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FOREWORD

he launch, on July 23, 1972, of the first Earth Resources Technology
T Satellite (ERTS—1) by the National Aeronautics and Space Administration

and the subsequent launch of ERTS-2 (Landsat-2) on January 22,
1975, were major steps forward in extending man'’s ability to inventory the
Earth’s resources and to evaluate objectively his impact upon the
environment.

The ERTS spacecraft represent the first step in merging space and
remote-sensing technologies into a system for inventorying and managing
the Earth’s resources. This development is a good example of applying the
scientific and technological methodology gained from the Nation’s space
program to the solution of global environmental, natural-resource, food, and
energy problems. Evidence in hand strongly suggests that the ERTS space-
craft are central to one of the largest and most significant earth-science ex-
periments ever undertaken.

Examples presented in this book demonstrate ERTS’ vast potential for
inventorying resources, monitoring environmental conditions, and measur-
ing changes. Such information is essential for the full evaluation of the
Federal lands and determining their future use, as well as for improved plan-
ning of overall land use throughout the United States and the world.

More than being merely another scientific experiment, this undertaking
is @ multinational, multidisciplinary experiment on a global scale. Approxi-
mately 100 nations are participating, and it is believed that the program will
contribute materially to achievement of an objective basis for setting inter-
related resource, environmental, and social priorities for much of the world.

Data from U.S. Earth resources survey satellites are of help to all nations
in coping with natural resource and environmental problems. This is so
because we have only rudimentary knowledge of our resources. Even more
limited is our knowledge of the effect of development and consumption of
these resources on the long-term future of our planet. Thus, we are restricted
in our ability to make the decisions necessary for the wisest possible utiliza-
tion and conservation of the resources upon which we depend for our very
existence.



The Government of the United States hopes and believes that by work-
ing together with other nations we will be able to develop cooperative pro-
grams in remote sensing. The development of these programs will allow the
diffusion of knowledge gained from remote sensor technology, such as
ERTS, by making data available and providing for the education and training
of technicians in this field, and also through the user assistance necessary to
convert imagery, photographs, and other data into useful information for
resource inventory and survey purposes. Typical repetitive information al-
ready available relates to such disciplines as geology, hydrology, geography,
cartography, agriculture and rangeland management, forestry, and land use
mapping and planning.

Original electronic signals of data acquired with ERTS are being con-
verted by NASA to photographic-type images, that in turn are being pro-
cessed at the EROS Data Center, Sioux Falls, South Dakota. The Center, thus,
is a key installation serving as an international repository for processing,
interpreting, and disseminating thousands of images per year of a wide
variety of land and water features of the world. These images are being pro-
vided to all users, domestic and foreign, at nominal cost. The data are par-
ticularly useful for those who are involved in urban and suburban planning,
zoning, construction, and similar activities, as they provide unique tools in
helping to arrive at wise land- and water-use decisions.

A number of formal scientific experiments have been completed or are
in progress within the Department of the Interior that have demonstrated
contributions from space technology to resource assessments. Ten bureaus
of the Department have roles in the ERTS project: the Bureaus of Indian
Affairs, Land Management, Mines, Outdoor Recreation, and Reclamation
and the Fish and Wildlife Service, the Bonneville Power Administration, the
National Park Service, Office of Trust Territories, and the Geological Survey.

Nearly all of these participating bureaus are represented in the many
papers included in this book. | encourage you, whether you be a scientist,
resource manager, educator, or layman from the United States or from an-
other country, to review these examples of this exciting and totally new
technology which has been developed for the benefit of all the world’s
peoples. | think that you will agree with me that we have made a fine start
in the effective and beneficial use of “/space” for all mankind.

O € lektey

V. E. McKelvey,

Director, U.S. Geological Survey



whets, stimulates, and hopefully satisfies the

cravings of scientists, inventors, and explorers.
The hope of discovery pushed Ericson and Columbus
west across the Atlantic against the odds that their
frail crafts would perish by storm or “fall off the edge
of the Earth.” The desire for discovery encouraged
Lewis and Clark, Powell, Hayden, and others to ex-
plore our western plains, mountains, river canyons,
and mineral and water resources against the many
odds of traversing unknown areas. Lt. Maury, working
against tradition and inertia in the U.S. Navy, labori-
ously compiled the many bits of wind, current, and
sea-state information contained in the logs of sailing
ship captains to chart the ocean currents and winds.
Such audacious, and to some, revolutionary, discov-
eries also inspired man to learn to fly and eventually
project himself into space.

At this time, man has already landed on and begun
exploration of the Moon. During the progress of the
Mercury, Gemini, and Apollo programs, our astro-
nauts began to carry cameras and took many photo-
graphs of the Earth from space. These photographs
immediately interested earth-bound scientists in-
volved in important projects of mapping the geology,
hydrology, agriculture, and other environmental phe-
nomena of the Earth.

The NASA Earth Resources Survey Program was
born in 1964 as a handful of scientists representing a
few scientific disciplines from major U.S. Government
agencies. The program gradually grew to include sci-
entists from all earth-resource disciplines in industry,
university, and state organizations. Through coopera-
tive information exchange and training, scientists from
all over the world became interested and involved.
These scientists studied various types of remotely
sensed data from aircraft and spacecraft to develop

Discovery, or the possibility of it, is that which

PREFACE

specifications for an Earth Resources Technology
Satellite (ERTS—1). Six hundred proposals were sub-
mitted to NASA to analyze ERTS—1 data. More than
320 experiments, representing multidisciplinary and
multinational interests, were selected to give the first
satellite as broad a test as possible. Of the 81 experi-
ments submitted to NASA by scientists of the various
bureaus within the U.S. Department of the Interior, 45
were ultimately selected and made.

