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Opening Remarks to the First William T. Pecora Memorial Symposium
By Vincent E. McKelvey,
Director, U.S. Geological Survey

Governor Kneip, Dr. Overton, Ladies, and Gentle-
men:

It is a great privilege for me to be able to open
this First William T. Pecora Memorial Symposium.
Bill Pecora was a remarkable man—a great scien-
tist, a philosopher in the broadest sense of that term,
and an inspiring leader. He considered himself to be a
“field-boot” geologist and so characterized himself, as
a matter of fact, in those terms in a speech here in
1970 when the EROS Data Center was still on the
drawing board.

But while he was, ‘indeed, an outstanding “field-
boot” geologist, by taking the lead in forming the
EROS Program and pressing hard for its develop-
ment, he showed himself to be a visionary, both
in his recognition of the possible applications of space
technology to the study of the Earth, and of the need
for it to help satisfy the requirement of a world
pressing hard in the means of assessment.

Bill saw the rapidly accelerating needs for re-
sources and for the preservation of environmental
quality as well, and he saw the great potential in
satellite observations for helping to provide the
worldwide information needed to achieve both of
those objectives. Much of Bill Pecora’s vision has al-
ready been realized. NASA has provided the tech-
nology to acquire valuable satellite data, and the peo-
ple of Sioux Falls, the Congress, and the Federal
Administration have made it possible for the full
community of scientists, technologists, and environ-
mentalists to obtain and interpret and use the data
through the Sioux Falls EROS Data Center. As pa-
pers here to be presented will show, new uses and
applications of satellite imagery are being devel-
oped and formatted. Indeed, we have already had a
glimpse of some of those applications in the descrip-
tion which Governor Kneip gave us of the activities

already in progress here in the State of South Dakota.

Many people and organizations have contributed
to these achievements, but naturally I am proud of
the part which the Geological Survey and the De-
partment of the Interior have played in bringing
about a program that has fostered international rela-
tions and improved interorganizational and interdis-
ciplinary exchange and communication and is adding
to our understanding of the Earth and its resources.
These contributions flowed from Bill Pecora’s imagi-
native leadership, and it is fitting, indeed, that this
Symposium be named in his honor.

A word, now, about the William T. Pecora Sym-
posium. This is, of course, the first of what we hope
will be a long series devoted to the exchange of
experience and knowledge in the application of re-
motely sensed data. Because of Bill Pecora’s great
interest in mineral resources and because of the
exciting progress being made in the applications of
Landsat data to mineral exploration, it seemed ap-
propiate to focus this First Symposium on mineral
and mineral fuel exploration—and we are glad that
the American Mining Congress was able to take the
lead in sponsoring it.

The next Symposium will be primarily sponsored
by the American Society of Photogrammetry and
will be held here in Sioux Falls next August 23-27.
The theme will be “Mapping with Remote Sensing,”
a topic fundamental to all resource and environ-
mental efforts. We anticipate that subsequent sym-
posia will address other themes, such as wildlife
preservation, forestry, water resources, and others.
The Survey has no desire to direct the content of
these symposia, but we do pledge continued support
to the interested scientific societies to make this a
forum for the development and exchange of knowl-
edge in keeping with the vision of a truly great man,
William T. Pecora.
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International Implications of Landsat Data From a Geological Viewpoint
By John A. Reinermund,

U.S. Geological Survey, Reston, Virginia 22092

INTRODUCTION

It is indeed a privilege and an honor for me to
have a part in this William T. Pecora Memorial Sym-
posium on the applications of remote sensing to min-
eral and mineral fuel exploration. Although I am cer-
tainly no expert on remote sensing, 1 have been
continuously involved in the international program of
the U.S. Geological Survey for about 20 years and
have been a fascinated observer of the impact re-
mote-sensing technology has had, both in our own
program and in overall cooperation between the
nations of the world.

It seems especially fitting that we should discuss
the international implications of Landsat data at a
symposium honoring Dr. Pecora. Not only was he
primarily responsible for the Survey's strong effort to
develop an earth resources satellite system, in co-
operation with the National Aeronautics and Space
Administration (NASA), but he was also vitally inter-
ested in the potential applications of that system to
international resources problems. His interest in the
international applications was a logical outgrowth of
his participation in the Survey’s international program
more than 30 years ago, when he assisted in surveys
for strategic minerals in Latin America (Pecora, 1944;
Pecora and Fahey, 1949, 1950; Pecora, Klepper, and
others, 1950; Pecora, Switzer, and others, 1950). His
enthusiasm for international cooperation, and his
recognition of the mutual benefits to be gained from
joint studies of geological phenomena, in cooperation
with scientists abroad, were to a considerable extent
responsible for the steady growth in the Survey’s pro-
gram in international geology and the strong em-
phasis on international applications of Landsat data

which has characterized the Survey’s efforts in re-
mote sensing.

SIGNIFICANCE AND SCOPE OF THIS
DISCUSSION

It is interesting to note that the problems with
which Dr. Pecora and other Survey geologists (Dorr,
1944; Johnston, 1947) were primarily involved in
their Latin American work 30 years ago—the inter-
national supply of critically needed mineral raw ma-
terials—is once again a subject of intense interna-
tional concern. This concern has been partly respon-
sible for the worldwide interest in Landsat applica-
tions. Geologists in the industrialized countries recog-
nize the need to greatly accelerate the exploration
and assessment of world resources to help meet their
nations’ future import requirements, and they look to
Landsat data as an aid in this process. Their interest
was reflected at the meeting of the European Geo-
logical Societies in Reading, England, last month when
10 percent of the 130 presentations dealt with Land-
sat applications to mineral investigations on five
continents.

We here in the United States are also increasingly
concerned, as discussed recently in a Conference on
Requirements for Fulfilling a National Materials Policy
(Promisel, 1974), for in the last 3 years our annual
imports of energy and mineral raw materials have
risen from about $4 billion or 11 percent of total
needs to about $20 billion or 27 percent of total
needs, and last year we imported more than half our
requirements of 23 mineral commodities (Secretary
of the Interior, 1975). But most developing countries
are even more concerned with the need to increase

3
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TABLE 1.—Other countries for which Landsat data have been provided by the EROS Data Center

Afghanistan Denmark Israel Nepal Spain
Algeria Dominican Republic Italy Netherlands Sudan
Argentina Ecuador Jamaica New Zealand Surinam
Australia El Savador Japan Nicaragua Swaziland
Austria Ethiopia Jordan Niger Sweden
Bangladesh Finland Kenya Nigeria Switzerland
Barbados France Khmer Republic Norway Taiwan
Belgium Gabon Korea Pakistan Tanzania
Bolivia Gambia Kuwait Panama Thailand
Brazil Germany, East Lebanon Paraguay Trinidad
Brunei Germany, West Lesotho Peru Tunisia
Bulgaria Ghana Liberia Philippines Turkey
Burma Greece Libya Poland United Arab Republic
Canada Guatemala Luxembourg Portgual United Kingdom
Central African Guinea Madagascar Rhodesia Upper Volta

Republic Guyana Malawi Romania Uruguay
Chile Honduras Malaysia Saudi Arabia US.S.R.
China Hungary Mali Senegal Venezuela
Colombia lceland Mauritania Sierra Leone Yemen
Costa Rica India Mauritius Singapore Yugoslavia
Cyprus Indonesia Mexico South Africa Zaire
Czechoslovakia Iran Morocco South Vietnam Zambia
Dahomey Ireland

worldwide resources exploration and assessment, be-
cause they not only compete for access to raw materi-
als for their own internal needs but are faced with the
necessity of increasing raw-material exports to pay for
imports of food, manufactured goods, and technology.
And it is in the developing countries, where mineral
surveys are generally not well advanced, that the use
of Landsat data can be especially helpful to accel-
erate mapping, improve existing maps, and identify
geologic conditions favorable for mineralization.

So it is that at this critical time, when industrial and
and developing countries alike are faced with the
urgent need for intensified resources studies, that the
Landsat system, along with other satellite and aircraft
systems, offers a new, powerful, and challenging tool,
the full dimensions of which have not yet been real-
ized. The worldwide interest in this tool is evident
from the number of articles, meetings, and projects
that deal with it. In our Geological Survey program
last year, for example, 58 scientists from 35 countries
attended the two international courses given here at
the EROS Data Center, and 127 scientists from 24
countries participated in seminars or workshops we
conducted abroad. About 55 governments are cur-
rently sponsoring experimental applications of Land-
sat imagery, and most of these involve cooperation
with one or more organizations in the United States.
The EROS Data Center has supplied Landsat ma-
terials to 111 countries (see table 1), and already this
year data for more than 50,000 Landsat frames have

been purchased by private and governmental users
for areas outside the United States.

In this discussion I do not propose to describe or
illustrate in detail the specific applications of Landsat
data that are, or may become, internationally impor-
tant. Many excellent presentations to follow in this
symposium will do this far better than I could. How-
ever, | would like to comment briefly on some signi-
ficant applications of Landsat data in other countries,
on the basis of the rapid growth in the international
use of Landsat data, on the more significant benefits
of participation in the Landsat program, and on con-
straints that could prevent the most effective use of
this new technology.

SIGNIFICANT INTERNATIONAL
APPLICATIONS OF LANDSAT DATA

Geologists around the world are focusing most of
their attention, in one way or another, on three major
problems: Accelerating and intensifying the explora-
tion and assessment of resources, as mentioned pre-
viously; protecting and efficiently utilizing the environ-
ment; and minimizing the effects of natural disasters.
Landsat data have important applications in each of
these problem areas, and the papers that follow illus-
trate these applications. Many of the recent applica-
tions were reviewed in the Tenth International
Symposium on Remote Sensing of Environment held
in Ann Arbor, Michigan (Environmental Research In-



INTERNATIONAL IMPLICATIONS OF LANDSAT DATA 5

stitute of Michigan, 1975), earlier this month. An initial
evaluation of economic value of these applications
was made last year by Lietzke (1974).

With regard to resources exploration and assess-
ment, the principal applications of Landsat data have
been in accelerating the mapping of unexplored terri-
tory and in improving existing maps. The cooperative
mapping of high-relief mountain provinces such as
the Himalaya Mountains, the Alps (Bodechtel and
Lammerer, 1973) and the Andean Cordillera (Carter,
1975), which will no doubt be illustrated later this
morning by Dr. Carlos Brockmann, is especially sig-
nificant because we have not previously been able to
obtain synoptic and essentially distortion-free images
of these provinces, which are so important for an
understanding of mineral genesis. Equally significant
is the application of Landsat data to study of the
Precambrian shield areas, as has been described re-
cently by Weecksteen (1974) for West Africa, Corréa
(1975) for Brazil, and Blodget, Brown, and Moik
(1975) for Arabia. The use of Landsat multispectral
techniques permits the identification and definition of
contacts that are not readily located without the use
of this new tool. And in studies currently underway,
it has been possible to correlate the geology in the
shield areas on the opposite sides of the Red Sea
(Abdul-Gawad and Tubbesing, 1975) and to demon-
strate the value of Landsat data characteristics in
long-distance correlation of geologic units.

Extensive and highly significant revisions of struc-
tural maps are underway in many countries using
Landsat imagery, and these are especially significant
in prospecting for minerals and hydrocarbons. For
example, a new map of Thailand is nearing comple-
tion as a joint effort by Prayong Angsuwathana of the
Thai Department of Mineral Resources and S. J.
Gawarecki of the U.S. Geological Survey, and a new
map of Pakistan has been prepared by Kazmi'® in
which it has been possible to classify faults on age of
movement.

A closely related and highly significant use of
Landsat data in East Asia by Maurice Terman of the
Geological Survey, as a contribution to a 35-nation
cooperative Circum-Pacific Map Project (International
Union of Geological Sciences, 1975), is in the evalua-
tion of the relative accuracy of existing geologic maps.
This demonstrates the value of Landsat data for
checking geologic map accuracy as well as for im-
proving and augmenting map detail.

' Kazmi, A. H., 1975, Application of ERTS-1 imagery to recent
tectonic studies in Pakistan: Unpub. rept. prepared for the
Geological Survey of Pakistan.

Perhaps no use of Landsat data has created more
interest recently than the identification of major
structural lineaments, many of which seem to be re-
lated to the distribution of minerals and hydrocarbons
(Lathram and others, 1973; Saunders and Thomas,
1973). Several papers to be presented at this Sym-
posium deal with this subject, and important work
has been done in Australia and in several countries in
Asia, South America, and North America. Some im-
portant known ore bodies, such as Broken Hill in New
South Wales, seem clearly related to major linea-
ments, at least some of which reflect through-going
structures of major dimensions in the continental
crust. Agah (1975) has reported on lineaments across
the Zagros Mountains in Iran that seem related both
to facies changes in the sedimentary sequence and
to hydrocarbon distribution. This line of research is
of such widespread interest and importance that an
international research project on correlation of struc-
tural data derived from satellite and other sources
with distribution of known mineral deposits is now
being considered under the International Geological
Correlation Program jointly sponsored by the Inter-
national Union of Geological Sciences and UNESCO.

An equally challenging use of Landsat data in the
detection of ore deposits through digital-processing
techniques is discussed in six presentations to follow,
here in this Symposium. The work carried out by
Schmidt in Pakistan is especially indicative of the
impact and potential of Landsat data, when applied
to a well-studied terrain, in which the extent and
significance of the mineralization were much more
apparent after digital processing of Landsat data. The
technique of digital analysis to detect alteration in
rocks and soil, and also changes in vegetation related
to mineralization, may prove to be one of the most
important applications for accelerating mineral ex-
ploration.

Geologists concerned with environmental studies
and surficial phenomena are having spectacular suc-
cess with Landsat data. The work of McKee and
others (McKee and others, 1973; McKee, 1975), for
example, in worldwide studies of sand seas, provides
a basis for classification and evaluation of environ-
mental changes in the principal desert areas that
could not readily be made without Landsat data. In
a recent study of Landsat applications in the Sahelian
zone in Africa, Cooley and Turner (1975) demon-
strated the usefulness in identifying and mapping
laterite duricrust, locating areas favorable for ground
water, classifying land for agricultural potential,:and
many other highly significant uses. A series of en-
vironmental studies using Landsat data is being
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carried out cooperatively by Egyptian and United
States scientists (Galal, 1975), and similar programs
are underway or planned in several other African
countries. Mapping effects of tin mining in shallow-
water offshore areas has proved feasible using
Landsat data along the coast of Malaysia; the United
Nations is now studying the environmental effects of
strip mining of tin on land in that country by use of
Landsat data, comparable to studies of mining areas
in the United States (Wier and others, 1973: Chase
and Pettyjohn, 1973; Alexander and others, 1973).
George Taylor of the Geological Survey, using
Landsat data in western Brazil, identified an alluvial
fan of such huge dimensions—half as big as the State
of lowa—that it has never before been recognized.
The work in Iran to be described by D. B. Krinsley
later in this Symposium, is an outstanding example of
the application of the data in the interpretation of dry
lake deposits, monitoring of desert environments, and
engineering planning in areas typical of vast arid
regions in the developing countries.

A most promising and significant application of the
Landsat system is for the monitoring of natural dis-
asters and the development of early warning systems,
especially of flood and volcanoes. A recent study by
Robinove (1975) on behalf of the Agency for Inter-
national Development (AID) has demonstrated the
excellent possibilities for using Landsat imagery in
damage assessment for floods, drought, fire, and
glacier movement, and the possible uses of the Land-
sat Data Collection System in warning of the danger of
floods, earthquakes, volcanic eruptions, glacier move-
ments, and water pollution. Monitoring of seismicity
associated with volcanism (Ward and others, 1973)
which is now underway in Central America, the
United States, Alaska, Hawaii, and Iceland, using a
total of 18 data collection platforms relaying through
Landsat, may be prototype of a worldwide satellite
volcanic monitoring system. The applicability to as-
sessment of flood damages has already been demon-
strated through studies of flooding in the Mississippi
Valley and in Pakistan, and it is likely that programs
of flood warning, monitoring, and damage assessment,
using the Data Collection System and satellite
imagery, will eventually be established in the world’s
major river systems, assuming an operational satellite
system is established. Such a flood warning and as-
sessment system may, in fact, be an adequate justifi-
cation for an operational earth-resources satellite
system.

BASIS FOR GROWTH IN INTERNATIONAL
USE OF LANDSAT DATA

It seems pertinent to examine the basis for the
remarkable growth in the use of Landsat data around
the world. As I noted previously, this growth reflects
the recognized value of the Landsat applications in
the attack on major problem areas in geology and in
other earth-science disciplines. But what are the spe-
cial conditions under which international participation
in the Landsat program has flourished, and what can
we learn about the possibilities of future participation
from a study of these conditions?

In my opinion the widespread use of Landsat data
is mainly a result of three actions: The decision to
develop Landsat as an international system with open
participation in its use; the establishment of facilities
and procedures here at the EROS Data Center for
worldwide distribution of the data; and the efforts
that have been made to transfer knowledge of
Landsat technology to other countries.

