
differences, although their interpretation is more complicated, often requiring 
the use of models, digital processing and meteorological information. Side-looking 
radar provides structural and geomorphic information derived from the back-
scattering characteristics of the terrane; it is a particularly useful technique in 
regions that are almost permanently cloud-covered, such as in parts of the tropics. 

The existing remote-sensing techniques provide general geological information. 
Examples include the mapping of limonitic materials, clay mineralogy, structural 
features, facies changes and some lithological units. Computer techniques for 
combining many different data types are being examined in pattern-recognition 
studies, and statistical analysis techniques have been applied to evaluate the 
optimum spectral bands to be used for alteration detection. Remote-sensing data 
can also be useful in an exploration programme for planning field operation 
logistics. 

The objective in exploration is to locate mineral deposits, either for economic 
mining purposes or as part of a general assessment. The available remote-sensing 
techniques provide very useful, multi-purpose, low-cost data for the initial stage 
of exploration. Their use is based on the detection, at a regional scale, of 
geological features related to mineralization, at a cost competitive with other 
techniques. In some areas, logistics support may suggest their use; in others the 
low cost of reconnaissance may stimulate exploration. 

Advances in remote-sensing techniques are aimed at speeding up the selection 
of higher-priority areas from regional geological assessment. These advances will 
include improved spatial and spectral resolution, the availability of additional 
spectral regions, and specialized on-board processing. New satellite data that are 
available for some areas of the world include synthetic-aperture radar data 
acquired at 25 m resolution, and midday and midnight thermal data at 500 m 
resolution. Planned satellite experiments already include the capability of 
acquiring narrow-band reflectance and thermal data, panchromatic stereo photo-
graphs and imaging radar. Proposed experiments include the acquisition of high-
resolution black-and-white stereo images. 
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As a result of this study it is concluded that current remote sensing: (1) can 
provide basic geological information on lithological units, structures and landforms 
rather than directly detect uranium; (2) should contribute basic information to 
uranium occurrence models; (3) is useful, to the extent that the data type and 
analysis, the type of terrane, and the understanding and skill of the interpreter 
are taken into account; (4) provides more information with the assistance of 
digital processing; (5) can be used at several stages and for different purposes 
in exploration; (6) is an economical means of acquiring regional geological 
information to define the setting and areas of possible mineralized environments; 
and (7) from future systems designed for geological applications, will improve 
the existing abilities to identify geological features critical to the location of new 
mineral deposits. 

The following conclusions can be made: 

(a) Remote-sensing studies cannot be used to find uranium directly, but 
they provide basic geological information, including the location and distribution 
of lithological units (including sedimentary facies and altered ground), geological 
structures and landforms. Information derived from remote-sensing studies is 
most effectively used by integrating it with available geological, geochemical 
and geophysical data during the interpretative process. 

(b) The purpose of remote-sensing studies in uranium exploration is to 
contribute basic geological information that either applies to a specific uranium 
occurrence model or can be used to help construct a model to explain known 
uranium deposits and to predict new occurrences. 

(c) The type and amount of geological information derived from remote-
sensing studies and the techniques used are a function of: (1) type of remote-
sensing data, (2) terrane (vegetation, soil, rocks, climate, etc.), (3) processing and 
enhancement methods used, (4) understanding of the physical phenomena of 
remote sensing, and (5) interpretative skill. 

(d) More information, which may be pertinent to the exploration problems, 
is available from remote-sensing data if these are digitally processed to apply 
specialized enhancement procedures and physical models by knowledgeable 
interpreters. 

(e) Remote sensing can be used at several stages in an exploration programme 
where different types of interpretation techniques and remote-sensing systems 
and platforms may be needed to answer specific geological problems. 

(f) Remote-sensing studies can be an economical means of acquiring 
geological information for uranium exploration, particularly data needed to 
define regional geological settings and potentially mineralized geological 
environments. 

(g) Future systems constructed especially for geological applications promise 
to improve the existing abilities to identify the geological features that are 
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critical for locating new mineral deposits. This will require increased spatial and 
spectral resolution and information from previously unused portions of the 
electromagnetic spectrum. 
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