In our capacity as research scientists within the
EROS Program, it was our responsibility to not only
carry out our own ERTS investigations in Iceland and
South America, respectively, but to coordinate, re-
view, and document, for the U.S. Geological Survey
and NASA, the U.S. Department of the Interior results
of the ERTS experiment. As experimental findings
flowed through our hands from Interior scientists to
NASA, it became increasingly clear that these results
would be of interest to earth scientists throughout the
world, especially those in developing nations, who
are just beginning to explore potential applications of
satellite data.

While the results presented herein are but a small
sampling of the work currently in progress around the
world, we believe that they are representative of the
capabilities that are fast becoming available to earth
scientists and resource managers, not only in the U.S.
Department of the Interior but in other domestic and
foreign organizations as well. We hope that this pub-
lication will inspire others to similar investigations and
that universities and high schools will find this book
helpful in their earth-science curricula. To aid in this
objective the EROS Program has available for pur-
chase 35-mm slides of selected ERTS images printed in
this book and, of course, all the original image data
as well. Slide set E-1-30-35 may be purchased from
the EROS Data Center, Sioux Falls, South Dakota

Vv



57198. We also hope that the book will help national
decisionmakers, as well as taxpayers, realize the value
of expenditures, past and future, that are made for
programs such as ERTS.

In nearly every respect ERTS-1 is an exceptional
and unique satellite and may very well represent the
most important accomplishment yet of our space pro-
gram in terms of benefits to our Nation, to other na-
tions, and hence to all people of the world. ERTS, like
its equally inexpensive sister satellites, the civilian
weather satellites (NOAA and Nimbus), was designed
so that its data would serve a large number of users
within the United States and throughout the world.
For the first time in the history of the U.S. space pro-
gram, with the exception of some civilian meteoro-
logical-satellite data, data acquired from an unman-
ned orbiting spacecraft are being made available to
all, inexpensively, and on an unrestricted basis. The
source of information for this national and interna-
tional distribution is the EROS Data Center in Sioux
Falls, South Dakota.

As you review the examples of the applications of
ERTS imagery in this book and the excellent collection
of ERTS images in the NASA Special Publication com-
piled by Short, Lowman, Freden, and Finch, Mission
to Earth: Landsat Views the World,* it is hard to be-
lieve that only 100 years ago man’s view of his world
was generally limited to what he could see from a
sailing vessel, from horseback, or afoot. Because of
ERTS, anyone can now sit down at a microfilm projec-
tion console and view nearly all the land areas of the
world; one can even order specific images from the
EROS Data Center for more comprehensive analysis.
For the first time in history the entire world is at
everyone’s fingertips; for many parts of the world, in
particular North America (because of complete cover-
age afforded by several ERTS receiving stations in the
United States and Canada), the changing face of our
planet, whether the changes are caused by natural
forces or by man’s often disruptive forces, is avail-
able for analysis on an 18-day cycle.

The availability of ERTS data could not have come
at a more propitious time for both the advanced
and the developing countries of the world because
of the pressure to manage natural resources and be-
cause of man’s capacity to modify the face of the
planet. To monitor dynamic phenomena (natural
vegetation, crops, glaciers, snow cover), to monitor
some of man’s environmental impact (strip mining,

* Short, N. M., Lowman, P. D., Freden, S. C., and Finch, W.

A., 1976, Mission to Earth: Landsat Views the World: NASA SP—
360 (in press).
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reservoirs, irrigation, pollution), and to help other
countries wisely develop their natural resources, the
continuous acquisition of ERTS imagery has become a
necessity. Four countries, Brazil, Canada, Italy, and
the United States, have ERTS receiving stations in op-
eration. Four additional ERTS receiving stations, in
Canada, Chile, Iran, and Zaire, have been designed,
but construction is not yet complete. Australia, India,
Japan, Norway, and Upper Volta are all seriously con-
sidering building receiving stations.

The United States has pioneered in the creation of
a technology which offers us and other nations a
method by which all may more wisely use their
natural resources. Our small planet has limited sup-
plies of resources which we must learn to manage and
conserve for future generations. Through careful ob-
servation and planning this can be done—if tools
such as ERTS and those designed for future satellites
are developed and used to the maximum benefit of
all mankind. ERTS—1 then truly is a new window on
our planet. Our challenge now is to use this new
knowledge in an effective way and to integrate such
information into more traditional information sys-
tems.

We should also like to mention the foresight of
Dr. William T. Pecora, Director, U. S. Geological Sur-
vey, 1965-71, and Undersecretary of the Interior,
1971-72. As first Director of the Earth Resources
Observation Systems Program of the Department of
the Interior (1966-72) he firmly believed that “by
going to space we can learn more about the Earth.”
His scientific integrity and jovial enthusiasm inspired
us all to work toward the success of the Earth Re-
sources Technology Satellite (ERTS-1). Unfortunately,
he died on July 19, 1972, 4 days prior to the launch
of ERTS-1, and consequently never saw the realiza-
tion of this long-sought goal. We think that he would
have been pleased that the results contained in this
book confirmed his forecast manyfold.