The fundamental basis for the development of
Landsat as an operational system has, of course, been
the United States’ insistence on unrestricted avail-
ability of the data and on international cooperation
in its use. The United States position was reaffirmed
by Dr. Kissinger on August 11 in Montreal when he
stated:

Earth-sensing satellites . . . can dramatically help natians
to assess their resources and to develop their potential. in
the Sahel region of Africa we have seen the tremendous
potential of this technology in dealing with natural dis-
asters. The United States has urged in the United Nations
that the new knowledge be made freely and widely avail-
able. . . . While we believe that knowledge of the earth
and its environment gained from outer space should be
broadly shared, we recognize that this must be accompanied
by efforts to insure that all countries will fully understand
the significance of this new knowledge.

The United States position was also defined more
specifically with regard to the Landsat system earlier
this month at Ann Arbor by Dr. Leonard Jaffe of
NASA (Jaffe, 1975).

From the geological viewpoint, the NASA program
of sponsoring cooperative research projects with
scientists in other countries, to experiment with appli-
cations of Landsat data, has been of tremendous
importance. Many of the presentations to follow con-
tain results of those projects. Thirty-six countries
participated in 95 cooperative research projects with
Landsat-1 data, of which 54 projects involved geo-
science applications, and 35 countries are participating
in 39 projects with Landsat-2 data, of which 30 in-
volve the geological sciences.
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This NASA-sponsored program has not only demon-
strated uses of the data and encouraged the partici-
pation of foreign scientists, but it has also given other
countries a feeling of mutual involvement in the
development of a new technology—a feeling that they
are genuine participants and not mere bystanders.
And it is interesting to note that, in most of the coun-
tries participating actively in the Landsat program,
geological agencies have been very active. In fact, in
about 40 percent of the 55 or so countries sponsoring
Landsat applications, geological or mapping agencies
are the lead agencies in Landsat cooperation.

Most important to continuing and practical use, in
my opinion, is the availability of the data at modest
cost through the EROS Data Center here in Sioux

Falls. This has revolutionized the planning of geologic
programs around the world; for, except in areas of
persistent cloud cover, it has given national and inter-
national agencies, private industry, and research
institutions alike an assured source of data in a variety
of formats and a facility to which they could turn with
their problems. This availability of data, and guidance,
will be vastly expanded, of course, as regional receiv-
ing stations and distributing facilities are established
to augment those now operating in four countries and
as national information centers are developed such
as those already established in 17 Latin American
countries through the joint efforts of the Inter-Ameri-
can Geodetic Survey (IAGS). the U.S. Geological Sur-
vey, and local country agencies (table 2).

TABLE 2.—Other countries having existing or planned facilities using the Landsat system.

Data receiving and distribution stations

Existing Planned
Canada Chile!
Brazil iran
Italy Zaire
Data information centers
Latin America Other
Argentina Dominican Republic ~ Panama Thailand
Brazil Ecuador Paraguay Indonesia
Bolivia El Salvador Peru Iran
Chile Guatemala Venezuela Italy (Food and Agri-
culture Organization)
Colombia Honduras Uruguay Pakistan
Costa Rica Nicaragua Turkey
Data collection platforms
Canada ____________ 33 . Hydrometeorology studies.
lceland _____________ 2 . Volcano and earthquake studies.
Guatemala __________ 7 mmmmeoo do.
Nicaragua _______.___ 4 . do.
El Salvador ._____.___ T - do.

* Agreement formalized after this Symposium was held.

And the use of Landsat data has also been inten-
sively fostered, of course, by the efforts to transfer
remote-sensing technology to other countries through
various means. AID has played an important role in
sponsoring seminars abroad and participant training
here at the EROS Data Center. The U.S. Geological
Survey, mainly on behalf of AID, has helped conduct
six seminars or workshops in Asia and the Far East,
attended by more than 350 participants from 25 coun-
tries, and four seminars in Africa attended by 200
participants from 16 countries (table 3). In addition,
the Survey, in cooperation with IAGS, has helped

conduct seven seminars or workshops in Latin Amer-
ica involving several hundred participants from
virtually all Latin American countries, including, earlier
this year, an initial workshop in the use of the Landsat
Data Collection System. The Survey has now con-
ducted five international training courses here at
Sioux Falls involving about 135 participants from 40
countries. These activities have been augmented by
the ten Symposiums on Remote Sensing of the En-
vironment sponsored by the Environmental Research
Institute of Michigan and by the meetings of Landsat
investigators sponsored by NASA.
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TABLE 3.—Landsat regional seminars and workshops in which the U.S. Geological
Survey has been involved

Asia and Far East

1971.._. Seminar/workshop on remote sensing in Southwest Asia, at Ankara, Turkey.
1972_._. Seminar/workshop on remote sensing in Southwest Asia, at Tehran, Iran.
1973_._._ Seminar on remote sensing in East Asia, at Bangkok, Thailand.
1973___._  Seminar/workshop on remote sensing in East Asia, at Manila, Philippines
1974__._ Seminar/workshop on remote sensing in East Asia, at Bangkok, Thailand.
1975.__. Seminar/worksohp on remote sensing in East Asia, Lahore, Pakistan.

Africa
1973__.__ Seminar/workshop on remote sensing in the Sahelian zone, at Bamako, Mali.
1974___. Seminar/workshop on remote sensing in East Africa, at Nairobi, Kenya.
1975._-_ Seminar/workshop on remote sensing in West Africa, at Bamako, Mali.
1975_.._ Seminar on remote sensing in West Africa, at Accra, Ghana.

Latin America (cooperative with Inter-American Geodetic Survey in Panama).

1971_.-_ First training course in remote sensing.

1972____ Second training course in remote sensing.

1972___. Remote sensing course for Latin America.

1973.___ Third training course in remote sensing.

1973..-. First Pan-American Symposium on Remote Sensing.

1974____ Workshop on multiband image manipulation and resource interpretation.
1975_..- Workshop on Data Collection System.

The United Nations has also contributed to the
transfer of Landsat technology by sponsoring world-
wide meetings, such as one held earlier this year in
Canada, and regional meetings to review the progress
on the use of the data (Chipman, 1975). It is especially
gratifying to note the beginnings of technology trans-
fer in Brazil, where the Brazilian Space Agency
(INPE), in cooperation with the Committee on Space
Research, conducted a meeting last year on space
applications of direct interest to developing countries.
It was attended by 28 scientists from 17 nations.

INSTITUTIONAL BENEFITS OF PARTICIPA-
TION IN THE LANDSAT PROGRAM

I have already mentioned the advantages of using
Landsat data in accelerating the exploration and as-
sessment of resources, protecting and utilizing the
environment, and minimizing the effects of natural
disasters, which are in themselves an adequate justi-
fication for encouraging the widespread use of the
Landsat system. But I believe there are additional
benefits also for institutions and programs that par-
ticipate in the use of Landsat data, especially in the
developing countries. These may be summarized as
follows:

1. More systematic observation and interpretation of
resources data: As the Landsat data are sys-
tematic and multispectral, their use encourages
standardization in handling, processing, and in-
terpretation procedures, as well as for more

penetrating study than has commonly been
applied to aerial photography. Proper use of the
data imposes a discipline on the geologist that
will probably (and hopefully) carry over into all
aspects of his work.

2. Increased knowledge and use of data-processing
techniques: Because the Landsat data are com-
puterized, their use provides an opportunity to
demonstrate the techniques and advantages of
data processing and perhaps to hasten the use
of data processing in handling other types of
geologic data.

3. Development of photoreproduction and distribu-
tion capacity: In order to provide data for multi-
ple uses and to permit the visual analysis of
multispectral imagery, photoreproduction and
distribution capability must ultimately be de-
veloped in user countries or in regional data cen-
ters. For example, Thailand has now developed
such capability and is serving the needs of its
own agencies and of the Mekong countries. This
capability provides a basis also for issuing multi-
color photo maps, such as the gridded image
map of the Thailand Central Plain issued last
month by the National Research Council of
Thailand.

4. Better planning and monitoring of programs: It is
now routine practice in many countries to utilize
Landsat images for planning projects and
plotting the progress of surveys or installations.
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5. Promotion of interdisciplinary coordination and
interagency contacts: Because Landsat data are
applicable to nearly all earth-science disciplines,
most user countries have found it expedient to
develop interagency coordinating mechanisms.
In Thailand, for example, a National Committee,
operating under the National Research Council,
has been established to coordinate the Landsat
program involving participants from 24 agencies
and universities. A similar body functions vigor-
ously in Turkey. This type of mechanism results
in much closer coordination between agencies
than existed previously.

6. Promotion of international cooperation: The many
symposiums, seminars, workshops, and data-
exchange mechanisms that are based on Landsat
applications have provided a vast acceleration
in earth-science cooperation and a new commu-
nity of international remote-sensing specialists.
As regional data centers and receiving stations
are established, the process of cooperation will
be advanced further and regularized.

It should not be inferred that these institutional and
program benefits inevitably follow whenever a coun-
try uses Landsat data, but I think it is fair to say that
developing countries participating extensively in the
Landsat program have generally realized most or all
of these peripheral benefits.

POTENTIAL CONSTRAINTS ON FUTURE
USE OF LANDSAT DATA

In closing my remarks, I call your attention to pos-
sible constraints on the widespread and effective use
of Landsat data in international geology, which we
must seek to avoid. It would indeed be a tragedy if
for various reasons we do not fully develop and
utilize this magnificent technology to help with the
major worldwide problems of geology and other
earth sciences, and I feel that we should keep these
possible constraints in mind.

Within the developing countries, the effective use
of Landsat data in the future will depend on sustain-
ing the initial interest that has been aroused because
the technology is new and promising and avoiding
bureaucratic controls that restrict and stifle the use
of the data. The experience with the introduction of
aerial photography in developing countries several
decades ago shows that once the initial enthusiasm
was dissipated, the use of photography by local geo-
logists and agencies became very desultory, undisci-
plined, and nondefinitive. Moreover, in many countries,
use of photography was restricted by bureaucratic

red tape and lack of interagency cooperation. Un-
fortunately, these same tendencies are already appear-
ing in some countries and could prevent the full use
of Landsat data.

Another potential constraint is the failure to com-
plete the transfer of remote-sensing technology to the
developing countries. Few developing countries are
using the Landsat data adequately even in simple
photographic mode; even fewer countries make effec-
tive use of the multispectral characteristics of the
Landsat data, and scarcely any have the capacity for
digital analysis that we now realize has such high
potential. Yet already there are signs of weakening in
the programs for training and transfer of technology,
and too little emphasis is being given to assistance in
the fundamental problems of establishing national
institutions and programs that can take full advantage
of remote-sensing technology. It is at least as impor-
tant that international cooperation complete the pro-
cess of technology transfer as that it fully explore the
potential scientific applications of the Landsat system.

And finally, and perhaps of greatest concern, is the
possible failure to continue moving forward toward a
fully operational earth resources satellite system,
either because of political and security restrictions on
the operation of the system or because of failure to
provide adequate funds for building the system. Hav-
ing demonstrated the great value of satellite data in
geology and other earth sciences, it would indeed be
a tragedy if we could not develop a fully operational
satellite system, with a full complement of ground
receiving stations, multipurpose satellites, adequately
distributed data collection platforms, and data distri-
bution centers. Such a failure would be ironic in view
of the newly evident need for greatly intensified ex-
ploration and assessment of world resources that was,
I think, a major factor in the original concept of
Landsat as visualized by Dr. Pecora.

It may be appropriate here to recall the words of
the Honorable Harlan Cleveland, Director of Inter-
national Affairs for the Aspen Institute, at a recent
Conference on the Role of Professional Associations
in an Interdependent World, in Washington. He said:

We are gathered here because in one way or another we
want to be leaders in coping with interdependence. If each
of us merely says what he or she came to say and departs,
we will miss a great opportunity. To match the macroprob-
lems we face together, we need to build an international
consortium of the concerned, a community of continouus
consultation about the human purpose our miraculous tech-
niques and our professional practices.are going to serve.
... If we miss this chance, here or soon, we who presume
to leadership will deserve that devastatingly snide comment

of Giraudoux: ‘The privilege of the great is to watch catas-
trophe from a terrace’.
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I submit that promoting effective development and
utilization of the Landsat and other satellite systems
for use in attacking major problem areas in geology
may be one way to help avoid watching catastrophe
from a terrace.

REFERENCES

Abdul-Gawad, M., and Tubbesing, L., 1975, Identifica-
tion and interpretation of tectonic features from
ERTS-1 imagery of southwestern North America
and the Red Sea area: Natl. Tech. Inf. Service
Rept. No. E75-10291, NASA-CR-142835, 190 p.

Agah, S., 1975, Geological application of ERTS-1
imagery in the National Iranian Oil Company for
geological mapping and prospect evaluation: Cen-
tral Treaty Organ., Workshop on the Application
of Remote Sensing Data and Methods, Lahore,
Pakistan, Preprint, Mar. 1-8, 1975, 3 p.

Alexander, S. S., Dein, J., and Gold, D. P., 1973, The
use of ERTS-1 MSS data for mapping strip mines
and acid mine drainage in Pennsylvania: Goddard
Space Flight Center Symposium on Significant
Results Obtained from Earth Resources Tech-
nology Satellite-1, New Carroliton, Md., March
5-9, 1973, v. 1, Tech. Presentations, Sec. A,
p. 569-576.

Blodget, H. W., Brown, G. F., and Moik, J. G., 1975,
Geological mapping in northwestern Saudi Arabia
using LANDSAT multispectral techniques: Natl.
Aeronautics and Space Admin.,, Goddard Space
Flight Center Rept. X-923-75-206, August 1975,
21 p.

Bodechtel, J., and Lammerer, B., 1973, New aspects
of the tectonics of the Alps and the Apennines
revealed by ERTS-1 data: Goddard Space Flight
Center Symposium on Significant Results Ob-
tained from Earth Resources Satellite-1, New
Carrollton, Md., March 5-9, 1973, v. 1, Tech.
Presentations, Sec. A., p. 493-500.

Carter, W. D., 1975, Mineral resource investigations
in South America using Landsat data: Michigan
Environmental Research Inst., Internat. Symposi-
um on Remote Sensing of Environment, 10th, Ann
Arbor, October 6-10, 1975, Summaries, p. 146.

Chase, P. E., and Pettyjohn, W., 1973, ERTS-1 investi-
gation of ecological effects of strip mining in
eastern Ohio: Goddard Space Flight Center Sym-
posium on Significant Results Obtained from
Earth Resources Technology Satellite-1, New
Carrollton, Md., March 5-9, 1973, v. 1, Tech.
Presentations, Sec. A, p. 561-568.

Chipman, Ralph, 1975, International and regional ap-
proaches to remote sensing for development:
Michigan Environmental Research Inst., Internat.
Symposium on Remote Sensing of Environment,
10th, Ann Arbor, Oct. 6-10, 1975, Summaries,
p. 209.

Cook, J. dJ., and Istvan, L. B., 1975, A cursory survey
of the status of remote sensing activity for earth
resources surveys and environmental monitoring
in developing countries: Michigan Environmental
Research Inst.,, paper commissioned for Nat.
Acad. Sci. Committee on Remote Sensing Devel-
opment, 10 p.

Cooley, M. E., and Turner, R. M., 1975, Applications
of ERTS products in range and water manage-
ment problems, Sahelian Zone, Mali, Upper Volta,
and Niger: U.S. Geol. Survey Open-File Report
75-46, 68 p.

Corréa, A. C., 1975, A regional mapping program and
mineral resources survey based on remote sens-
ing data: Michigan Environmental Research Inst.,
Internat. Symposium on Remote Sensing of En-
vironment, 10th, Ann Arbor, Oct. 6-10, 1975,
Summaries, p. 151

Dorr, J. V. N. 2nd., 1944, Foreign work by the Geo-
logical Survey, U.S. Dept. of Interior [abs.]: Econ.
Geology, v. 39, no. 1, p. 90.

Environmental Research Institute of Michigan, 1975,
Tenth International Symposium on Remote Sens-
ing of the Environment, Oct. 6-10, 1975: Ann
Arbor, Michigan Environmental Research Inst.—
Univ. Michigan Extension Service, Summaries,
209 p.

Farhoudi, G., 1975, ERTS photograph interpretation
of Kazerun area (Iran): Central Treaty Organiza-
tion Seminar on the Application of Remote Sens-
ing Technology to Natural Resources Develop-
ment, Lahore, Pakistan, Preprint, Mar. 2-9, 1975,
11 p.

Galal, Salah, 1975, Remote sensing in Egypt: Nature,
v. 256, no. 5515, July 24, p. 252.

International Union of Geological Sciences, 1975,
Geological Newsletter: Internat. Union Geol. Sci.
Quart. Jour., v. 1975, no. 2, June 30, p. 169-171.

Jaffe, Leonard, 1975, International interests in
Landsat data: Michigan Environmental Research
Inst., Internat. Symposium on Remote Sensing of
Environment, 10th, Ann Arbor, Oct. 6-10, 1975,
Summaries, p. 31.

Johnston, W. D, Jr., 1947, The U.S. Geological Survey
in other American republics: U.S. Dept. State
Record, v. 3, no. 2, p. 8-14; Washington Acad.
Sci. Jour., v. 37, no. 10, p. 376.