We wish to take this opportunity to acknowledge
the response and efforts of the contributing authors.
We also wish to acknowledge the efforts of Mary Ann
Milosavich who coordinated the assembly of the book
and typed its text; Susan Moorlag who coordinated
the graphic materials; the many people of the U.S.
Geological Survey who edited the text and prepared
the final illustrations; and Priscilla Woll, who re-
viewed and proofread the manuscript as well as pro-
vided guidance in formation of the book.

Richard S. Williams, Jr.
William D. Carter
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ERTS-1, A NEW WINDOW ON OUR PLANET

Richard S. Williams, Jr., and William D. Carter, Editors

INTRODUCTION

By John M. DeNoyer,
U.S. Geological Survey

n objective of the ERTS Program is to obtain one-time imaging of the

A land areas of the world; the ERTS-1 spacecraft has accomplished
approximately 80 percent of this task.

The data base acquired by ERTS-1 is also a documentation of environ-
mental conditions for the entire North American continent. This documenta-
tion will be of critical importance and will form a baseline for the recognition
of environmental changes that may occur in the future. The capability to
make continued comparable observations will be necessary to use effectively
and wisely this baseline of information. An objective, factual data base will
be essential to both developers and environmentalists as large-scale resource
production is pursued.

The ERTS spacecraft is providing a data base that is used by many
scientific disciplines. The fact that a common data base is useful to so many
is a significant accomplishment in itself, establishing interdisciplinary com-
munications and evolving multidisciplinary programs. The advantages of
newly established channels of scientific communication may well be as impor-
tant as many of the benefits to individual disciplines.

The entire North American continent has been imaged at least once during
the ERTS-1 experiment; many parts of North America have been imaged
several times. This repetitive coverage has provided a data base used in
examining changes that occur from natural and manmade causes and has
opened a new field for documenting and understanding changes that occur on
the surface of the Earth. No longer is it assumed that a one-time picture
accurately describes the surface phenomena. Optimum times for observing
different phenomena vary seasonally. For example, the total extent of forests
can be mapped during the summer. Separation of deciduous trees and ever-
greens can be more easily accomplished using both summer and winter
imagery. The relation of vegetation to soil moisture, soil type, and underlying
geology is also more apparent by seasonal observations. Topographic features
are made more apparent by thin snow cover or water-saturated soil. Observing
these changing conditions at any one location will require a number of years,
if not decades, for data acquisition. The optimum interpretation often requires
observation under different conditions (for example, low Sun angle of illumi-

1
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nation) even though the phenomena being observed (such as topography)
may be relatively static.

The ERTS spacecraft is in a near-polar orbit ; it travels around the Earth
every 103 min and can image selected portions of the Earth on each orbit. The
satellite has capability for international data acquisition, and international
interest in the initial ERTS investigations was in fact high. An even larger
number of proposals for follow-up international investigations has been
submitted. International training courses and workshops in the use of ERTS
data have been conducted during the past few years, and plans call for a
continuation of these training programs. Some nations have made major
investments to be able to utilize ERTS data effectively. Canada and Brazil
have constructed data-reception and data-processing facilities that are being
used directly with ERTS, and other nations are actively negotiating with
NASA to create similar capabilities.

Data from ERTS can be interpreted through analysis of photographic-
type images or through highly sophisticated automatic information-extraction
procedures. Every gradation between these two extremes of sophistication in
analytical methods can be found in the data utilization program. This range
of techniques opens the door for wide and extensive benefits to be obtained by
a large segment of the world’s population.

All data received and processed from ERTS are available to anyone -
throughout the world. Several data formats are available to match user’s
needs, but the investigator can do additional processing to meet his specific
needs. The contributions included in this professional paper illustrate a
number of applications of ERTS data. Several additional studies are also
being conducted. Technical reports on the NASA-sponsored ERTS investiga-
tions can be obtained through the Department of Commerce, National Tech-
nical Information Service (NTIS), Springfield, Virginia 22151. Summaries
of results are published on a weekly basis. Topics of interest can be identified
from these summaries, and brief interim or comprehensive final reports can
be obtained from NTIS. A number of scientific symposia and other meetings
have been convened since the launch of ERTS-1.

The ERTS-1 spacecraft and ground processing system have been an
. outstanding technological success, a good example of the application of space
technology to the solution of man’s problems on Earth.



ERTS-1 MSS FALSE-COLOR COMPOSITES

By Charles F. Withington,
U.S. Geological Survey

imagery taken by NASA’s ERTS-1 from an altitude of 915 km. Such a

picture is the one of the upper Chesapeake Bay area (fig. 1). The scale
of an 18.5- X 18.5-cm image (9- X 9-in. print) is 1:1,000,000; each image en-
compasses an area of 34,000 km?2. The four black and white ERTS MSS images
(figs. 2-5) are in four different bands of the electromagnetic spectrum (fig. 6):
the green band (designated band 4 on ERTS imagery) approximately 0.5-0.6
pwm; the red band (band 5) approximately 0.6-0.7 pm; and 2 bands in the
near-infrared range, band 6, 0.7-0.8 um and band 7, 0.8-1.1 um. The two infra-
red bands measure the reflectance of the Sun’s rays off the surface of the Earth
outside the range of light sensitivity of the human eye. One of the best reflect-
ing materials is chlorophyll; generally speaking, the healthier the vegetation,
the brighter the reflectance. False-color imagery is made by projecting the
different bands through the proper filters and combining them. Red is as-
signed to the near-infrared, thus vegetation appears red; the healthier the
vegetation, the redder the image. Water absorbs the Sun’s rays, so clear water
appears black on infrared. However, silt in water reflects the Sun’s rays and
appears light blue on the image. Buildings and roads of cities also appear in
bluish-gray hues.

In the image of the upper Chesapeake Bay area (fig. 1), taken Oct. 11,
1972, the predominant feature is Chesapeake Bay extending from north to
south near the eastern edge of the image. The Delmarva Peninsula is east of
the bay. Baltimore, Md., is near the top center; Washington, D.C., is just left
of the center of the image. The vigorous vegetation of urban open spaces can
be easily seen, such as the Mall and Hains Point in Washington.

Urban areas stand out plainly; notice the growth patterns radiating out
from the larger cities. Urban and suburban growth can be measured and
monitored with subsequent ERTS images, providing valuable information for
regional and transportation planners.

Notice that part of the course of the Potomac River (center part of image)
is light blue. This is the silt that resulted from a storm that traveled northward
up the coast on October 5-7 and dumped more than 25 mm of rain on the
headwaters of this river. Tidal action has restricted the dispersion of sediment
in the estuary of this river.

The bare ground (white) seen east of Chesapeake Bay are fields from
which crops have been harvested. The redder tone in the far upper right is a

F alse-color or color-infrared composite pictures are made from multispectral

3
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FIGURE 1.—Annotated color composite ERTS-1 image of the upper Chesapeake Bay area made by combining bands 4, 5, and
(1080-151




FIGURE 3.—ERTS-1 image of the upper Chesapeake Bay area, showing re-
flectance in the 0.6- to 0.7-ym (red) range of the spectrum (1080-15192,

FIGURE 2.—ERTS-1 image of the upper Chesapeake Bay area, showing re-
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FIGURE 6.—The electromagnetic spectrum and ERTS—1 sensor relationships. (Modified from Parker, D. C., and Wolff, M. F., 1965,
Remote sensing: International Science and Technology, July.)

poorly drained area where the fields are small, the land less fertile, and the
forested area more extensive.

Geologic structures show up particularly well. The elongate forested areas
in the upper left of the picture, for instance, are the Blue Ridge Mountains.
Lineaments can be seen throughout the area, especially the northeast-trending
lineaments north of Baltimore and the north-trending lineament parallel to
the upper right edge of the image.

The following list is a guide to the image information at the bottom of
all original ERTS images. Enlargements and specially processed ERTS
images may not include such image data, however.

Description of annotation at margins of an ERTS image

110CT72—Day, month, and year of image exposure.
C N38-54/W076—-48—Geometric extensions of spacecraft yaw attitude axis
to Earth’s surface:
C—Format center, latitude/longitude, degrees-minutes.
N N38-52/W076—43—Intersection with Earth’s surface of a line from the
satellite perpendicular to Earth ellipsoid:
N—Nadir, latitude/longitude, degrees-minutes.
MSS 457D—Sensor used (MSS—Multispectral Scanner, RBV—Return Beam
Vidicon):
Band or bands, in this case a color composite of bands 4, 5, and 7.
D—Direct.
R—Recorded type of transmission.
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SUN EL38 AZ149—Sun angles specified at time of MSS midpoint or RBV
time of exposure to nearest degree:

EL—Elevation.

AZ—Azimuth,
191—Spacecraft heading, including yaw (toward image annotation).
1114—Orbit revolution number since time of launch.

N—U.S. ground recording: station:

N-—Greenbelt, Md.

A—Alaska.

G—Goldstone, Calif.
1—Image size:

1—100 nmi X 100 nmi.

2—50 nmi X 50 nmi.

3—25 nmi X 25 nmi.

N—Image processing procedure:

N—Normal.

A—Abnormal.

D—Orbit ephemeris data:

D—Definitive.

P—Predicted.
2—Mode of MSS signal processing before transmission from satellite:

1—Linear.

2—Compressed.

L—Gain:

L—Low gain.

H-—High gain.

NASA/ERTS—Agency and project identifier.
E-1080-15192—Frame identification number.

E—Encoded project identifier.

1—ERTS mission (1—ERTS-A, 2—ERTS-B; after 999 days, numbers

change to 5 and 6, respectively).

080—Day number relative to launch at time of observation.

15—Hour at time of observation (G.m.t.).

19—Minute at time of observation (G.m.t.).

2—Seconds at time of observation (G.m.t.) rounded off to the nearest 10 s.
4/5/7—Band number:

RBV: 1(0.475-0.575 um), 2(0.580-0.680 m), 3(0.630-0.830 um)

MSS: 4(0.5-0.6 pm), 5(0.6-0.7 ym), 6(0.7-0.8 ym), 7(0.8-1.1 ym)

Color composite: 4/5/7
0l1—Regeneration number

Tic marks and numbers around margins of the ERTS image refer to an
approximate latitude and longitude (degrees and minutes) grid for the image.
Note: The original MSS or RBV ERTS image is created on photographic

film from an electron beam recorder at a scale of 1:3,360,000.
Negative or positive transparencies or prints (black and white or
false-color) are available at this scale or at standard enlargement
scales of 1:1,000,000; 1:500,000; 1:250,000 from the EROS Data
Center, Sioux Falls, S. Dak. 57198. Computer compatible tapes
(CCT’s) of every ERTS image are also available from the EROS
Data Center.