INTERNATIONAL IMPLICATIONS OF LANDSAT DATA L

Lathram, E. H,, Tailleur, I. L., Patton, W. W., Jr., 1973,
Preliminary geologic applications of ERTS-1
imagery in Alaska: Goddard Space Flight Center
Symposium on Significant Results Obtained from
Earth Resources Technology Satellite-1, New
Carrollton, Md.,, March 5-9, 1973, v. 1, Tech.
Presentations, Sec. A., p. 257-264.

Lietzke, K. R., 1974, The economic value of remote
sensing of earth resources from space: an ERTS
overview and the value of continuity of service:
v. 7, Nonreplenishable Natural Resources: Min-
erals, Fossil Fuels, and Geothermal Energy
Sources: Natl. Tech. Inf. Service Rept. No.
N75-14212 '5WN, NASA-CR-141264 Rept. 74—
2002-10, v. 7, 85 p.

McKee, E. D., 1975, The study of sand seas on a global
scale: Mich. Environmental Research Inst., Inter-
nat. Symposium on Remote Sensing of Environ-
ment, 10th, Ann Arbor, Oct. 6-10, 1975,
Summaries, p. 134.

McKee, E. D,, Breed, C. S., and Harris, L. F., 1973, A
study of morphology, provenance, and movement
of desert sand seas in Africa, Asia, and Australia:
Goddard Space Flight Center Symposium on
Significant Results Obtained from Earth Re-
sources Satellite—1, New Carrollton, Md., March
5-9, 1973, v. 1, Tech. Presentations, Sec. A,
p. 291-304.

National Aeronautics and Space Administration, 1975,
Aeronautics and space report of the President:
1974 activities: Washington, U.S. Govt. Printing
Office, p. 76-77.

Pecora, W. T., 1944, Nickel-silicate and associated
nickel-cobalt-manganese oxide deposits near Sao
José do Tocantins, Goiaz, Brazil: U.S. Geol. Sur-
vey Bull. 935-E, p. 247-305, pls. 44-50, figs.
12-14, [in Portuguese] in collaboration with
A. L. M. Barbosa, Brazil Div. Fomento Producao
Mineral Bol. 64, 69 p., 1944,

Pecora, W. T., and Fahey, J. J., 1949, The Corrego
Frio pegmatite, Minas Gerais—scorzalite and
souzalite, two new phosphate minerals: Am.
Mineralogist, v. 34, no. 1-2, p. 83-93.

Pecora, W. T., and Fahey, J. J., 1950, The lazulite-
scorzalite isomorphous series: Am. Mineralogist,
v. 35, no. 1-2, p. 1-18.

Pecora, W. T., Klepper, M. R., Larrabee, D. M,
Barbosa, A. L. M., and Frayha, Resk, 1950, Mica
deposits in Minas Gerais, Brazil: U.S. Geol. Sur-
vey Bull. 964-C, p. 205-305, pls. 14-17, figs.
6-38.

Pecora, W. T., Switzer, George, Barbosa, A. L. M,
and Myers, A. T., 1950, Structure and mineralogy
of the Golconda pegmatite, Minas Gerais, Brazil:
Am. Mineralogist, v. 35, no. 9-10, p. 889-901.

Promisel, N. E., 1974, International problems and op-
portunities: a role for the technical societies and
many others, in Huddle, F. P., ed., Requirements
for fulfilling a national materials policy: U.S. Con-
gress Office of Technology Assessment, Engi-
neering Found. Conf., Henniker, New Hampshire,
Aug. 11-16, 1974, Proc., p. 79-84.

Robinove, C. J., 1975, Disaster assessment and warn-
ing with Landsats: Michigan Environmental Re-
search Inst., Internat. Symposium on Remote
Sensing of Environment, 10th, Ann Arbor, Oct. 6-
10, 1975, Summaries, p. 116.

Saunders, D. F., and Thomas, G. E., 1973, Evaluation
of commercial utility of ERTS-A imagery in
structural reconnaissance for minerals and pe-
troleum: Goddard Space Flight Center Sym-
posium on Significant Results Obtained from
Earth Resources Satellite—1, New Carrollton, Md.,
March 5-9, 1973, v. 1, Tech. Presentations, Sec.
A, p. 523-530.

Secretary of the Interior, 1975, Mining and minerals
policy: Annual Report under the Mining and
Minerals Policy Act of 1970: Washington, U.S.
Govt. Printing Office, 63 p.

Ward, P. L., Eaton, J. P.; Endo, E., Harlow, D.,-Mar-
quez, D., and Allen, R., 1973, Establishment, test,
and evaluation of a prototype volcano-surveil-
lance systern: Goddard Space Flight Center
Symposium on Significant Results Obtained from
Earth Resources Satellite-1, New Carrollton, Md.,,
March 5-9, 1973, v. 1, Tech. Presentations, Sec.
A, p. 305-316.

Weecksteen, Guy, 1974, Structural geology investiga-
tion in the Republics of Dahomey and Togoland,
Africa, using ERTS-1 multispectral images: Natl.
Tech. Inf. Service Rept. No. E75-10237, NASA-
CR-142425, 22 p.

Wier, C. W., Wobber, F. J., Russell, O. R., and Amato,
R. V., 1973, Fracture mapping and strip mine in-
ventory in the Midwest by using ERTS-1 imagery:
Goddard Space Flight Center Symposium on
Significant Results Obtained from Earth Re-
sources Technology Satellite-1, New Carrollton,
Md., March 5-9, 1973, v. 1, Tech. Presentations,
Sec. A, p. 553-560.






PROCEEDINGS OF
THE FIRST ANNUAL WILLIAM T. PECORA MEMORIAL SYMPOSIUM,
OCTOBER 1975, SIOUX FALLS, SOUTH DAKOTA

NASA Plans for Future Earth Resources Missions
By William Nordberg,
NASA Goddard Space Flight Center, Greenbelt, Maryland 20771

ABSTRACT

Landsats have proven that Earth observations from |
space are capable of providing information which is
useful in a number of applications that are of vital
concern to society. These applications include the
management of food, water, and fiber resources;
exploration and management of energy and mineral
resources; and protection of our life-sustaining en-
vironment.

However, in order to fully satisfy the needs for such
applications, it will be necessary to: improve the
present satellites and sensors, extract useful informa-
tion from these observations more quickly and re-
liably, and improve the mechanism by which this in-
formation is transferred to end users.

A number of developments are now underway to
improve sensors and observing systems. They include
the third Landsat, to be launched in 1977, which will
make high resolution images of surface temperatures
to improve crop, other vegetation, and soil classifica-
tions. A Heat Capacity Mapping Mission (HCMM) is
also planned for 1977 to map surface temperatures
at hours of maximum and minimum heating. It is ex-
pected that soil moisture patterns, and soil or rock
compositions, can be distinguished better with such
a satellite than with Landsats which do not scan the
Earth at times that are optimum for this purpose. A
Thematic Mapper is now under development to make
Earth surface images with a radiometric accuracy of
about 0.5 percent in six spectral bands and with a
spatial resolution of about 30-40 m. This instrument
could be used for Earth observations by 1980; how-
ever, a satellite mission to fly this Thematic Mapper
has not yet been approved.

Automatic identification and classification methods
are being developed to extract information such as
crop and forage acreages, amounts of runoff, and
types of land use directly from the satellite observa-
tions. A number of Applications Systems Verification
Tests are being conducted particularly in the areas
of crop and land-use inventory and runoff prediction
to demonstrate the direct transfer of space-acquired
information to end users.

When speaking about plans for the future, it is not
only desirable, but, I believe, also necessary to look
back at one’s accomplishments in order to establish
the basis on which future developments can be, and
should be, based. In the area of surveying the Earth’s
resources and environment from space, we can look
back upon a very solid basis, indeed, which provides
us with a clear understanding of the objectives and
needs for future developments.

For more than a decade, weather satellites have
made global observations of atmospheric and Earth
surface conditions which could be applied to a better
understanding of geophysical processes involving
Earth resources and the environment. Recently,
Landsats have proven that Earth observations from
space are capable of providing information that is of
vital concern to society; namely, for the management
of food, water, and fiber resources, for the explora-
tion and management of energy and mineral re-
sources, and for the protection of our life-sustaining
environment.

From this experience, we have learned that in the
future it will be necessary to concentrate on three
general activities:
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To improve our spaceborne observing and measur-
ing techniques, in order to make them more
specific to the applications which they will be
designed to achieve.

To provide for ground-based facilities and to or-
ganize ground operations such that specific
useful information can be extracted more
rapidly and more reliably than is now possible
with the highly experimental Landsats.

To improve the mechanism by which the informa-
tion that results from satellite observations
filters down to the end-users and is integrated,
not only in their day to day operations, but also
in their planning and budget considerations.

This last aspect of our planning depends not only
on past technical achievements and on the soundness
of our technological approach to the future, but it also
depends very strongly on economic and political con-
siderations. I am very much concerned that our most
diligent and competent technical plans for future
Earth-observing systems will be fruitless and doomed
to fail if users are not willing to make the necessary
investments and commitments to reap the benefits of
this new technology.

Let us now take a brief look at the present state
of Earth resources and environmental surveys from
space. Table 1 summarizes the types and purposes of
both satellites that are now operating and satellites
that are being built to firm launch schedules. Thematic
maps can now be obtained, at least theoretically,
every 9 days, of anywhere in the world (outside a
circle of 10 degrees around each pole) with the two
Landsats that are in orbit. These maps can be ob-

TABLE 1.—Farth resources and environ

MEMORIAL SYMPOSIUM

tained from the images acquired by Landsats-1 and -2
in four spectral bands of reflected solar radiation
along swaths 185 km wide. But, Landsat-1, which was
3 vyears old in July 1975, can transmit data only di-
rectly to receiving stations; it cannot store pictures on
its tape recorders anymore. Therefore, observations
every 9 days are possible only where such receiving
stations exist. This is the case for North America, via
three stations in the U.S. and one in Canada; over
South America, via a Brazilian station; and over
Europe and North Africa, via a station in Italy. Direct
transmissions of observations over Southwest Asia,
Southeast Europe, and Northeast Africa will soon be
possible via a station that is being procured by Iran.
A station to be located in Zaire will cover most of the
remainder of Africa. Interest in such receiving stations
has also been expressed by a variety of additional
countries, so that thematic mapping every 9 days
using two Landsats is expected to cover increasingly
large areas of the world. Other areas, which are not
within range of such receiving stations, must depend
on the data stored on the tape recorders that still
function on Landsat-2. Such coverage occurs, of
course, much less frequently; namely, one to several
times per year, depending on interest expressed by
people in these areas.

In addition, observations relating to earth resources
management and environmental protection are avail-
able from the operational weather satellite system
that is maintained by the National Oceanic and Atmos-
pheric Administration (NOAA). Aside from continuous
observations of cloud formations and atmospheric
temperature soundings for the purpose of weather

mental survey satellites, operating and

in preparation

Operating as of October 1975:
Landsat-1, 1972
Landsat-2, 1975
NOAA-3, 1973
NOAA-4, 1974_____ ..
Nimbus—-5 and -6, 1972 and 1975
SATELLITE TRACKING

In preparation:
Landsat-C, 1977

APPLICATIONS EXPLORER-A, 1977
Nimbus-G, 1978

Seasat—-A, 1978
TIROS-N, 1978

4-band thematic.

Mapping (80-m resolution).

Sea surface temperature.

Ice and snow (optical, 1-km resolution).
Sea ice (microwave, 30-km resolution).
Continuous gravity field.

4-band thematic mapping (80-m resolution).

Thermal mapping (200-m resolution).

Panchromatic imaging (40-m resolution).

“Heat capacity” mapping (500-m resolution).

Ocean color and temperature (500-m
resolution).

Sea ice and sea state.

Air pollution.

Sea ice and sea state.

Global atmosphere and sea surface observa-
tions.
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forecasting, these satellites also provide global maps
of surface temperatures and images of snow and ice
cover in the visible and infrared spectrum with about
1-km resolution. NOAA-3 and —4 are operating now,
and, as soon as one of these satellites fails, it will be
replaced by a new one, to keep two in operation at
all times.

Microwave sensors on Nimbus-5 have mapped the
extent and, to a cetrain degree, the structure of polar
sea ice and of the Greenland and Antarctic ice sheets,
since December 1972,

Another significant geophysical result was obtained
through tracking more than 30 satellites during the
last 10 years. Analyses of perturbations of the orbits
of these satellites have made it possible to determine
the Earth’s gravity field on a global scale with a spatial
resolution that would be economically prohibitive by
any other means.

Now, I should like to turn to our plans for the im-
mediate future. These involve satellites and missions
which are being readied for launch during the next
few years. Our highest priority is to supplement the
thematic mapping, which has been so eminently suc-
cessful with the first two Landsats, with images of
surface temperatures. The multispectral scanner,
which will be flown on the third Landsat in 1977, will
include a fifth band to measure and image radiation
emitted by the Earth's surface in the 10.5- to 11.5-um
wavelength range. It is expected that surface tempera-
ture maps with a spatial resolution of about 200 m can
be obtained from these measurements. Adding this
temperature mapping capability to the Landsat system
is expected to improve significantly our capability of
classifying crops, vegetation, and soils.

Experiments conducted with Skylab and with air-
craft flights have shown that for some applications,
higher spatial resolutions than those of Landsat-1 and
-2 are desired, especially for urban land-use mapping
and for the detection of transient phenomena. The
Return Beam Vidicon (RBV) cameras which have seen
very little use with Landsats—1 and -2 will be recon-
figured for this purpose on Landsat-C. Instead of
three cameras in three spectral bands, two panchro-
matic cameras will be used to cover the same 185-km-
wide swath that the multispectral scanner (MSS)
covers, but the cameras will provide twice the spatial
resolution of the MSS, namely about 40 m.

The potential of deriving soil moisture and surface
composition information for both agricultural and
hydogeological purposes, is being further pursued
with the socalled ‘“Heat Capacity Mapping Mission”
(HCMM), which is expected to fly on the first applica-
tions explorer satellite in 1977. In contrast to the ob-

servatory class spacecraft of the Nimbus or Landsat
type, which carry many or very complex instruments,
each applications explorer will carry only one rela-
tively simple instrument. The HCMM, for example,
will only carry a 10.5- to 11.5-um temperature mapping
radiometer, with a spatial resolution of about 500 m.
For reference purposes, a visible radiation channel
of the same spatial resolution will also be included.
The advantage of such a mission is that the orbital
characteristics can be chosen to suit one and only one
objective. In this particular case, the objective is to
map surface temperatures at hours of maximum and
minimum heating; that is, during early afternoon and
early morning hours.

The surface temperature extremes, measured at
those times, will provide a better indication of the
heat capacity of the ground than the Landsat-C tem-
perature maps which must be obtained at mid-morning
and late evening in order to accommodate the other
four spectral bands. It is expected that soil moisture
patterns and soil or rock compositions can be dis-
tinguished better with the HCMM mission than with
Landsat. Coverage with the HCMM will be such that
each area of the Earth will be observed at least once
every week during consecutive morning and afternoon
passes from which heat capacity determinations will
be attempted. Data can be read out only via direct
transmission to ground stations and the format of the
transmissions will be compatible with Landsat data
acquisition stations.

Probably the last of the big, complex Earth-viewing
observatories before the advent of Spacelab will be
Nimbus-7 (called Nimbus-G before launch). Aside
from making such measurements as the global radia-
tive energy budget, solar ultraviolet radiation, and
global ozone distributions for the purpose of con-
tinuously monitoring these important environmental
parameters, Nimbus-G will demonstrate the feasibility
of monitoring air and water pollution from space.
Inferences concerning water quailty, including nutrient
content will be attempted from measurements of
water color with a coastal zone color scanner (CZCS).
The scanner will map water surfaces in six spectral
bands ranging from shortwave blue to the near-
infrared with a spatial resolution of about 500 m. In
contrast to Landsat images, these measurements will
be conducted in spectral bands which are particularly
sensitive to the signatures of various water character-
istics, such as sedimentation, chlorophyll, " various
types of pollutants, and bottom features. It is expected
that observations in all major coastal zones of the
world will be made twice every week with the CZCS
on Nimbus-G. Test flights of the Nimbus CZCS on a
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U-2 aircraft over the N.Y. bight, have shown clearly
the dumping of acid wastes by barges and the drift
patterns of the resulting pollution. Similar aircraft
tests were conducted with U-2's off the west coast
of Florida to determine the feasibility of detecting and
mapping the occurrence of red tides with Nimbus-G.

Both Nimbus-G and Seasat will continue the moni-
toring of sea ice with microwave sensors. But, in
contrast to Nimbus-5 and -6, the passive microwave
sensor on Nimbus-G and on Seasat will provide
simultaneous images at five different wavelengths
with spatial resolutions ranging from 25 km at the
short wavelengths to 200 km at the longest wave-
length. In addition to ice mapping, these observations
will also permit the measurement of sea state and sea
surface temperature, regardless of cloud cover. Sea-
sat-1 will also carry an imaging radar for the purpose
of sea state and sea ice observations; however, be-
cause of data handling limitations on this satellite, it
appears very unlikely that substantial amounts of
radar observations will be made by Seasat over land
surfaces.