As an example of how the satellite images the surface of the Earth on
successive orbits, the dates and orbit numbers for ERTS-1 from Aug. 3, 1974,
to Jan. 11, 1975, over the conterminous United States and from Apr. 17, 1974,
to Aug. 20,1974, over Alaska and Hawaii are shown on the following pages.
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DATE 8/8 8/7 8/6 8/5 8/4 8/3 8/20 8/19 8/18 8/17 8/16 8/15 8/14 8/13  8/12 8/11 8/10 8/9 8/8 8/7 8/6 8/5
ORBIT NO. 10403 10389 10375 10361 10347 10333 10570 10556 10542 10528 10514 10500 10486 10472 10458 10444 10430 10416 10402 10388 10374 10360

8/26  8/25  8/24 8/23  8/22 8/21 9/7 9/6 9/5 9/4 9/3 9/2 9N 8/31  8/30 8/29 8/28  8/27  8/26 8/25 8/24  8/23
10654 10640 10626 10612 10598 10584 10821 10807 10793 10779 10765 10751 10737 10723 10709 10695 10681 10667 10653 10639 10625 10611

9/13  9/12  9/11 9/10  9/9 9/8 9/25 9/24 9/23  9/22 9/21  9/20 9/19 9/18 9/17 9/16 9/15  9/14 9/13 9/12 9/11  9/10
10905 10891 10877 10863 10849 10835 11072 11058 11044 11030 11016 11002 10988 10974 10960 10946 10932 10918 10904 10890 10876 10862

9/31 9/30  9/29 9/28  9/27 9/26 10/12 10/11 10/10 10/9 10/8  10/7 10/6 10/5 10/4 10/3 10/2 10/1 9/31  9/30 9/29 9/28
11156 11142 11128 11114 11100 11086 11323 11309 11295 11281 11267 11253 11239 11225 11211 11197 11183 11169 11155 11141 11127 11113

10/18 10/17 10/16 10/15 10/14 10/13 10/30  10/29 10/28 10/27 10/26 10/25 10/24 10/23 10/22 10/21 10/20 10/19 10/18 10/17 10/16 10/15
11407 11393 11379 11365 11351 11337 11574 11560 11546 11532 11518 11504 11490 11476 11462 11448 11434 11420 11406 11392 11378 11364

11/6 11/5 11/4 1/3  11/2 11 11/18 1/17 1116 11/15  11/14  11/13 11/12 11/11 11/10  11/9 11/8 1/7 116 11/5 11/4  11/3
11658 11644 11630 11616 11602 11588 11825 11811 11797 11783 11769 11755 11741 11727 11713 11699 11685 11671 11657 11643 11629 11615

11/24  11/23 11/22  11/21 11/20 11/19 12/6 12/5 12/4 12/3 12/2 12/1  11/30 11/29 11/28 11/27 11/26 11/25 11/24 11/23 11/22 11/21
11909 11895 11881 11867 11853 11839 12076 12062 12048 12034 12020 12006 11992 11978 11964 11950 11936 11922 11908 11894 11880 11866

12/12 12/11  12/10 12/9  12/8 12/7 12/24 12/23 12/22  12/21  12/20 12/19 12/18 12/17 12/16 12/15 12/14 12/13 12/12 12/11 12/10 12/9
12160 12146 12132 12118 12104 12090 12327 12313 12299 12285 12271 12257 12243 12229 12215 12201 12187 12173 12159 12145 12131 12117

12/30  12/29 12/28 12/27 12/26 12/25 1/11 1/10 1/9 1/8 117 1/6 1/5 1/4 1/3 1/2 1 12/31  12/30 12/29 12/28 12/27
12411 12397 12383 12369 12355 12341 12578 12564 12550 12536 12522 12508 12894 12480 12466 12452 12438 12424 12410 12396 12382 12368

NOTE: ORBIT TRACKS REPRESENT NOMINAL LOCATIONS BASED ON DATA USERS HANDBOOK TABLES. PE-
RIODIC ORBIT DRIFT AND ADJUSTMENTS CAUSE SHIFTS OF UP TO 37 KILOMETERS. FOR MORE
LOCATIONAL ACCURACY ON A GIVEN DATE, CONTACT ERTS USER SERVICES AT THE NASA GODDARD
SPACE FLIGHT CENTER, GREENBELT, MARYLAND
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8/4 8/3 8/20 8/19 8/18 8/17 g/16 8/15 8/14 8/13 8/12 8/11 8/10 8/9 8/8 8/7 8/6 8/5 8/4 8/3 8/20 AUGUST
10346 10332 10569 10555 10541 10527 10513 10499 10485 10471 10457 10443 10429 10415 10401 10387 10373 10359 10345 10331 10568

8/22 821 9/7 9/6 9/5 9/4 9/3 9/2 91 8/31  8/30 8/29 8/28 8/27 8/26 8/25 8/24 8/23 8/22 8/21 9/7 AUGUST/SEPTEMBER
10597 10583 10820 10806 10792 10778 10764 10750 10736 10722 10708 10694 10680 10666 10652 10638 10624 10610 10596 10582 10819

9/9 9/8 9/25 9/24 9/23 9/22 9/21 9/20 9/19 9/18 9/17 9/16 9/15 9/14 9/13  9/12 9/11  9/10 9/9 9/8 9/25 SEPTEMBER
10848 10834 11071 11057 11043 11029 11015 11001 10987 10973 10959 10945 10931 10917 10903 10889 10875 10861 10847 10833 11070