The TIROS-N system to be placed in operation in
1978, is intended to improve the operational observa-
tions now made with the NOAA satellites and will
include perhaps even such environmental monitoring
as sea ice, solar radiation, and atmospheric composi-
tion,

Now, I should like to turn to the missions which are
not yet in preparation but which we think will be
absolutely necessary to provide the information that
is needed for efficient earth resources management
and environmental planning (table 2). We believe that
the key to Landsat follow-on missions will be the
development of a new thematic mapper. This instru-
ment would perform measurements with greater
radiometric accuracy than the MSS on Landsat. Six
spectral bands will be more appropriately placed and
afford greater spatial resolutions than the MSS. The
spatial resolution will be 30-40 m in all but the surface
temperature measuring bands, and a radiometric ac-
curacy of about 0.5 percent is expected to be

achieved. A spectral band in the near-infrared range
around 1.6 ;m would be included. This band is par-
ticularly important for agricultural and vegetation sur-
veys. We are planning to initiate the full development
of this instrument during the next fiscal year. How-
ever, a satellite mission to fly this Thematic Mapper
has not yet been approved.

Another significant part of the planning for Landsat
follow-on missions must be the redesign and reorgani-
zation of the data acquisition, information extraction,
and data utilization scheme. Landsat-1 and -2 obser-
vations had been analyzed for a great variety of
purposes by many hundreds of individual investigators
in more than 40 countries. Many governmental organi-
zations, especially in the U.S., Canada, and Brazil,
have applied these observations as aids to their opera-
tions, such as sea and lake ice surveys, preparations
of environmental impact statements, runoff predic-
tions, flood potential assessments, updating or
improvement of navigational charts and geological
and general purpose maps, especially in sparsely
populated or rapidly changing areas. In addition,
several tens of thousands of individuals and organiza-
tions from all over the world have ordered Landsat
data for their private purposes from the EROS Data
Center in Sioux Falls. However, all of this happened
many months or even years after the observations had
been taken. The present Landsat data processing and
information extraction scheme is not suited for effi-
cient operational applications. For follow-on systems
we cannot use the mail to ship raw data tapes from
outlying data acquisition stations such as Alaska and
California to a central processing station. In fact, we
must decentralize the conversion process from raw
data tapes to image tapes or hard copies, to the
greatest extent possible. This will be facilitated by an
all digital processing system. Worldwide data will be
transmitted from the satellite to the U.S. via a track-
ing and data relay satellite and local data should be
acquired by direct transmission to acquisition stations
which should be placed to cover all major land masses
of the Earth.

TABLE 2.—Earth resources and environmental survey satellites, planned and in prospect

Planned:

Landsat-D, 1980___ . _____________

Thematic mapper.

Applications Explorer-C (Magsat), 1980__Magnetic survey.

Prospected—mid-1980’s:

Seasat follow-on _______________________
Climate Monitoring___________________
Shuttle/Spacelab Experiment___________
Gravsat_____ . ____

Sea state, icebergs, and ocean currents.
Land use, radiation budget, and stratosphere.
Radar surveys.

Gravity field surveys.

Geosynchronous environmental surveys.
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In the U.S., data should be distributed via efficient
communications links to decentralized processing sta-
tions which would generate those images, and apply
those information extraction algorithms, that are
suited to their patricular applications. Those who
must acquire and process data in real time for opera-
tional purposes must now work with NASA and help
plan the data acquisition, processing, and information
extraction schemes for Landsat follow-on systems.

We are also planning another applications explorer
mission for Earth survey purposes. The third such
mission, to be launched in 1980, is planned to carry
sensors to map the magnetic field of the Earth. Mea-
surements with the Orbiting Geophysical Observatory
(OGO), almost 10 years ago, have proven the feasi-
bility of extracting latitudinal and longitudinal varia-
tions of the solid Earth magnetic field from orbital
magnetometer measurements. Similar measurements
from a Magsat, which would be designed specifically
to map the field of the solid Earth, would be much
more accurate and provide higher resolution than the
OGO measurements. The results would serve to im-
prove our understanding of the crustal structure of
the planet, if not provide supplementary information
for geophysical exploration.

Beyond Landsat follow-on and the Magsat missions,
all our plans are highly speculative and not even in the
firm proposal stage. In table 2, they are summarized
as prospective missions. They include the possible
survey of ocean conditions, such as sea ice, sea state,
hazards to navigation, oil spills, and marine resources
on an operational basis. Undoubtedly, satellites will
have to be flown to make observations that are nec-

essary to monitor and detect climate trends. Such
observations include the survey of land use and
concomitant albedo changes. The Spacelab on the
“Shuttle” space transportation system will provide an
inexhaustable facility for testing new observing tech-
niques, particularly Earth survey radars. A set of
sattelites whose orbital motions will be critically
monitored, may be used to make an accurate survey
of the Earth’s gravitational field. Finally, the ultimate
Earth survey test might be a Synchronous Earth Ob-
serving Satellite (SEOS) which would provide essent-
ially continuous observations of Landsat quality, over
almost ‘an entire hemisphere.

In conclusion, I should like to note that our technical
base for planning future Earth-observing missions is
well established. Our objectives for future missions are
highly focussed and the technical feasibility of the
missions we are planning, and those that we are
dreaming about is clearly demonstrated. The hard
facts of life are, however, that in today’s environment,
neither the best and most competent technical
planning nor the most dedicated enthusiasm will
suffice.

What is needed is an unequivocal concensus that
the new systems which we are planning and which
we wish to implement are not only feasible, but are
also beneficial. This consensus must particularly in-
clude those who are considered the utlimate ben-
eficiaries, namely, the end-users of this new tech-
nology. The broader this consensus is and the stronger
commitments are made on the part of the users, the
sooner we can expect that our plans and hopes for
such new systems will be fulfilled.
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to Petroleum Exploration

By Michael T. Halbouty,
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ABSTRACT

The Landsat project is the most significant mission ever flown by NASA.
The program has afforded the opportunity for the mineral and energy in-
dustries in the United States to improve the Nation’s domestic resource base
in a shorter time and at a more reasonable cost than would have been pos-
sible without the Landsat data.

Properly interpreted information from these images could save corpora-
tions millions of dollars in unnecessary exploration and development efforts
and at the same time provide possible geologic clues which could lead to the
discovery of tremendous reserves. The more the Landsat data are used, the
more innovations for their use will be established.

Landsat data have broad use in the minerals/fuel field, including the
following general applications:

1. Detection of large-scale geologic structures that were previously un-
known and which may be significant with respect to the localization of
hydrocarbons. Such features are commonly not recognizable on tradi-
tional aerial photographs.

2. The possible detection of very subtle tonal anomalies that may represent
alteration of the soils resulting from mini-seeps of gas from hydro-
carbon reservoirs.

3. The potential for detecting natural marine oil seeps with consequent
improvement in efficiency of offshore exploration.

4. Detection of outcrops of important minerals and metals, especially in
hostile environments.

5. The monitoring of ice distribution and movement in Arctic areas, such
as may affect transport of materials in and out of the Arctic, the cost
of seismic exploration in arctic sea ice areas, and the safety of explora-
tion and production operations.

6. The monitoring of oilfield development and transport facilities, such as
the Alaskan pipeline and an assessment of this development upon the
environment.

7. The potential for improved communication and decisionmaking within
petroleum companies.
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The proper use of Landsat imagery affords the explorationist a most
rapid and inexpensive tool which could add immeasurably to his existing
geological knowledge.
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Director, Landsat/Bolivia
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ABSTRACT

The Bolivian Landsat Program is a multidisciplinary
research project aimed at developing the applications
and use of Landsat, Skylab, and other remote-sensing
imagery for the inventory and development of the
natural resources of Bolivia. Under our Petroleum
Exploration Subprogram, preliminary studies are be-
ing undertaken for the general delineation of the
potential petroleum areas on the Chaco-Beni Plain at
the margin of the Brazilian Shield. By interpretation
of the morphology and drainage of the region, we
were able to define the presence of anticlines that
will be subject to verification by seismic exploration.

Under the Mining Exploration Subprogram, a direct
relation was found to exist in the morphostructural
zones of the Cordillera and the Altiplano (Highlands)
between the faulting and settling of the igneous
bodies from which mineralization has originated.
Tonal anomalies, geomorphology, and structural fea-
tures have defined potential areas for mineral pros-
pecting.

Interpretations of Landsat imagery, Skylab photos
and pHotoindexes enabled the selection of several
alternatives in the design of the route of the proposed
Santa Cruz-Puerto Suarez gasline. The proposed al-
ternative routes are not as long as the existing rail-
road length. At the present tifme standard elevation,
distance and bearing surveys of the proposed routes
have not been made.

INTRODUCTION

The Bolivian Government is interested in obtaining
basic and necessary information on the natural re-

sources of the country, and for this reason Landsat
and Skylab remote-sensing data are being actively
evaluated and used.

The Bolivia Landsat Program was created in order
to make proposed multidisciplinary studies with the
participation of the Geological Service of Bolivia,
Yacimientos Petroliferos Fiscales Bolivianos (National
Oil Company) and Bolivia Mining Corporation
(COMIBOL), the principal institutions that conduct re-
search in geology, soils, forestry, and land use; studies
are also being undertaken in agronomy in coordina-
tion with the Ministry of Agriculture. Hydrologic work
is accomplished jointly with the Meteorologic and
Hydrologic Service, and the Military Geographical
Institute is in charge of the cartographic research.

Due to the success obtained from the developed
research activities, the Bolivia Landsat Program is
now systematically conducting operational work in
different zones of the country.

GEOLOGIC PROVINCES IN BOLIVIA

There are six geologic provinces in Bolivia from
east to west as follows (fig. 1):

[.  Brazilian Shield.

II. Chaco-Beni Plain.

[I.  Subandes Belt.

IV. Eastern and Central Cordillera.
V. Altiplano (Highlands).

V1. Western Cordillera.

1. Brazilian Shield

The Brazilian Shield is located in the eastern sec-
tion of the country; it is considered to be a gently
sloping erosion surface that has an average altitude
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FIGURE 1.—Geological provinces of Bolivia. Scale 1:8,000,000. I, Brazilian Shield, Il, Chaco-Beni Plain; lll, Subandes Belt; IV,

Central and Eastern Cordillera; V, Altiplano; and Vi, Western Cordillera.
of 300 m above sea level. It is formed by Precambrian It is known that metallic and nonmetallic ore de-

and Cambrian granitic and metamorphic rocks with posits exist in this zone but, as yet, they have not been
erosional remnants. extensively explored or developed.
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1. Chaco-Beni Plain

The Chaco-Beni Plain lies between the Brazilian
Shield and the Subandes Belt on the east and west,
respectively. It is a major geotectonic unit where thick
beds of sedimentary rocks have accumulated and lie
unconformably on the crystalline basement. In gen-
eral, it has a slight regional slope at the north with a
slight fold in the western section. The plain is con-
sidered to be an important area for the accumulation
of oil

Ill.  Subandes Belt

The Subandes Belt is located between the Chaco-
Beni Plain and the Eastern and Central Cordillera. It
is formed by a series of parallel ridges which coincide
with narrow longitudinal anticlines, generally cut by
thrust faults along which rocks of different ages out-
crop along their strike. The depressions or valleys
correspond to synclines. This area is one of the best
known petroleum provinces in Bolivia.

IV. Eastern and Central Cordillera

The Eastern and Central Cordillera, also known as
a Paleozoic block, is characterized by major uplift
with altitudes that can approach 6,400 m. A main
characteristic of this province is the noticeable relief
inversion where the high topography coincides with
synclinal structures and depressions coincide with
anticlines.

The central and western sections of this geologic
province are intruded by granitic rocks and are highly
mineralized.

V. Altiplano

The Altiplano forms a well-defined geologic prov-
ince which is considered to be a “Rift” block basin
that formed in conjunction with the “Uplift” type
movements of adjacent blocks that occurred during
the Tertiary. Later, denudation of the high parts oc-
curred forming an extensive pediment plain.

There are mineral deposits along the boundaries of
this geologic province.

VI. Western Cordillera

The Western Cordillera is the result of vertical
movements associated with intense volcanic activity
in the late Tertiary; an alined volcanic chain exists
forming mountains with elevations that are generally
more than 5,000 m in height.

RESULTS OF THE GEOLOGIC-
GEOMORPHOLOGIC INTERPRETATIONS
IN THE CHACO-BENI PLAIN

PETROLEUM EXPLORATION

Yacimientos Petroliferos Fiscales Bolivianos is in
charge of the Petroleum Exploration Subprogram,
which is aimed at delimiting, in an adequate manner,
petroleum potential areas in the Chaco-Beni Plain and
Subandes Belt. These areas have proven to be pe-
troleum provinces in the middle and southern part
of the country. The project also attempts to provide
new structural information on faults and lineaments
that can be correlated with existing geologic data of
the fields in actual production.

With these objectives, an evaluation of the Chaco-
Beni Plain section was done on the Rogaguado Lake-
San Borja images within the coordinates 65°00’—
67°00" W. longitude and 12°30°-15°30” S. latitude, at
a scale of 1:1,000,000, covering an approximate area
of 62,900 km®. Work was done on Landsat images
1045-13563 and 1045-13570, bands 5 and 7, corre-
sponding to 0.6-0.7- and 0.8-1.1- um wavelengths of
the electromagnetic spectrum.

Among the most important features that were
mapped are lakes which were not represented in any
existing map of the region. Some of the lakes have
rectangular and square shapes, the edges of which are
alined on N. 43° E. and N. 21-45° W. strikes (fig. 2).

On the basis of previous observations and by corre-
lating existing geologic data of the zones with studies
of satellite images, it was possible to deduce that
there is a great influence of the Brazilian Shield on
the Quaternary sediments of this zone, which have a
varied thickness ranging from 441 to 812 m. The
boundary between the Brazilian Shield and the ad-
jacent Quaternary basin is clearly displayed and
defined by drainage patterns and subdued topography.
Some surface patterns could be related to the po-
tential accumulation of oil.

Similarly, the drainage interpretation of the zone
of Cobija-Puerto Heath was obtained from the 1191-
14082 and 1191-14084 images, within the coordinates
67°30-69°30” W. longitude and 10°00'-13°30" S. lati-
tude, using band 7 only in order to observe and
delineate adequately the drainage system and areas
of flooding (fig. 3).

Drainage anomalies, such as the deflection of
streams, alinement of river valleys, lakes, and topogra-
phy, made it possible to locate apparent anticlinal
structures, the axes of which strike west-northwest,
roughly parallel to the Subandes Belt in this region.
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FIGURE 2.—Geologic and geomorphological map of the San Borja-Mamore River and Rogaguado Lake region of Bolivia
made from ERTS images. Scale 1:1,900,000.

Straight river courses trending northeast-southwest
and south-southwest appear to strike along lineaments
which are apparently related to faults. Recently ob-
tained seismic reflection data have confirmed the
presence of two faults which coincide with the linea-
ments previously mapped on Landsat-1 imagery.

Similar geologic photointerpretation was conducted
on Skylab photos on the Santa Cruz area where the
most important petroleum and gas fields are presently
being exploited (fig. 4).

The Santa Cruz area is located in the transition
zone of the piedmont toward the subandean ridges,
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where subdued topography, uniform lithology, and
low dips make it difficult to obtain adequate photo-
geologic information using conventional aerial photo-

petroleum areas. Eleven anomalies were found to be
correlated with subsurface anticlinal structures as

raph corroborated by the wells drilled in the Cedro and
graphs. o

Using photograph, SL-2-A-339, bands 1-5, with its ~ioreno anticlines. |

large area synoptic view, it was possible to correlate In summary, we can conclude with the fact that

major structural features, with diverse geological hyperaltitude images for studies of vast areas, let us
data, and has permitted us to define new potential obtain a panoramic view of the area and make it
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FIGURE 4.—Geological interpretations from Skylab image SL-2-A-339 of the Santa Cruz-Montero-Buena Vista
area of Bolivia. Approximate scale 1:800,000.

possible to correlate structural and geologic data imagery interpretation aimed at locating new favor-
which are basic to petroleum exploration. able areas for exploration and exploitation of mining

resources.

MINING EXPLORATION Because of the scale limitations of Landsat imagery

The Mining Exploration Subprogram is conducted for visual interpretation, the conventional mineral re-
by the Mining Corporation of Bolivia using Landsat source evaluation methods were modified. Generally,
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mining exploration methods are conducted at large
scales ranging from 1:1,000 to 1:5,000, and generally
close to known exploration and mining sites. How-
ever, new maps at 1:250,000 scale are being prepared
for the purpose of establishing regional genetic rela-
tions of the mineralized bodies, their host rocks,
structures and, where present, alteration zones.

Results of the Landsat imagery interpretation are
important because it was possible to identify linea-
ments related to faults, tonal anomalies, and geo-
morphic anomalies which, when correlated to the
existing information, let us delimit new potential
mining areas.

To establish a methodology which could let us
evaluate the mineralized zones from different points
of view, the geomorphic characteristics, tonal differ-
ences, and drainage patterns were studied and con-
sidered to be fundamental criteria.

Tonal anomalies are defined as being the delimita-
tion of zones with tonal characteristics that are
different from the surrounding area and which may
be related to intense zones of weathering, contact
aureoles, vegetation concentration, facies variations
of certain formations, and hydrothermal alteration.