9/27 9/26 10/12 10/11 10/10 10/9 10/8 10/7 10/6 10/5 10/4 10/3  10/2 10/1 9/31  9/30 9/29 10/28 9/27 9/26 10/12 SEPTEMBER OCTOBER
11099 11085 11322 11308 11294 11280 11266 11252 11238 11224 11210 11196 11182 11168 11154 11140 11126 11112 11098 11084 11321

10/14 10/13 10/30 10/29 10/28 10/27 10/26 10/25 10/24 10/23 10/22 10/21 10/20 10/19 10/18 10/17 10/16 10/15 10/14 10/13 10/30 OCTOBER
11350 11336 11573 11559 11545 11531 11517 11503 11489 11475 11461 11447 11433 11419 11405 11391 11377 11363 11349 11335 11572

11/2 11/t 11/18 11/17 11/16 11/15 11/14 11/13 11/12 11/11 11/10 11/9 11/8 11/7 11/6 11/5 11/4 11/3 11/2 1/1 11/18 NOVEMBER
11601 11587 11824 11810 11796 11782 11768 11754 11740 11726 11712 11698 11684 11670 11656 11642 11628 11614 11600 11586 11823

11/20 11/19 12/6 12/5 12/4 12/3  12/2 12/1  11/30 11/29 11/28 11/27 11/26 11/25 11/24 11/23 11/22 11/21  11/20 11/19 12/6 NOVEMBER/DECEMBER
11852 11838 12075 12061 12047 12033 12019 12005 11991 11977 11963 11949 11935 11921 11907 11893 11879 11865 11851 11837 12074

12/8  12/7 12/24 12/23 12/22 12/21 12/20 12/19 12/18 12/17 12/16 12/15 12/14 12/13 12/12 12/11 12/10 12/9 12/8 12/7 12/24 DECEMBER
12103 12089 12326 12312 12298 12284 12270 12256 12242 12228 12214 12200 12186 12172 12158 12144 12130 12116 12102 12088 12325

12/26 12/25 1/11 1/10 1/9 1/8 1/7 1/6 1/5 1/4 1/3 1/2 171 12/31  12/30 12/29 12/28 12/27 12/26 12/25 1/11 DECEMBER/JANUARY
12854 12340 12577 12563 12549 12535 12521 12507 12493 12479 12465 12451 12437 12423 12409 12395 12381 12367 12353 12339 12576

8/74)
GENERAL ELECTRIC COMPANY,
SPACE DIVISION PO BOX 8555,
PHILADELPHIA, PENNSYLVANIA
19101
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NOTE: ORBIT TRACKS REPRESENT NOMINAL LOCATIONS BASED ON DATA USERS HANDBOOK TABLES. PE-
RIODIC ORBIT DRIFT AND ADJUSTMENTS CAUSE SHIFTS OF UP TO 37 KILOMETERS.

SPACE FLIGHT CENTER, GREENBELT, MARYLAND
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LOCATIONAL ACCURACY ON A GIVEN DATE, CONTACT ERTS USER SERVICES AT THE NASA GODDARD
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CHAPTER 1.

APPLICATIONS TO CARTOGRAPHY
INTRODUCTION

By Alden P. Colvocoresses,
U.S. Geological Survey

the surface of the Earth to conform to a specified standard of map

accuracy. Uncontrolled mosaics and other image renditions which are
not related to precise position on the Earth’s surface are excluded from this
chapter.

C artography is defined for use in this chapter as planimetric mapping of

Man’s efforts to map the Earth date from prebiblical times, and prodigi-
ous efforts have been expended on the task ever since. Even so, many areas
have never been adequately mapped, and to complicate matters, man and
nature are rapidly changing that which we try to map. ERTS alone can-
not solve all the problems because maps of a tremendous variety of scales
and formats are required. Nevertheless, it can continually provide imagery
of the entire globe, except for small areas around each pole, in a form that
mapmakers can readily use.

When ERTS-1 was first designed, mapping was not one of the primary
applications intended. The cartographers as a group were highly skeptical
of a scanner such as the MSS as an image producer and therefore looked
to the RBV’s, which included 81 reseau marks per camera, as their only
hope for suitable source data from ERTS. As the RBV’s were turned off
shortly after launch because of a switching malfunction, the cartographers
had to make a choice—either use MSS imagery in their experiments or give
up. They chose the first alternative and soon found that scanner imagery,
when properly processed, has the following truly amazing cartographic char-
acteristics (Colvocoresses, 1973a) :

1. Long life and global coverage.—About a full year was needed to complete
cloud-free imaging of the United States even though the MSS was
turned on for nearly every pass. ERTS-1 promises to survive for more
than 3 yr and is thus providing repetitive imaging of the United States.
ERTS has been used only selectively in foreign areas because of the need
to tape-record the data and play it back when in range of a ground
station. If an adequate number of ground stations are installed, the
system could comprelensively cover virtually all the land and shallow
sea areas of the Earth, as it has so far done for the United States.

12
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Repetitive imaging provides some unexpected bonuses for the car-
tographer. Seasonal mapping is a distinct possibility, and information
as a function of season is significant. For example, winter snow-covered
scenes often delineate topography and cultural features, such as roads
and urban areas, with a clarity well beyond that of summer imagery.
The two images of Denver (figs. 7 and 8) are a good example. The sum-
mer image, however, is required to map the surface water, vegetation,
and also certain phases of land use. By comparison of both images, the
distinction between the forests (dark in the winter scene) and the moun-
tain grasslands (red on the summer scene but white on the winter
scene) is clearly indicated. Floods are seasonal phenomena of importance
to the cartographer because he should portray areas subject to inunda-
tion. The areal extent of leafy (infrared-reflective) vegetation is another
important feature that can be mapped seasonally with ERTS imagery
and that indicates droughts and other conditions associated with gen-
eral plant vigor as well as the extent of agricultural crops.

2. Near-real time—The advantage of electronic transmission in near-real
time is obvious even though the capability of realizing the advantages
has not been fully developed. For example, a cartographic product was
produced within 2 weeks after image acquisition by ERTS, and there
is no reason why the time cannot be reduced to a few days in special
applications.

3. Orthogonality.—The field of view of the ERTS MSS extends only 5.76°
from the nominal vertical. This near-orthogonality of imagery limits
compilation to topographic (contour) maps but simplifies small-scale
planimetric mapping and revision. Because topography changes little,
maintaining up-to-date planimetry is the major mapping problem once
an area has been topographically mapped. A map consisting of little
more than a multispectral image precisely referenced to the figure of
the Earth is probably the most effective method of portraying up-to-
date planimetry. ERTS imagery is ideal for small-scale image mapping
for two reasons. First, external errors such as relief displacement are so
small that the image can be used directly, except in some areas of ex-
treme relief, without going through the complex transformation pro-
vided by an analytical plotter or an orthophotoprinter. Second, the
narrow field of view means that the entire scene is being imaged with
a nearly constant vertical aspect and thus provides uniform spectral re-
sponse from similar objects throughout the scene.

4. Suitability for planimetric mapping.—It is hard for a photogrammetrist
to accept the proposition that an optical-mechanical scanner can generate
imagery that has the geometric fidelity characteristic of a frame camera.
However, the MSS is indeed generating data that, as corrected by
NASA, are printed out in a form containing relative spatial errors on
the order of 50- to 100-m rms, indicating a system of high internal
geometric fidelity as the scanner spot size (instantaneous field of view)
is 79 m. The 50-m rms error equals about 15 pm at the original MSS
imagery scale of 1:3,369,000, approaching the figure expected of a cali-
brated mapping camera. Although the internal geometric accuracy of
the MSS may not be as great as that of a good mapping camera, the
accuracy it does have, when coupled with the external advantage of
the continuous near-orthographic view, results in two-dimensional
(planimetric) mapping of geometric precision which may well exceed
that obtainable from camera systems under like conditions. Accuracy of
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various MSS modes and products are indicated in the following tabu-
lation:

Error Range
Mode and Form (rms)

Raw, referenced to lat/long indicators . _.__..__ 1-8 km
Referenced to ground control:
Best fit to UTM projection ___..___________ 150-350 m
UTM grid fitted to single-band image ______ 50-100 m
UTM grid fitted to single-band mosaic
of 2 and 4 images ____________________ 100-150 m
UTM grid fitted to multiband (colored)
single scene (lithographed) _____________ 150 m
UTM grid fitted to multiband (colored)
mosaic of 2 and 4 images (lithographed) __ 1240 m
Precision processed to UTM projection —____ 125-150 m

*Based on the single products so far produced.

5. Suitability for automation—Frame cameras and vidicon imagers record
discrete scenes on a plane. Each photograph or image frame has its
own geometric characteristics (projection), and, unless extensive analyti-
cal adjustments are made, images in adjacent photographs will not form

- a continuous map. A scanner such as the MSS can produce a basically
continuous image on a mathematically definable map projection of
negligible distortion (fig. 9) (Colvocoresses, 1974a). Thus a means is
established for relating image positions to the figure of the Earth con-
tinuously and, within the limitations of the corrections, rigorously. This
characteristic provides the potential for development of an automated
image-mapping system by either analog or digital techniques with a sig-
nificant decrease in requirements for ground control and processing.

The automation aspect is further enhanced by the fact that ERTS-1
repeats. its imaging with considerable precision. Subject to visibility,
the same nominal Earth scene (see article by Schoonmaker, p. 23)
is covered every 18 days as long as ERTS is properly operating. Thus
a worldwide map series defined by the nominal ERTS scene is estab-
lished. The age-old mapping problem of fitting together source ma-
terials of different forms and epochs is thus eliminated as far as the
individual scene map is concerned: an ERTS scene covers over 34,000
km? of the Earth. )

6. Radiometric fidelity—The ERTS signals, particularly those of the MSS,
are in effect those of a focusing radiometer recording radiated energy
with a range and precision well beyond the capability of any curtent
film system. As ERTS records four wavelength bands, the images can
be combined to provide a response optimized for particular scenes or
sizable objects. Film cameras can record up to three bands on one film
in color or color infrared, but altering the combination for a particular
scene or object is complex and imprecise. The separate-band charac-
teristic of ERTS is particularly important for mapping objects or areas
that have unique spectral responses or that are imaged under unusual
conditions of illumination. The charting of underwater features and
the depiction of polar conditions are examples that require this high
degree of radiometric fidelity and versatility. The Sun-synchronous
aspect of ERTS, which means that imaging at any given latitude oc-
curs at the same time of day, further enhances the utility of the spectral
response.
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SCANNER SATELLITE

SPACE OBLIQUE MERCATOR PROJECTION
Images the earth from N 82° to S 82° every 18 days
MOTIONS INVOLVED

Scanner sweep Earth rotation
Satellite orbit Orbit precession

FIGURE 9.—Space oblique Mercator projection.