Geomorphic anomalies are shapes that vary from
the general tendency of the landscape and which are
generally related to endogenic processes, such as
magmatism and diapirism.

Tectonic-Structural anomalies are zones affected
by the intersection of faults and lineaments, generally
of regional character, and related to the emplacement
of igneous bodies. They are generally represented by
straight courses of streams and valleys.

FIELD RESULTS

With the purpose of proving the relationship of
existing mineralization with anomalies defined by
Landsat interpretation, fieldwork was performed in
the area covered by Landsat image 1010-14033, se-
lecting the best defined zones. The field results can
be summarized as follows (fig. 5):

1. The Structural Anomaly of Patacamaya is located
15 km to the northeast of the town of the same
name on the Tapacari lineament at its inter-
section with the Achuta lineament. There are
several mineralized subvolcanic bodies along
the Tapacari lineament.

Field verification tests were negative at the
lineaments intersection, due possibly to thick
cover of Quaternary sediments that exist in the
zone.,

2. Structural Anomaly of Huayllamarca is located on
the ridge of the same name. It corresponds to
a fault zone where a direct relation between
the anomalies, longitudinal faults, and diapirous
rocks were determined. There we found copper
minerals in the form of sulfates and carbonates.

3. Geomorphic Anomaly of Laurani is located close
to the town of Sica Sica. It coincides geological-
ly with a subvolcanic body, where dacites and
andesites are known; this igneous body ap-
pears to be related to the Colquencha-Laurani
and Achiri-Umala lineament intersection which
strike northwest and southeast, respectively.

Fieldwork showed a direct relation between
the anomaly and igneous activity with strong
hydrothermal alteration and mineralization con-
sisting of copper, silver, and lead minerals that
are actually being exploited.

4. Tonal Anomalies of Sica Sica are located 10 km
from the town, where fieldwork has determined
the presence of sedimentary rocks with dis-
cordant red tones in contact with Paleozoic
rocks with gray tones. The objective of this
reconnaissance was to identify a possible altera-
tion zone as the zone is located along the inter-
section of two regional faults. No evidence of
mineralization was found.

5. Geomorphic Anomalies of Antaquira are located
southwest of the town of Caquiaviri, where the
direct relation between a longitudinal fault, a
synclinal structure and subvolcanic intrusive
rocks was found. Copper mineralization was
found for the first time in the fault and joints
that comprise the zone.

CONCLUSIONS

It was proven that mineralization can be found
associated with longitudinal faults in the structural
anomalies (Huayllamarca and others) identified on
Landsat images.

The geomorphic anomalies are important as they
always coincide with intrusive bodies and/or sub-
volcanic bodies, which are generally mineralized.

When systematic and sufficient detailed fieldwork
were accomplished on major lineaments, these areas
became interesting for mineral and petroleum ex-
ploration.

Even though the present example of tonal anomaly
did not provide the expected positive result, there is
evidence in other studied zones that tone has a rela-
tion with mineralization processes.
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PRELIMINARY SELECTION OF THE SANTA location of the most direct route of the Santa Cruz-

CRUZ-PUERTO SUAREZ GASLINE ROUTE Puerto Suarez gasline in relation to the actual existing
railroad and to design several alternative routes.
OBJECTIVES

Methodology and materials used.

The principal objective of the present work was to In order to comply with the proposed objectives
study the applicability of the Landsat imagery for the and due to the scanty cartographic information of the
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area, the Landsat-1 imagery that covers the zone with
a maximum of 30-percent cloud cover was selected
and supported by a Skylab space photograph. We
also used a photoindex of available aerial photo-
graphs that cover the study area.

Images 1240-13415, 1240-13421, 1005-13344,
1005-13350, 1111-13243, bands 5 and 7, photograph
SL-2-190A-339, bands 2 and 6, and the photoindex
of the South Roboré area, were used due to the lack
of satellite images of this section at the time the work
was begun. The study was undertaken at a 1:250,000
scale, using the Santa Cruz-Corumba railroad as a
reference to prepare the corresponding map.

As the study area contains peculiar geomorphologic
features, the first general physiographic map of the
zone was prepared. In it we attempted to delimit the
boundary of the Brazilian Shield in relation to the
Chaco-Beni Plain, the Chiquitos Ridges, and other
important geomorphologic features that could affect
the selection of the preliminary route. Lagoons, rivers,
creeks, hills, sand dunes, and especially the “lzozog
Banados (swamps)” and the “‘Otuquis Banados (head-
waters)”’, lowland areas that are subject to temporary
flooding, were all decisive in the selection of the
route that the gasline should have.

STUDY AREA DESCRIPTION

Generally, the Brazilian Shield in this zone is ex-
pressed as a peneplane where isolated granitic rocks
and metamorphic rock outcrops exist and are
separated from the San José, Roboré, and Quimone
Ridges by a poorly drained depression filled with
Quaternary sediments (fig. 6).

The Chaco-Beni Plain corresponds to a poorly
drained alluvial plain covered by low vegetation in
the area of the Izozog Banados and Otuquis Banados.
In these areas there are a great number of small
braided rivers and scattered temporary lagoons,
which are characterized by being located in topogra-
phic depressions with poor drainage.

The interpretation work was performed with
images obtained during the period of the lowest stage
of the rivers. The use of images, taken mainly at the
end of the rainy season, is considered necessary for
the accurate mapping of the flooding areas.

PRELIMINARY ALTERNATIVES OF THE ROUTE

Considering the locations of Santa Cruz city and
the gasfields in exploitation as a starting point for
the gasline to the town of Puerto Suarez and taking
as basic parameters the longitude route and physio-
graphic conditions of the area for the construction

and maintenance of the route, the following alterna-
tives were designed:

1. Colpa Field-Puerto Suarez alternative

Two routes [subalternatives] were considered for
the portion of this alternative from the Colpa Field
to Pozo del Tigre station. The alternative continues
then as a single route to Puerto Suarez.

North Alternative

Approximate distance: 604.4 km.

Average altitude: Colpa Field 345 m above mean sea level.

Striking directly south-southeast from the Colpa

Field for a distance of 138 km we can arrive at the
Pozo del Tigre station. Field conditions along this
route are good and characterized by gentle topogra-
phy with adequate drainage where soils are generally
limy-clayey sand. However, it is necessary to indicate
that in the first stage of it, the Piray and Grande
Rivers would have to be crossed. Their meandering
courses must be studied in detail from existing sup-
plementary information.

South Alternative
Approximate distance: 607.1 km.
Average altitude: Pozo del Tigre 272 m above mean sea
level.
Colpa Field 345 m above mean sea level.

This alternative was designed with a southeast
strike and an approximate distance of 140.7 km be-
tween the Colpa Field and Pozo del Tigre station,
where the gasline crossing the Grande River would
parallel the actual railroad bridge.

This subalternative has the advantages of being
located farther away from the town of Warnes and
of crossing the Grande River in an area where geo-
logic information obtained for the bridge construction
is available. Another positive characteristic for this
section would be the fact that the route would parallel
the railroad, facilitating by this way tube material
transportation and would avoid new path construc-
tion. However, problems can be foreseen on the route
right-of-way, as there is intense agricultural activity
in the area.

Common Point

From Pozo del Tigre station, the route is common
for both subalternatives and parallels the railroad
with an east-southeast strike displaced from it an
approximate distance of 2 km to the south. The pur-
pose for this was to reduce the distance to the sur-
roundings of the Musuruqui station (74.8 km distance,
358 m altitude) where the north edge of the Izozog
Bafados is flooded and marshy during the rainy sea-
son. Total lengths of these proposed sections of gas-
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line are 215.8 and 218.8 km for the north and south
subalternatives, respectively.

As it can be noticed, the proposed designs to the
Musuruqui station do not present much variation in
relation to the railroad. It is from this point that we
propose the route to go south of the San José Ridge
in a direct line to near the town of Roboré.

The chosen route in this section is supported by the
fact that the area is well drained; there are few, if
any, rock outcrops and the soils are generally sandy
having formed by the erosion of the San José Ridge.
The route will go through a smooth plateau with a
uniform altitude in the east section where it is pre-
sumed that sufficient soil thickness would be found
for the excavation of the gasline trench.

Making a comparison of this route with the actual
railroad in the same section that lies between Musuru-

qui and Roboré, there appear to be several negative
factors: (1) the construction of the bridge over the
Quimome River indicated that there is insufficient soil
thickness for the excavation of the trench, a factor
that would increase the construction cost; (2) this zone
is characterized by bad drainage in which temporary
lagoons appear during the rainy season; and (3) the
most important factor, if this route paralleling the
railroad is selected, is related to the distance as it is
13 km more than the distance proposed south of the
bridge.

2. Santa Cruz city-Puerto Suarez route

This route was designed to collect the gas from
the different production fields surrounding Santa
Cruz city.
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North Alternative

Santa Cruz city-Pozo del Tigre station-Puerto Suarez.

Distance: 591.9 km.

Altitude: Santa Cruz 465 m above mean sea level.

Puerto Suarez 220 m above mean sea level.
There is a distance of 125.5 km from Santa Cruz

city to the common point of the Pozo del Tigre sta-
tion where an alluvial plain is the main landscape. It
consists mainly of limy sand that extends along the
main route already designed from Puerto Suarez.

As a restriction for the selection of this alternative,
it must be indicated that a suitable crossing of the
Grande River must be chosen where its course is only
slightly meandering. Also, to be considered is the
construction of the feeder gaslines from the produc-
ing areas to the common point in the vicinity of Santa
Cruz city.

Direct Alternative
Santa Cruz city-Puerto Suarez
Distance: 574.1 km.

Generally, it must be indicated that this alternative
would go first through the similar terrain described
previously but with a significant problem. The Izozog
Banados is considered to be a potential problem
area, both for the construction and maintenance of
the line, especially during the rainy season.

3. Grande River Field-Puerto Suarez alternative

Distance: 539.5 km.
Altitude: Rio Grande Field 338 m above mean sea level.
Puerto Suarez 220 m above mean sea level.
This possible route was delineated because the Rio
Grande Field is the biggest deposit of gas reserves in
the country, and the route would be the most direct to
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the town of Puerto Suarez. The design route, how-
ever, would cross the Izozog Banados, a total distance
of 92 km. This potentially difficult terrain constitutes
the most serious restriction that must be considered.

CONCLUSIONS

The area maps prepared for this study are the most
up-to-date information available for the study of the
selection of the route for the gasline. Landsat imagery,
due to its regional coverage and geometric accuracy
along with the multispectral factors, has enabled us
to obtain the information of extensive areas both
quickly and economically in comparison with the more
conventional aerial methods.

RECOMMENDATIONS

® To make an aerial reconnaissance at a low altitude,
combining the existing aerial photographs with
Landsat imagery.

e To make a new study with Landsat-2 imagery to
obtain more information with the multitemporal
coverage in order to delineate more accurately
the area influenced by temporary flooding.

e To study in detail the course of all the rivers that
would have to be crossed in order to select the
most suitable points for the construction of the
bridges.

e To make an economic study on each one of the
alternatives detailed before, relating distance to
construction and maintenance. These factors will
help the ultimate selection of the route.

TABLE 1.—Comparison of alternative gasline routes

Comparative sheet

Construction

Distance  Railroad km Distance Physiographic and mainte-
Alternatives (km) difference evaluation evaluation nance Total
Colpa Field-Puerto Suarez: .
North Alternative ____ __ . _______________ 604.400 —25.600 X X X X X X X X X X X X 12
South Alternative __________ _________________._ 607.100 —22.900 X X X X X X X X X X X 11
Santa Cruz city-Puerto Suarez:
North [Route] Alternative ____________________ 591.900 —38.100 X X X X X X X X X X X 11
Direct [Route] Alternative __.__________________ 574.100 —55.900 X X X X X X 6
Rio Grande [River] Field—Puerto Suarez ____ ______ 539.500 —90.500 X X X X X 7
Railroad Route:
Santa Cruz-Puerto Suarez _________ . _________ 630 ______ X X X X X X 6
X X x X x Excellent
x X x x Good
X X x Regular
x x Bad

x Very Bad
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ABSTRACT

During the past 3 years, Canadian geologists have
been assessing the geological use of Landsat data in
the context of a vast but relatively well known hinter-
land. Although few in number, these geologists
comprise the largest single class of users of Canadian
Landsat data. In particular, a few oil and mineral
exploration companies and consultants appear to use
as many images as the other 90 percent of the geo-
logical users, excluding reference collections.

Most Canadian geological users have a relatively
long and broad experience with Landsat data. Visual
interpretation of black and white prints is the princi-
pal method of analysis. There has been little research
into automated processing; however, a major advance
in digital classification of arctic terrain is imminent.

Practical applications are related primarily to re-
connaissance for geological structure and disposition
of surficial materials. Half of the users claim a modest
to large benefit from use of Landsat data but cannot
identify specific dollar benefits. '

The level of development of practical geologic
applications in Canada is greater than predicted in a
pre-ERTS forecast. Visual interpretation of Landsat
images will soon become a prime tool, in conjunction
with others, for geological reconnaissance. The tech-
nique will be especially valuable in poorly explored
arid areas where vegetational cover is sparse. Auto-
mated processing will remain in the research stage
until specific low-cost methodologies are developed.

LANDSAT IN A CANADIAN CONTEXT

Canada, with a territory covering nearly 3.9 million
square miles, is the largest country in the Western

Hemisphere and the second largest in the world.
Canadian terrain is extremely diverse, comprising
almost semitropical areas in southern Ontario and
southern British Columbia, great mountain arcs, wide
fertile prairies, a vast lake-strewn interior, and seem-
ingly endless stretches of northern wilderness and
tundra. Eighty-nine percent of this area is not settled;
indeed 95 percent of all Canadians live in 10 percent
of the area comprising an irregular fringe along the
border with the United States of America.

From a geologist’s viewpoint, Canada is composed
of 17 geological provinces in four main categories:
continental shelf, platform, orogen, and shield. Geo-
logically, the youngest provinces are the Atlantic,

- Pacific, and Arctic Continental Shelves. They com-

prise slightly deformed sediments and volcanics,
mainly of Mesozoic and Cenozoic age. The St. Law-
rence, Interior, Arctic, and Hudson Platforms com-
prise thick, flat-lying Phanerozoic strata over
crystalline basement. The Appalachian, Cordilleran,
and Innuitian Orogens are mountain belts of deformed
and metamorphosed sedimentary and volcanic rocks,
mainly of Phanerozoic and Proterozoic age, and
granitic intrusions. The remaining seven geological
provinces comprise the Canadian Shield which is com-
posed of Precambrian rocks. The Grenville, Churchill,
Southern, and Bear provinces embrace Proterozoic
orogenic belts. The Superior, Slave, and Nain
provinces comprise metasedimentary and metavol-
canic rocks of older Archean age, including the oldest
continental crust known in Canada.

The mineral industry is one of the most important
sectors of the Canadian economy. The value of min-
eral production in 1974 was $11.6 billion, of which
fossil fuels represented 44 percent, metals 42 percent,
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nonmetallics 8 percent, and structural materials 6 per-
cent. Much was exported, mainly to the United States,
Britain, and Japan. Principal mineral products were
oil, natural gas, nickel, copper, iron ore, zinc, as-
bestos, cement, and sand and gravel. Of the major
geological provinces, the Interior Platform yields in
value about 40 percent of all mineral production,
mainly fossil fuels, and the Canadian Shield about 35
percent, mainly metals.

Recorded Canadian history began with the quest
for these and other riches in the New World. The
search for economic gain was a particular stimulus,
and indeed is a continuing theme, throughout Canadian
history although the nation became a reality just over
100 years ago. Despite its vast area and relatively
young age as a nation, Canada has been well ex-
plored and mapped at reconnaissance scales. For
example, an updated coverage of black and white
aerial photographs is maintained for all of Canada
at scales between 1:63,360 and 1:15.000. The whole
country has been surveyed and mapped with high
standards at a scale of 1:250,000, thus presenting a
relatively detailed depiction of relief, river systems,
transportation facilities, forest cover, and centres of
population. Bedrock geology has now been mapped
over 95 percent of the nation at reconnaissance scales
of 1:250,000 and smaller, although only about 20 per-
cent of the overlying Quaternary sediments have been
mapped at similar scales.

A vast but relatively well-known hinterland, thus, is
the context in which Canadian geologists have as-
sessed the geological use of Landsat data. The experi-
ences reported here reflect involvement in the ERTS-
Landsat program from early planning in the United
States through direct readout of data at our own
receiving station to current research and applications
(Morley, 1971). The information comes from sources
too numerous to acknowledge here, including indus-
trial, academic, and government members of the
Working Group on Geoscience of the Canadian Ad-
visory Committee on Remote Sensing, staff and files
of the Canada Centre for Remote Sensing, and con-
tributions from private companies.

DEVELOPMENT OF CANADIAN
GEOLOGICAL INTEREST IN THE
LANDSAT CONCEPT

HISTORY

Over the past 60 years, but especially since 1945,
photogeology has made significant contributions to
the science and practice of geological mapping. In the
early 1960’s, the term ‘“remote sensing” was adopted

when other parts of the electromagnetic spectrum
were used. Of course, geophysics had been developed
earlier for other wave bands but, in this paper, such
techniques are not considered as remote sensing
(Gregory, 1972). During the past few years, space
platforms have added new dimensions to the remote
sensing of geology (Gregory and Moore, 1976).

The late Professor H. L. Cameron was probably
the first Canadian geologist to demonstrate the pos-
sibilities of synoptic, small-scale photography and
other novel methods of remote sensing. By the early
1960’s, he was using stereoscopic, time-lapse methods
to study early space photography for the National
Aeronautics and Space Administration (NASA). In
1963, he briefly reviewed his work in a paper to the
First Seminar on Air Photo Interpretation in the De-
velopment of Canada (Cameron, 1964). At the same
seminar, W. A. Fischer of the USGS reviewed his
pioneer work in geological remote sensing and empha-
sized the broadening spectral capabilities (Fischer,
1964).

The enthusiastic but practical presentations of these
two specialists were responsible for awakening the
interest of Canadian geoscientists to the potential of
remote sensing in all its aspects. The combination of
that seminar with personal experiences in geophysics
and photogeology lead the authors of this paper to
initiate remote-sensing projects in 1964 and eventually
to establish a remote-sensing section within the Geo-
physics Division of the Geological Survey of Canada.

By early 1967, serious consideration was being
given to possible Canadian involvement with the re-
source satellites that were being planned in the United
States by the Department of the Interior and NASA.
In 1968, one of us (LWM) initiated planning for Ca-
nadian participation in remote sensing while the other
(AFG) reviewed contemporary planning in the United
States. It is interesting to note that at that time, geo-
logical applications of satellite data were expected to
be significant, especially for structure and geomorpho-
logy, although of lesser importance than applications
related to land use, forestry, surface water, agricul-
ture, etc. Training, research, and development of
applications were considered to be prime needs
(Gregory and Morley, 1969).

Following a national review and recommendations
presented in 1971, the Canada Centre for Remote
Sensing was established with Dr. Morley as founding
director. In 1972, he also became chairman of the
Canadian Advisory Committee on Remote Sensing
while Dr. Gregory was appointed chairman of that
committee’s Working Group on Geoscience.
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CANADIAN EXPECTATIONS FOR REMOTE
SENSING OF GEOLOGY BY SATELLITES

Timely acquisition and interpretation of data from
Landsat-1 was recommended by the previous Work-
ing Group on Geology (1971, p. 10). However, that
working group reported the main geoiogical need to
be for airborne sensing, particularly aerial photogra-
phy. It was concluded that for use in Canada, satellite
data “will provide valuable new information about
the surficial geology of Canada, which is incompletely
mapped at any scale. However, these data will add
only supplementary information on gross structure
and bedrock geology, most of which has been mapped
at scales smaller than 1:250,000 and much at larger
scales” (ibid, p. 11). It was further concluded that
“there are few geologic requirements for continuous
repetitive surveys” (ibid, p. 11), atlhough their use
was foreseen for seasonal and temporal analyses, e.g.,
studies of terrain, erosion, and sedimentation.

Because of the limited availability of Landsat data
during the year following launch of the satellite on
July 23, 1972, expectations of Canadian geoscientists
changed little. Most geoscientists continued to view
Landsat as very experimental. However, a few geo-
logists used standard photogeologic techniques on
Landsat images and reported potential, low-cost ap-
plications for mapping structural geology, particularly
linears, and for planning exploration projects. Season-
al enhancements of geological features suggested that
the original expectation of little requirement for repeti-
tive data was incorrect (Working Group on Geo-
science, 1972 and 1973).

The advent of Landsat fired unrealistic geological
expectations, especially among nongeoscientists, both
in Canada and abroad (Gregory, 1973, p. 88). How-
ever, practicality grew over the following year as

relevant results of Landsat analyses became avail-
able.

USERS OF CANADIAN LANDSAT DATA

BASIS OF ANALYSIS

The following analyses of Canadian users of
Landsat data are based on three sets of data: (1) The
current Canada Centre for Remote Sensing 'National
Air Photo Library (CCRS 'NAPL) computer listing of
sales of standard Landsat products for the 3 years
ending September 15, 1975; (2) returns from a ques-
tionnaire on the geological use of Landsat data which
was mailed in early August 1975; and (3) the current
CCRS computer listing of scientists and engineers

with an interest in remote sensing, as of August 22,
1975.

NUMBER OF USERS

As of August 1975, 3307 separate persons and or-
ganizations had registered an interest in Canadian
remote sensing by returning a report to the Canada
Centre for Remote Sensing. While there is, undoubted-
ly, some overlap in representation between individuals
and organizations, this number reflects a solid base of
participation in remote sensing in Canada.

Among the 3307 listings, there was much greater
interest in remote sensing applied to the geosciences
(1078) than to any other single scientific discipline or
practice. A breakdown of user interest (table 1) shows
that range of interests as well as the overlap in them.
Contacts (i.e., letters, visits, and telephoned enquiries)
at the User Services Section of the Canada Centre
for Remote Sensing confirm a continuing major in-
terest in remote sensing applied to the geosciences
(30-40 percent of all contacts each month).

Major and more-or-less equal interest was ex-
pressed by representatives of companies, federal and
provincial governments, and educational institutions

(table 2).

SALES OF CANADIAN LANDSAT DATA

Interest is not a very satisfactory way of defining
users of Landsat data. Another current indication of
use, which is hardly more precise, is a cumulative
list of customers who purchased Landsat data through
the National Air Photo Library (NAPL). On this list
of 536 customers, 205 (38 percent) could be identified
as having a major geological base, i.e., a geological

TABLE 1.—Relative interest in remote sensing by
user discipline, August 1975

Category Number Percent
Total Interest ___________ . ____ 3307 100
Agriculture (including Soils) ____________ 694 20
Atmospheric Sciences _________________ 348 10
Cartography/Photogrammetry ___________ 643 19
Fisheries - __ 373 11
Forestry 697 21
Geography . 674 20
Geology - 1078 32
Glaciology/lce Reconnaissance __________ 389 11
Hydrology -l 616 18
Oceanography/Marine Science __________ 414 12
wildlife/Livestock . ______________ 461 13

NOTE: Sums exceed listed totals because of multiple interests
expressed by a single individual or organization.
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TABLE 2.—Relative interest in remote sensing by
economic sector, August 1975

Category Number Percent
Companies _____________ . ______ 752 26
Educational Institutions ________________ 692 24
Federal Government Agencies __________ 664 23
Provincial Government Agencies ________ 539 18
Foreign Government Agencies _________ 124 4
Private Individuals ____________________ 110 3
Municipal Government Agencies _______ 29 1
Regional Government Agencies ________ 20 1
International Organizations ____________ 7 0

Total ___ . 2937 100

TABLE 3.—Net sales ot standard Landsat products for
3 years ending September 15, 1975

Product Total net Net geological Percent

sales sales geol.

B & Woprints ._________.__ 60,016 32,506 54.2
Colour prints ____________ 7,209 1,925 26.7
B & W transparencies ___ 18,354 1,471 8.0
Colour transparencies ____ 3,185 531 16.7
Total o ______ 88,764 36,433 41.0

NOTE: These figures represent net sales external to the National
Air Photo Library and the Canada Centre for Remote
Sensing. They do not include images of Canadian terrain
sold by EROS (U.S. Geological Survey) in Sioux Falls, S.Dak.
or by ISIS (a private company) in Prince Albert, Saskatche-
wan. It is possible that these latter sales are equal to or
greater than sales reported here.

survey, an oil or mining company, or a consultant. The
next largest identifiable groups of users were for-
esters (45), library and information services (41), and
geographers (39), each with 7 to 8 percent of the
number of customers. However, there is a large group
of individuals and otherwise unidentifiable purchasers
(155 or 29 percent), which was not amenable to classi-
fication.

A semiquantitative estimate of the number of geo-
logical users was made from a computer printout of
net sales (i.e., excluding images generated for internal
use at the CCRS and NAPL) of standard Landsat
products®* in Canada up to September 15, 1975
(table 3). This analysis indicates that 41 percent of net
sales were made to identified geological users. How-
ever, there were uncertainties in classifying customers
as nongeological; hence the statistics are minimal
although the trends are real.

* Standard Landsat products are 9 X 9 inch prints and trans-
parencies, both colour and black and white.

CLASSES OF GEOLOGICAL USERS

A precise breakdown of purchasers by subdiscipline
within the geosciences is difficult to achieve. How-
ever, the results of a questionnaire prepared in sup-
port of this paper permit a semiquantitative analysis.
Of the 173 questionnaires sent to selected purchasers
with an identifiable geoscience interest, 70 (41 per-
cent) were returned by December 31, 1975. These
returns (table 4) show that mineral exploration com-
panies (45 or 64 percent) are the largest users of
Landsat data among Canadian geological users,
excluding the major collection in the Geological
Survey of Canada.

The industrial sector was represented by returns
from 52 companies and consultants. Of these, 4 com-
panies concerned with oil and gas exploration, 1
company concerned with mining exploration, and 3
consulting companies reported that they each analyze
over 100 Landsat scenes per year. One company in
each class reported using over 500 scenes per year.
Indeed, these 8 major users, by their own reports,
appear to use more images annually than all other 62
users combined.

The computer listing of sales by NAPL (table 3)
provides another means of assessing the classes of
purchasers within the geoscience community. Of the
36,433 standard products sold to recognized geo-
logical users (table 5), about half (18,022) comprise
black and white prints in a national collection at the
Geological Survey of Canada. The balance (18,411
standard products) was sold to the various users noted
previously. The figures in table 5 confirm the conclu-
sion that in terms of number of users, number of
images purchased, and number of scenes analyzed,
the mineral exploration companies are by far the
largest users of Canadian Landsat data for geological
applications. Similar companies also appear to be
major users of Landsat data in the United States
(Sabins, 1974) and Australia (UK. Remote Sensing
Society Newsletter No. 7, p. 14, Nov. 1975).

RANGE OF EXPERIENCE

Of the 70 users returning questionnaires, 31 per-
cent (22) started using satellite data in 1972, immedi-
ately after the launch of Landsat-1; 40 percent (28)
began their use in 1973; 23 percent (16) in 1974; and
only 6 percent (4) started in 1975. Of these same
users with experience in Canada, 24 percent (17) have
experience with Landsat data for other parts of North
America, and 21 percent (15) have similar experience
for other parts of the world.
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TABLE 4.—Geological users of Landsat data, 1975

Annual use (scenes per year)

Un-
Class 10 10~50  50-100 100-500 500 known  Total
Geological survey and
research:
(@) Gov'ts —____________ 1 3 3 - - - 7
(b) Universities ________ 4 4 1 - - - 9
Mineral exploration:
(a) Oil and gas ___._____ 3 3 3 3 1 1 14
(b)y Ore ___ . _____ 7 12 - 1 1 28
(c) Combined __________ - 2 1 - - - 3
Consultants and
contractors _____________ 1 3 - 2 1 - 7
Not specified ____.______ - 1 1 - - - 2
Total - ______ . ___ 16 28 16 3 2 70
TABLE 5.—Net sales of standard lLandsat products to recognized geological users
[Excluding a national collection at G.S5.C.]
Percent
of total
net
Class BWPRT* CPRT* BWTRA* CTRA* Total products
Oil and gas exploration
companies _______________ 3448 164 414 200 4226 22.9
Mining exploration
companies _____._._____.__ 4020 486 229 85 4820 26.2
Consulting and contracting
companies ____________.___ 2192 154 187 95 2628 14.3
Federal agencies ____________ 2463 755 244 72 3534 19.2
Provincial agencies _________ 1373 323 309 65 2070 11.2
Academic institutions _______ 941 37 88 12 1078 5.9
Other ___ . 47 6 - 2 55 0.3
Net Products __._____________ 14,484 1925 1471 531 18,411 100
National collection, G.S.C. ___ _______ . ___ 18,022
Total products sold to recognized geological users: ________________ 36,433

* BWPRT = black and white prints.
CPRT = colour prints.
BWTRA = black and white transparencies.
CTRA = colour transparencies.

LEVEL OF CANADIAN TECHNOLOGY FOR
GEOLOGICAL INTERPRETATION

Most users (93 percent of the 70 respondents) com-
monly use visual interpretation based on standard
photogeologic techniques. The remainder reported
rare or nil use of such techniques. Enlargements and
projections are commonly used for interpretation at
scales as great as 1:250,000. Two major users and
seven smaller users reported working at scales as

large as 1:50,000. Thirty-six percent (25) of the users
reported that they had tried seasonal enhancements,
but only 13 percent (9) noted that they did so com-
monly. Ten users (14 percent) reported using machine
assistance, 6 did so commonly. Comparable figures
for digital processing are 6 and 1. Of the seven users
reporting common use of machine and digital assist-
ance, only one purchases more than 100 scenes per
year.
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Most users (62 or 88 percent) use black and white
prints while about half have used colour prints (37),
enlarged prints (38), or black and white transparencies
(32). The strong preference by geological users for
black and white prints extends to all classes of such
users (table 5). Few users (<1 percent) have worked
with computer compatible tapes (CCT’s) or enlarged
transparencies, although 70 mm transparencies have
been more widely used (21 percent). All four MSS
bands and colour composites are the preferred ma-
terials for 40 percent (28) of the users while the re-
mainder prefer band 6 either alone or in conjunction
with band 5 and/or band 7. Band 4 receives less
use although it is ordered frequently.

In summary, the analytical technique in common
use among geologists at this time appears to be visual
interpretation of black and white prints. Very little
research seems to be directed to machine and com-
puter assistance for geological applications, although
there are a few notable exceptions.

CURRENT GEOLOGICAL USES OF LANDSAT
DATA

GENERAL

Interpretation, or the extraction of information
about the surface of the Earth, is the prime use of
Landsat data. Such use may be in support of re-
search to increase scientific knowledge or in support
of practical applications to meet economic and social
goals (Gregory and Moore, 1976). Practical applica-
tions are commonly assumed to have a high probability
for imminent return on investment. The distinction is
judgmental and lacks clarity. Other uses, such as
reference collections, illustrations, educational dis-
plays, and works of art have not been assessed,
although the first, in particular, requires large num-
bers of images.

During the past 3 years, much of the use of Landsat
data fell into the category of research as Canadian
geologists strove to define potential applications, par-
ticularly for use in geological mapping. However, only
13 percent of the respondents to the 1975 question-
naire considered that they were conducting research
currently. Hence there has been a steady growth in
the practical application of Landsat data. Accordingly,
we have attempted to sort and outline the various
Canadian uses of Landsat data under the two cate-
gories of research and practical application.

RESEARCH

Currently available results of research show a
primary concern with the development of techniques

to identify and map geological structures and the dis-
position of major classes of rock. Standard photogeo-
logic techniques were extended to the specific
geometry and data for Landsat, with emphasis on
texture and pattern. Thus, early visual studies estab-
lished that many Canadian geological provinces have
characteristic bulk textures and that geological linea-
ments and structures may be well expressed in
Landsat data (Gregory and Moore, 1975 and 1976;
Palabekliroglu, 1974a and b; Moore and Gregory, 1974;
and Slaney, 1974). Similar analyses suggested practi-
cal applications in hydrogeology (Ozoray, 1974). The
utility of temporal (or seasonal) analyses was demon-
strated by Moore and Gregory (1974). Optical Fourier
spectra were used by Arsenault and others {1974) to
select and enhance linear features. In addition, they
showed that holographic filtering could be used to
detect simple characteristic shapes.

Spectral discrimination for geological purposes
does not appear to have received adequate research
in Canada, at least outside the bounds of commercial
proprietary knowledge. Spectral discrimination of
vegetational anomalies and possible applications in
mineral exploration have been considered (see, for
example, Working Group on Geoscience, 1974), but
to date no success or systematic use has been con-
firmed. However, a most significant development has
been reported in the spectral discrimination of terrain
classes in the Canadian Arctic (Boydell, 1974, and
subsequent personal communication). This evaluation
shows that multispectral analysis of Landsat data,
using CCT’s and the Bendix MAD unit, could comprise
a potentially more rapid and relatively accurate al-
ternative to the conventional methods of preparing
preliminary terrain maps by airphoto analysis. At the
present stage of development, the validity of terrain
classes is dependent upon detailed knowledge of the
terrain and is not absolute, thus hindering general
extrapolation and regional mapping. This research,
however, is being continued by the Terrain Sciences
Division of the Geological Survey of Canada.

A strong interest in ice reconnaissance was indi-
cated by major users of Landsat data in the oil and
gas industry. Attendant research has focussed on
breakup and freezeup patterns in the Beaufort Sea
and on the measurement of floe size and rates of
movement during those periods.

PRACTICAL APPLICATIONS

No practical applications of Canadian Landsat data
are currently documented in the literature. This re-
flects, in part, the newness of such applications in that
case histories are still subject to field investigation
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and, in part, the common commercial requirement for
protection of proprietary rights with respect to meth-
odology and results. The questionnaire previously
mentioned, however, shows that Landsat images are
being widely, intensively, and systematically used by
mineral exploration companies and consultants. The
practical objectives of such applications are relatively
simple, as revealed by respondents to that question-
naire. A regional overview of geology is the prime
requisite of 86 percent of the users, 67 percent are
particularly interested in analyzing linears, and 41
percent in the selection of targets for more detailed
investigation (c.f., Sabins, 1974; Collins and others,
1975, for U.S.). Secondary objectives included spectral
discrimination of rock types and alterations (27 per-
cent), which surely was mainly experimental, and the
use of images as base maps for planning and man-
aging exploration projects (26 percent). About 13 per-
cent of the respondents reported using Landsat images
for each of the following: recording environment in
the vicinity of producing sites, regional overview of
logistical factors, and classification of materials. The
principal information derived from the Landsat data
comprises: geclogical structures (66 percent), dispo-
sition and classification of rock units (46 percent), and
surficial geology (34 percent). Other types of informa-
tion, each reported by less than 10 percent of the
respondents, include information related to soil type,
erosion and sedimentation, terrain classes, surface
water, land use, construction aggregate, ground water,
natural disasters, and waste disposal. Other interest-
ing uses, each reported by one respondent, were:
spectral discrimination of zones of subsidence and
correlation with aeromagnetic data.

While published case histories are lacking at pres-
ent, there are several Canadian projects to which
Landsat data are known to have made major or prime
contributions. For example, they have been used to
assess the structural framework of metallogenic
provinces (linear analyses), to define structural and
lithologic targets for diamond exploration in Africa
and Canada (linear and spectral analyses), to plan
alternate routes for a pipeline (mapping of well-
drained ridges formed by glacial fluting), to classify
mine wastes at a scale of 1:50,000 (spectral analyses),
and for geological mapping to locate rock types, folds,
and faults of importance in oil and gas exploration. In
addition, as noted previously, there are active projects
for mapping ice conditions related to oil and gas ex-
ploration in the Beaufort Sea and for forecasting
snow and ice cover to assist in planning mineral ex-
ploration in northern Canada.

BENEFITS FROM USE OF LANDSAT DATA

Respondents to the questionnaire reported that the
major benefits which they recognized from their use
of Landsat data were:

1. Acquisition of geological information that is not
readily available otherwise (64 percent);

2. Acquisition of supporting information to be inte-
grated with other data (53 percent); and

3. Saving in time in assessing the regional geology
(48 percent).

About 20 percent of the respondents reported that
their use of Landsat data had resulted in a lower cost
for assessing regional geology, had assisted in reduc-
tion of area for detailed study, and had assisted in
mineral prospecting. Unfortunately, from a scientific
viewpoint, a successful application of Landsat data
in mineral exploration is least likely to be disclosed
publicly. About 14 percent of the respondents reported
receiving additional nongeologic information that was
not readily available otherwise.

Ninety-three percent of the respondents reported
that their use of Landsat data had contributed to their
geoscience programs; 43 percent (30) considered the
contribution to have been modest; 8 percent (5) con-
sidered it large, while 43 percent (30) considered it
minimal; and 7 percent did not answer. Specific cost
savings could not be identified by 41 percent (29),
while 13 percent (9) consider there was no measure-
able saving, and 46 percent (32) did not answer the
question.

These responses about benefits confirm the view
that Landsat data, in conjunction with other types of
data, are employed extensively in the regional
reconnaissance which precedes more expensive, de-
tailed methods of exploration. As is well known, many
different geological, geophysical, and geochemical
techniques are employed in compiling the information
that eventually leads to a mineral discovery. Thus, it
is simplistic and unrealistic to credit a discovery to a
single methodology. It is equally unrealistic to expect
an identifiable cost benefit to be assigned to a specific
use of Landsat data. However, it is significant that 50
percent of the respondents, including 6 of the 8 major
users, claim a modest to large benefit from their use
of Landsat data.

FORECAST OF TRENDS

The utilization of Landsat data will continue to fol-
low the typical use curve that describes the temporal
development of new technology. With respect to visual
photogeologic interpretation, the use of Landsat data
has rapidly risen to ‘Panacea Peak,” fallen into
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“Sanity Slump,” and is now beginning to climb
“Reality Rise” toward the “Plateau of Practicality.”
However, the geological goals of practical spectral
discrimination and automated processing have yet to
be defined, and regular low-cost production has not
been achieved.

Further research in these latter fields will be
hindered by the fundamental limitations of surficial
obscuration (lichens, vegetation, and overburden) and
the lack of the third dimension, depth. Such limitations
suggest that major support for this research must be
obtained from organizations concerned with surficial
mapping (e.g.,, governments and universities) rather
than from mineral exploration companies which have
equal or greater concerns with depth. Nevertheless,
there are compositional contrasts of geoscience in-
terest (e.g., gossans, alteration zones, and vegetational
anomalies) that can serve to focus further research
by means of spectral and automated analyses. The
subsequent development of practical applications will
be guided by the fact that these techniques, like all
other methods of exploration, will not be specific but,
rather, will undoubtedly present a multiplicity of
anomalies for field checking.

Visual interpretation of Landsat images will con-
tinue to receive increasing acceptance as a tool, in
conjunction with others, for developing concepts to
guide mineral exploration and geological mapping,
both in Canada and abroad. Landsat images will soon
become a prime tool for regional geological recon-
naissance, especially for poorly explored, arid and
semiarid areas. This will probably become true even
if Landsat were to fail in the near future. However,
much additional experience must be accumulated be-
fore geologists can confidently associate mineral de-
posits with features on Landsat images. In particular,
the ubiquitous linears will require classification and
analysis before their geological significance can be
fully understood. In this growth of practical applica-
tions, transparencies will be substituted for prints in
laboratory analyses because of the inherently greater
resolution; however, prints will be preferred for anno-
tation and field studies. Improved instrumentation will
be developed to assist such analyses.

Spectral discrimination and automated processing
will evolve very slowly until substantial funding and
dedicated programs are developed in support of geo-
logical applications. A major and practical advance in
terrain classification by automated methods appears
imminent. However, because of complex interrela-
tionships between bedrock, soil, water, and vegeta-
tion, automated pattern recognition will remain
unattainable for all but the simplest geological goals

(Gregory, 1973, p. 89; Sabins, 1974) and even there
may be too expensive for practical application. While
Landsat data have the advantage of uniform raked
illumination, minimum geometric distortion, synoptic
view, and worldwide coverage, it is primarily the
related low cost of purchase and analysis that has led
to their widespread adoption for regional reconnais-
sance. Spectral discrimination and automated process-
ing will not be adopted for regular use until their
current high costs are reduced. Indeed, as Kite (1975)
has noted, it remains to be shown that such methods
will be significant for mineral exploration and geo-
logical mapping. Perhaps the most useful future
development for geoscientists will simply be an in-
crease in resolution to 2 or 3 times that currently
attained with Landsat.

CONCLUSIONS

Canadian interest in Landsat data is widely spread
and more-or-less equally divided among companies,
educational institutions, and government agencies.

Geoscientists have had a long, continuing, and ma-
jor involvement with the Canadian Landsat program.
However, at present only about 10 percent of the
geoscientists have a strong commitment to the activity.

Current data defining sales and use of Landsat data
show that identified geoscience organizations are
major, if not the principal, users of Landsat data.
Excluding reference collections, mineral exploration
companies and consultants are the principal users.

Most (71 percent) geological users of Landsat data
have been using such data since 1973 at least; the
remainder started more recently but primarily in
1974. Nearly a quarter of the Canadian users have
experience with Landsat data for other parts of the
world.

Visual photogeologic interpretation of black and
white prints comprises the principal Canadian method
of analysis. Digital processing and machine assistance
have not really been assessed for geological applica-
tions, and little relevant research has been reported.

Most Canadian research has been directed to the
development of visual techniques to meet specific
requirements for the analysis of texture and patterns
in Landsat images. However, there has been a major
advance in the digital classification of Arctic terrain.

Practical applications are not yet documented in
the literature. However, known examples are related
primarily to reconnaissance for geological structure
and disposition of surficial materials. Half of the geo-
logical users of Landsat data claim a modest to large
benefit from such use but cannot identify a specific
dollar benefit.
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In view of the major geoscience involvement, in-
creased support is warranted for research into digital
and automated methods of processing Landsat data
to meet geological objectives. In particular, this should
include temporal change detection, spectral dis-
crimination and ratioing, and directional filtering, if
warranted by developments in linear analysis.

The level of development of practical geologic ap-
plications in Canada is greater than predicted in a
pre-Landsat forecast. Visual interpretation of Landsat
images will soon become a prime tool, in conjunction
with others for regional exploration, particularly in
arid regions. Automated processing will remain in the
research stage until low-cost methodologies are de-
veloped to meet specific geological objectives.

Because the specific Canadian context comprises
a large, well-mapped terrain, the conclusions reached
here should be extrapolated with caution to other
different and less-explored terrains.
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FIGURE 3.—East Pacific Rise and Neovolcanic Axis structure. (After Mooser, 1972.)

and Gonzalez, 1967) provides further evidence of a
major right lateral transverse displacement along the
Neovolcanic Axis. Displacement of the silver provinces
of the Sierra Madre Occidental, eastward to match
silver provinces along the Guanajuato-Pachuca
province agree with Mooser’'s 160-km right lateral
displacement (fig. 5). The author’s study of fracture
trends and evidence from the Landsat imagery, how-
ever, does not show continuity of large fractures
which could sustain Gastil's proposal.

Undoubtedly, Mooser’s and Gastil’s research are
the best efforts to get first-hand information about
the Mexican Neovolcanic Axis’ modern geology. Un-
fortunately, the observations were apparently based
on isolated visits to different Neovolcanic Axis locali-
ties with lack of continuity in time or space, so that
they may yet require a thorough revision.

There are discrepancies in the above-mentioned
authors’ results. For instance, within the Neovolcanic
Axis Metallogenetic Province, andesite surface flows
predominate on its western end, and andesites and
rhyolites predominantly appear on the eastern part
>f the province. This is not explained by Mooser or
Sastil. There is a large metamorphic basement com-
plex of pre-Cretaceous age between Cabo Corrientes
and Barra de Navidad, which extends inland almost
to Talpa, Jalisco. The origin of this intrusive massif

has not been explained by either of the authors nor
is its importance noted within the Neovolcanic Axis
Metallogenetic Province. Apparently, this metamorphic
basement complex underlies the volcanic sequence of
andesites and outcrops between Talpa, Jalisco, and
Rahia de Banderas, Jalisco, eastward to Ameca and
southward to the town of Autlan, Jalisco. Thus it has
large bearing on tectonic surface evidence.

On the other hand, the metamorphic basement com-
plex is itself intruded by a granodiorite pluton, prob-
ably of Cretaceous age, but certainly pre-Tertiary.
These phenomena can be observed south of Puerto
Vallarta and west of Talpa, Jalisco. Another wide
area of intrusive acid igneous rocks is at Purificacion
and Armeria Rivers west of the city of Colima (fig. 6).

In studying the tectonic lineaments of the western
part of the Neovolcanic Axis, consideration must be
given to extensive outcrops of sedimentary rocks of
Cretaceous age in the eastern part of the State of
Colima and the southern part of the Neovolcanic Axis
in the States of Jalisco and Michoacan. In this case,
most of the Cretaceous section is made up of a thick
limestone sequence interbedded with sandstone and
shale formations.

From the meridian of the city of Morelia eastward
(fig. 6), the Neovolcanic Axis is bordered on the south
by another large area of metamorphic rocks which is
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FIGURE 4.—Bouguer anomalies showing coincidence of strong gradient with Sierra Madre Occidental (Gastil, 1973).

clearly visible immediately west of Valle de Bravo in
the State of Mexico, as well as by a thick sedimentary
section in the States of Michoacan and Guerrero west
of Taxco. At this latter place the basement metamor-
phic complex underlying a thick sedimentary section
outcrops extensively north of the city of Taxco. East-
ward from the Valley of Mexico to the Gulf of Mexico,
a sequence of volcanic rocks of late and middle
Cenozoic age outcrop extensively. This volcanic se-
quence overlies the thick geosynclinal facies of the
Sierra Madre Oriental section of thick limestone se-
quences and thinner shale and sandstone formations.
This can be noticed around the town of Oriente to
the east of the city of Puebla eastward to the city of
Orizaba, Veracruz. The northern border of the Neo-
volcanic Axis is made up of the same volcanic se-
quence previously mentioned, to the town of Mizantla,
Veracruz, just south of Poza Rica. This massif, the
Teziutlan Massif, made up of the volcanic sequence
and some intrusives, extends southward almost to the
city and port of Veracruz on the Gulf of Mexico.
Because of the heterogeneity of the section that
has been affected by diastrophic distortions, -t is well

to keep in mind in the interpretation of lineaments
from Landsat imagery, that the different type of rock
and their different ages of emplacement will of
course behave differently to tectonic stresses. Also,
lineaments that appear in older sections, like the
basement complex, will not necessarily show in sur-
rounding country which may be capped by a more
recent volcanic sequence.

It is also well to keep in mind the way lineaments
and evidence of distortion will appear in the imagery
studied, if one considers that there are important
intrusives such as those at Tamasula, Jalisco, at
Mascota on the Rio Ameca south of Zapotlan, Jalisco,
and along mountains of igneous rocks which lie to the
west of Ameca and Etsatlan in the State of Jalisco.
There are a large number of stocks at Rosales and
Tacambaro in the State of Michoacén, that can readily
be seen in the Geologic Map of Mexico (Mejorada,
1968). There are intrusives which may not outcrop, as
is the case of those that underlie a volcanic andesitic
and rhyolitic sequence at the mining district of El Oro
and Tlalpujahua. In this case, mining activity has re-
vealed that these intrusive stocks and dikes are post-
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FIGURE 5.—Trend of orientation of silver deposits in Mexico

volcanic sequence in age and may have caused the
mineralization (fig. 6).

If the lithologic heterogeneity of the stratigraphic
column and the age of the volcanic sequence which
covers most of the Neovolcanic Axis is studied, per-
haps an explanation will be found for the variety of
orientation of fracture and faulting which may be
observed in the Landsat-1 imagery.

Gastil (1973) suggested that a zone of cortical weak-
ness which extended northwestward and formed the
Gulf of California, existed in the area that is now oc-
cupied by the Neovolcanic Axis. He advocates the
thesis that the zone of weakness might have existed
during the Mesozoic and that at that time the lateral
and longitudinal displacement started to separate the
peninsula of Baja California from the continent. He
concludes also that the rupture movement was in-
tensified during Oligocene and that later, during
Miocene time, coincided with the eruption of ignim-
brites and igneous extrusives which eventually formed
the Basin and Range province to the north in the areas
of Arizona, New Mexico, Sonora, and Chihuahua.

According to Gastil (1973), the real dislodging of
the peninsula may have started approximately 14 mil-

showing apparent displacement of subprovinces (Gastil, 1973).

lion years ago. This may have originated the Neovol-
canic Axis displacement of the andesite-rhyolite
sequence which constitutes the volcanic sequence
outcropping there.

Finally, the larger features, alineaments of frac-
tures and faults, observed from Landsat-1 imagery
do not result from one or two diastrophic movements
but are the result of any number of diastrophic move-
ments that are coincident with the emplacement of
the volcanic sequence and the intrusive rocks.

IMAGERY INTERPRETATION

Except for a few major fractures, such as those
mentioned at the mining district of El Oro and
Tlalpujahua, State of Mexico, the rest of the features
in figure 7 have not been checked extensively in the
field. Consequently, it is obvious that a large part of
these structural features are inferred. They are highly
interpretational, and they should be so considered
when studying the interpreted figures.

In spite of the quality of the photos, which were
not the best, and the possibility of obtaining better
band mixes with more contrast, the lineaments of
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igneous massif a cluster of quite noticeable faults,
some 20 to 30 km long, that cross the north-south
faults. This cluster of smaller faults shows a marked
tendency of orientation NE-SW. This phenomenon can
be observed to the north and east of Rio Coahuayana,
southeast and east of the city of Colima, 70 km east
of the city (southwestern area, fig. 2). A similar phe-
nomenon can be observed as NE-SW faults cross
NW-SE faults 35 km to the north and southeast of the
city of Zimapan, State of Hidalgo (east-central area,
fig. 2). In this case, these crossed faults are usually
short, less than 40 km long.

In the central part of the area, in the State of
Guerrero, and southwest of the city of Iguala, a cluster
of faults trends NE-SW. The same NE-SW orientation
predominates in practically all the small faults (30-40
km long). Again, within 100 km radius of Ciudad
Altamirano, Guerrero (south-central area, fig. 2), there
are any number of areas in which clusters of faults
several tens of kilometres long appear, all of them
oriented NE-SW. Examples are the area north and
south of Lago Cuitzeo, and between this lake and
Laguna Yuriria, in the State of Michoacéan (central
area, fig. 2), and also east of Lake Chapala and along
Rio Huizcata northeast of the city of Guanajuato.
Tectonics related to intrusions are shown by a number
of faults which appear in an area called Cerro
Desmoronado, some 30 km east of Puerto Vallarta on
the Pacific side of the Neovolcanic Axis. Here faults
are multidirectional, and the author believes that these
are caused by the later intrusives to the west of the
town of Talpa. It looks like the stock pierced and dis-
located the volcanic sequence, also giving origin to
the mineralization. In this Cerro Desmoronado area,
which shows extensive mineralization, are the famous
Amaltea and Cuale mines of the Compania Minera
Fresnillo, S. A.

A long east-west fault which appears extensively in
the literature of the Neovolcanic Axis, is the so-called
Falla de Acambay. The town of Acambay lies some
20 km north of the mining district of El Oro and
Tlalpujahua. East-west faulting appears at the mining
district and not necessarily at the town of Acambay.
This fault is some 100 km long, but does not connect
with those of Chapala, and, as formerly mentioned, it
is more likely that this faulting occurred due to the
emplacement of intrusives which underlie the El Oro
and Tlalpujahua mining district.

Emphasis must be made on the lack of continuity
of many of these tectonic features as observed in
Landsat-1 imagery. There are extensive lava flows of
recent age, which may not reflect structural distortions
of large magnitude and of previous geological ages.

That is, Quaternary extrusives and pyroclastics may
disguise evidence of diastrophic or tectonic move-
ments.

This may be the case of the mining district of
Pachuca. Serious efforts have been made to decipher
structural control therein. Both to the north and south
of Pachuca City, Quaternary volcanics and pyro-
clastics of great thicknesses completely disguise any
structural features that might have been observed
otherwise. Forty or 50 km north of the Pachuca min-
ing district, evidence of the Sierra Madre Oriental
folding may be observed in high mountains where
thick limestone sequences outcrop. These show a per-
fect lineament oriented NW-SE, but Quaternary vol-
canics and pyroclastics cover older rocks which might
otherwise have shown tectonic features.

TECTONIC FEATURES AS RELATED TO
METALLOGENETIC PROCESSES

A general study of the principal structural features
in Mexico revealed an intimate relationship of tec-
tonics of continental scale with metallogenetic proc-
esses which have given rise to the principal mining
districts in the country.

The author has subdivided the country into six
metallogenetic provinces. The Neovolcanic Axis
Metallogenetic Province, which is the main object of
this exercise, is one of them. It is bound on the north,
from west to east, by the southern end of Sierra
Madre Occidental, the Central Plateau Province, and
the Sierra Madre Oriental. The southern boundary is
made up, from west to east, by the Sierra Madre del
Sur and the Sierra Madre Oriental’s southern con-
tinuation.

As previously stated. it is the author’s contention
that metallogenetic processes are controlled by oro-
genic movements along lines of diastrophic weakness.
There has been some previous work done along this
line by Russian economic geologists and metalloge-
necists. In 1940, a group of Russian geologists, under
the direction of Y. A. Bilikin, studied the factors that
rule the distribution of minerals that constitute ore on
the Earth’s surface. Shatalov reported on this work
in 1972, and the Canadian geologists, McCarthy and
Potter (1962), studied the Soviet's results with regard
to the origin of mineral deposits.

Bilikin's group prepared a thorough statistical
compilation of the Soviet Union’s different geologic
districts, mineral deposits, their geologic environment,
the country rock types, absolute age of mineralization
of the country rock itself, and the age of tectonisms
that gave rise to the accumulation. Bilikin (1955) re-
ports to have found an intimate relation in time and
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a recurrent relationship regarding composition of ore
deposits between the complex specific minerals and
the specific intrusive rocks. These in turn were all
related to a tectonic cycle in a zone of mobile belts.
The Canadian geologists thought this interesting
enough to attempt such a study of the eastern part of
Canada and the Rocky Mountains province of British
Columbia.

There are a number of results of research on
metallogenetic processes which relates ore deposits
to intrusive and/or extrusive igneous rocks. Kraus-
kopf’s (1967) study, for example, is a very well docu-
mented study of orogenies with regard to the
metallogenesis of ore deposits and the relation that
these have to different igneous rock emplacements.
Thus, it is reasonable to assume that ore deposit
genetics are intimately related to the emplacement of
those igneous rocks mentioned, and they in turn are
related to orogenic epochs.

The origin of ore deposits is not within the scope of
this exercise. Rather, their occurrence with respect to
movements along mobile belts is under study. It is
important to demonstrate that the magma which is
originated in the upper part of the mantle, possibly
just below the Mohorovicic Discontinuity or immedi-
ately above it, finds its way upward through the litho-
sphere by using large fractures and faults to rise
toward the surface. Consequently, the author’s Land-
sat-1 imagery study to relate large faulted areas to
metallogenetic processes has used that concept as a
basis for his contention.

To substantiate this thesis, the author points out the
occurrence of large mineral deposits along the large
fractured lines in the Neovolcanic Axis Metallogenetic
Province such as the area in the east-central part of
it, including the Pachuca silver deposits, the Zimapan
lead-zinc-silver deposits, the Taxco lead-zinc-silver and
fluorite deposits, the El Oro and Tlalpujahua gold and
silver deposits and the Angangueo silver and gold de-
posits. Other somewhat smaller deposits lie along the
extreme western part of the Neovolcanic Axis Metal-
logenetic Province, such as the lead-zinc-copper-silver
deposits of Cuale and Amaltea in the Cerro Desmo-
ronado area, immediately southeast of Puerto Vallarta
on the Pacific seaboard (fig. 7).

All of these mineralized areas occur along very
extensively faulted areas. Faulting may occur oriented
east-west, as at El Oro and Tlalpujahua; or NE-SW,
as at Zimapan; or as at Taxco where faulting occurs
oriented mainly WNW-ESE; or multidirectional fault-
ing and fracturing as at Cuale and Amaltea in Cerro
Desmoronado, south of Puerto Vallarta.

From all these observations, the author surmises
that if the tectonic feature is large enough, that is, if
faulting occurs along more than 50 to 100 km, this
by necessity must have also affected a large thickness
of the lithosphere reaching into the asthenosphere, or
the upper part of the mantle, where magmatic ma-
terial exists. This magma, along with its constituent
fluids, finds its way through the large faulted area to-
wards the surface. The longer it has to migrate
through the lithosphere the better opportunity it has
to dissolve additional chemicals which eventually will
form ore deposits useful to man at the nearest surface
part of the lithosphere and/or outcropping.

Figure 2 shows incidence of mineral occurrences
along and in, or about, intensively disturbed areas.

DESCRIPTION OF SOME MINERAL
DEPOSITS ALONG THE MEXICAN
NEOVOLCANIC AXIS AS RELATED TO
TECTONIC FEATURES

Specialized literature described adequately the
geology of ore deposits of importance along the
Neovolcanic Axis Metallogenetic Province. Conse-
quently, and congruently with the thesis herein sus-
tained, the author described only in general those
tectonic features that have controlled mineralization
in certain important mining districts.

PACHUCA Y REAL DEL MONTE MINING DISTRICT,
STATE OF HIDALGO

This is the most important mining district in this
province (fig. 8). Geyne and others (1963), in their
monumental work have an excellent description of
this district, which is located 100 km north-northeast
of Mexico City, at the eastern edge of the Central
Plateau Metallogenetic Province or the northeastern
edge of the Neovolcanic Axis Metallogenetic Province.
This mining district occurs precisely in the area where
the folded belt of the Sierra Madre Oriental Metallo-
genetic Province plunges under an andesitic volcanic
sequence. East-west faults, 20-30 km long, are vaguely
shown in the Landsat—1 imagery, but may be mapped
on the ground. The volcanic sequence is of Pliocene-
Pleistocene age and has not been eroded intensely
enough to reveal more clearly structural features be-
neath the strata. Some NW-SE, N-S, and NE-SW fault-
ing may be observed in the satellite photos but not as
clearly as on the ground. Valley fill and Quaternary
rhyolitic lava flows mask the largest structures.

The rock in this district consists of volcanoclastic
material interstratified with low dipping andesite and
rhyolite flows. The lowermost beds, at 1,000-m depth,
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FIGURE 8.—Structural map of Pachuca (Geyne and others, 1963) showing east-west and northwest-southeast faults and
veins. Notice Quaternary rhyclite flows mask surface fault traces.

are probably of early Oligocene age and the upper-
most are probably of late Pliocene and/or Pleistocene
(Geyne and others, 1963). The whole volcanic se-
quence lies unconformably over the eroded, down-
faulted, and intensively folded marine limestone
sequence of the upper Mesozoic which forms the
Sierra Madre Oriental. Immediately to the north of the
city of Pachuca, this folded sequence of the Sierra
Madre Oriental shows a perfect NW-SE lineament.
The Tertiary rocks have been deformed by several
oscillating movements of varied intensities. These
structural features have developed numerous faults
with steep dips. The faults are usually of the normal
tension type. However, this faulting shows well marked
east-west strikes, but also some north-south and
WNW-ESE orientations. It seems that the structural
movement occurred at the end of the Oligocene and
during the Miocene and was followed by the emplace-
ment of dacitic-porphyry dikes and quartziferous dikes
and sills. These dikes show a definite east-west orien-

tation and undoubtedly were emplaced through faults
which have the same orientation. Their age is post-
Laramide.

Unfortunately, most of this information has been
obtained underground and surface evidence though
relatively abundant is certainly not clearly observable
from Landsat-1 imagery in this particular case.

TAXCO MINING DISTRICT, STATE OF GUERRERO

This mining district (fig. 9) lies approximately 120
km southwest of Mexico City.

The region suffered tectonic distortion apparently
in two different geologic epochs. The Cretaceous
rocks outcropping show large folding in the shape of
anticlines with axes locally oriented NE-SW. North-
south folding is also occasionally observable. Mineral-
ization occurs both in sedimentary and metamorphic
rocks of the basement complex. On the other hand,
the area suffered distortion caused by the early
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FIGURE 9.—Taxco mining district, State of Guerrero, showing vein control by faults and fractures. (After Fowler

and others,

Eocene orogeny (Laramide), and NW-SE trending
large faulting predominates and may be observed in
Landsat-1 imagery.

There was another very clear tectonic orogenic
movement which occurred at the end of the Pliocene.
Fries (1960), has also found evidence of intense de-
formation at the beginning of the Pleistocene. This
seems to correlate well with orogenic movements in
the mining district of Pachuca.

The Taxco mining district’s main ore production is
lead, zinc, silver, and gold. The ore occurs as vein
filling of fractures and faults of the Taxco schists at
Mina El Pedregal. Ore bodies also occur in fractured
limestones of Cretaceous age at Mina El Pedregal, La
Concha, and San Antonio. Again mineralization occurs
in clastic beds of the Mezcala Formation at the Mina
dests. Finally, a very weak mineralization process

1948.)

reached the lowermost part of the overlying Tertiary
volcanic sequence. All of this indicates that the min-
eralization was contemporary with the fracturing sys-
tems of the late Pliocene and early Pleistocene much
as it happens in Pachuca. However, the main metallo-
genetic processes seem to have taken place in the
late Oligocene or early Miocene and probably re-
newed in more recent geologic epochs.

HUAHUAXTLA MINING DISTRICT,
STATE OF GUERRERO

This ore body is located approximately 15 km
northwest of the city of lguala, Guerrero. The ore
bodies occur in faulted Morelos Formation as well
as the Cuautla and Mezcala section of the Middle and
Upper Cretaceous. The Huitzuco mercury district, 20
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km east to Iguala, also contains mercury and antimony
which occur principally in faulted limestone of the
Morelos Formation of Cretaceous age as well as in
dolomite-and anhydrite. Here again, there is indirect
evidence of post-Cretaceous mineralization. It is thus
possible to correlate mineralization metallogenetic
processes to the same orogenic movements that gave
origin to the Pachuca and Taxco ore deposits.

EL ORO AND TLALPUJAHUA MINING DISTRICT,
STATE OF MEXICO

This is a district which has been developed since
1521 and shut down partially until recently. It pro-
duces epithermal cavity and vein-filling gold and silver
deposits. Stockworks are also common. The ground
rock is made up of black slate (fig. 10).

The veins fill cavities in great and small faults which
run nearly east and west. They are covered by ande-
sitic rocks of the volcanic sequence of post-mineral-
ization age. Again, in this district, it is estimated that

metallogenesis took place during early Miocene time,
as shown in the principal veins called San Rafael, La
Verde, and San José de la Borda.

The El Oro and Tlalpujahua mining district is con-
trolled by large, parallel faults over 100 km long. Here
NE-SW trending faults of less extension, and NW-SE
short faulting also occur, some of which is rather re-
cent much as it happens in Taxco and Pachuca. In the
author’s opinion this faulting may be the reason for
the enrichment of the pre-Miocene and Miocene min-
eralization. The author believes that volcanic action of
Pliocene-Pleistocene age caused the reworking of the
original ore and gave rise to enrichment.

OTHER LESS IMPORTANT MINING DISTRICTS

There are any number of smaller mining districts
which occur where clusters of large and small frac-
tures show in the Landsat-1 imagery. For instance,
the intrusive that gave rise to the Tetela gold mine in
the northern part of the State of Puebla, approximate-
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ly 80 km northeast of the city of Tlaxcala, is one such
result of the tectonic distortion.

Again, in the immediate vicinity of the town of
Teziutlan in the northeastern part of the State of
Puebla and at the edge of the Gulf of Mexico water-
shed, there are copper mines which originated at the
contact of the intrusive rocks and limestones of post-
Cretaceous age. In the immediate vicinity and farther
north, the abandoned iron mines of Tatatila and the
copper and gold deposit called Las Minas, 30 km
northwest of the capital city of Jalapa, occur in
intensely folded and faulted areas which show both
the typical volcanic sequence structures of the Neo-
volcanic Axis Metallogenetic Province and the NW-SE
trending controlling axis of folds and faults of the
Sierra Madre Oriental orogeny (Laramide).

Along the western part of the area, smaller faults
show a marked tendency of orientation NE-SW. This
phenomenon can be observed to the north and east
of Rio Cohaguayana 27 km southeast and east of the
city of Colima. In the State of Hidalgo, a similar phe-
nomenon can be observed as NE-SW faults cross
NW-SE faults, immediately to the north and southeast
of the city of Zimapan, Hidalgo. In this case, these
cross faults are usually short, less than 40 km long.

In the central part of the area, in the State of
Guerrero, immediately to the east and northeast of
Ciudad Altamirano, a cluster of NE-SW short faults,
less than 30 km long, intersect long NW-SE trending
faults which show up predominantly along the Rio
Cutzamala from the area of Ciudad Altamirano north-
ward to the town of Tzitzio.

It seems that mineralization follows the NW-SE
preting Landsat imagery for mineral or hydrocarbon
NE-SW trending short faults intersect the longer ones.
These are controlled by the early Eocene orogeny
(Laramide).

The author wishes to stress the fact that in inter-
preting Landsat imagery for mineral or hydrocarbon
exploration purposes in areas such as the Neovolcanic
Axis of Mexico where very recent volcanic sequences
mask older tectonic features, one must extrapolate
into the area structural lineament from more eroded
or uplifted areas where they can be observed clearly.

It certainly enhances the possibilities of selecting
prospective areas by helping to pinpoint targets.
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ABSTRACT

Tectolinear interpretation of satellite image mosaics
has proven to be a powerful method for tracing the
course of basement fracture zones which have been
propagated upward through a platform cover and
even through orogenic belts. The method has also
been applied to locate fracture zones, the orientations
of which have been changed by rotation of litho-
spheric plates.

A tectolinear interpretation map of the United
States by W. D. Carter, set in context with structural
geological knowledge of the Canadian Shield, sug-
gests that the Hudson Bay paleolineament (HBP) of
J. Kutina may extend into the Precambrian basement
of the Eastern United States. Spatial correlation of sig-
nificant ore districts with the HBP and associated
structures in Canada (both in the Archean greenstone
belt and outside) suggests that important ore concen-
trations may also exist along the probable extension
of the HBP beneath the sedimentary cover of the East-
ern United States, where it may intersect with an
east-west trending fracture zone, distinguished by
A. V. Heyl (1972), between 38° and 40°N. in the Cen-
tral and Eastern United States. A number of Missis-
sippi Valley-type ore deposits are spatially associated
with this east-west fracture zone.

Three major northwest-trending lineaments have
also been delineated in South America, and their ex-
tension into the Andean Region has been traced by
statistical treatment of linears in the Landsat mosaics.
These northwest-trending lineaments may very well
have been E-W fracture zones in the paleogeographic
orientation of South America before it was separated
from Africa.

INTRODUCTION

The investigations carried out in the last decades
by Ewing, Heezen, Hess, their coworkers, students,
and followers have brought new insight in the knowl-
edge of the structure of the upper parts of the Earth.
One of the outcomes of this scientific trend was the
concept of the “new global tectonics” as introduced
by Isacks, Oliver, and Sykes (1968). Morgan (1968),
Le Pichon (1968) and others. This concept, referred
to also as ‘‘plate tectonics.” has revived the old con-
tinental drift hypothesis of Alfred Wegener, giving it
a new geophysical interpretation.

Since the time of the above papers, an enormous
literature on plate tectonics has accumulated, with
some papers accepting it as a proven model, and
others expressing different degrees of agreement or
disagreement with the new concept. The controversy
which exists in the world literature is reflected well
in the volume of papers ‘“Plate Tectonics—Assess-
ments and Reassessments,” edited by Kahle (1974).
There are a number of other critical papers that
should be mentioned, especially that by Sheinmann
(1973).
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