1. Ewxtension into the near-infrared wavelengths—Available aerial films can
record up to a wavelength between 0.8 to 0.9 pm, which is about the
same limit as for band 6. Band 7, at 0.8 to 1.1 pm, has opened a window
for remote sensing which operational film systems do not have. The band
is enormously powerful and has demonstrated the following unique
capabilities:

a. Effective penetration of thin clouds and contrails under certain
conditions (fig. 10).

b. Definition of the water/land interface with high precision, enabling
detection and identification of circular water bodies as small as 200 m
in diameter and linear water bodies of only 20- to 50-m width. Under
suitable conditions, where gently sloping areas of known elevations
exist, the water stage can be determined to a small fraction of a meter.
This capability is particularly remarkable when one considers that the
instantaneous field of view of the MSS is 79 m.

c. Superior delineation of vegetation, largely because of the differ-
ential sensitivity of band 7 to vegetation types.

d. Superior definition of natural features. Many scientists are select-
ing band 7 as the best single band for depicting the Earth’s physiography.

e. In some cases cultural features are best defined on band 7—for
example, the pattern of major streets in western U.S. cities as so far
recorded by ERTS.

The U.S. Geological Survey, through the EROS Program, has conducted
six NASA-approved and NASA-funded ERTS cartographic experiments, as
follows (Colvocoresses, 1972; Colvocoresses and McEwen, 1973):

1. Photomapping of the United States.

Map revision.

Basic thematic mapping.

Polar region mapping.

Mapping from orbital data.

Overall cartographic application.

SO ol



18 ERTS—1, A New Window on Our Planet

Results from these six experiments are only now being realized. The
most significant are:

1. Preparation of prototype image maps at scales ranging from 1:250,000
to 1:1,000,000 and in a wide variety of formats and modes.

2. Duplication and public sale of prototype image-format and State base
maps in color at 1:500,000. The image-format maps meet the horizontal
requirement of the National Map Accuracy Standards (Colvocoresses,
1973Db).

3. Selective revision of features on small-scale line maps and the delinea-
tion of areas that require revision from other source material. Figure 11
shows the relationship of the ERTS image to small-scale line maps and
indicates where revision is needed.

4. Demonstration of the thematic-extraction suitability of ERTS imagery.
Figures 12 and 13 illustrate this application to open water and
infrared-reflective vegetation, respectively.

5. Preparation of prototype image maps of Antarctica.

6. Demonstration of the potential application of ERTS-type imagery to
aeronautical and nautical charting (figs. 14 and 15).

7. Geometric analysis of RBV and MSS imagery that indicates capability
of 1:250,000-scale monochromatic image mapping at National Map Ac-
curacy Standards under proper conditions.

1116 -15192

Visible spectrum Near infrared
MSS band 5 (0.6-0.7 xm) MSS band 7 (0.8-1.1 um)

SE Pennsylvania, November 16, 1972

APPROXIMATE SCALE

10 0 10 20 30 40 50 MILES
| | | | | | |

| L) T T T T
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1116-15192

FIGURE 10.—ERTS images of southeastern Pennsylvania, showing the thin-cloud penetration capability of band 7 as compared

to band 5 (1116-15192).
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FIGURE 12.—Thematic extraction of open water, upper Chesa-
peake Bay area (1080-15192, band 7).

8. Defined improvements in MSS processing, which
further improve the accuracy of ERTS images.

9. Definition of a map projection and processing pro-
cedures that will permit the cartographic process-
ing of ERTS imagery in a matter of days using
automated procedures.

In summary, from the mapping viewpoint, ERTS
has exceeded expectations. For the first time in history,
f:artographers have the source material from Yvhich W8 I o6 SEKILES
image maps of small scale can be produced efficiently e J
and accurately. Moreover, ERTS has introduced a S UL B FREHITIES

revolutionary concept, automated mapping of the EFGURE 13.—Thematic extraction of infrared-reflective vegeta-
Earth (Colvocoresses, 1974b). tion, upper Chesapeake Bay area (1080-15192, band 7).
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ERTS NOMINAL SCENES

By James W. Schoonmaker, Jr., and Robert B. McEwen,

RTS has the capacity for repetitive imaging which
permits the definition of bisector- or nominal-
scene formats, a unique image-indexing system

for that part of the Earth imaged by the satellite. The
bisector- or nominal-scene format is defined from the
geodetic coordinates of the nominal center of each
ERTS-1 image. Each scene is formed by lines drawn
midway between the nominal centers, which are fixed
as a function of ideal repeating orbits. No overlap
exists between the nominal scenes, and therefore no
ambiguity exists about what scene covers what area.
Additionally, as long as the actual image centers are
within +13 km of nominal, each frame will image
an entire bisector scene, even at the Equator where
image overlap is minimal. Figure 16 shows the rela-
tionship between bisector scenes and typical ERTS-1
images.

If a +13-km specification were enforced, the actual
centers of repeated images obtained over a nominal
center might vary, but the image area of 185X185
km would be sufficiently large to always cover the
nominal scene with some overlap. The difference be-
tween nominal and actual centers is due to two com-
ponents, orbital drift and attitude (tilt) variations of
the satellite. Orbital drift is currently permitted up
to 87 km (*16.5 km from nominal) before correction.
The present attitude specifications are +0.7 on the
roll and pitch axes, which projects to +11.3 km from
a 925-km orbit. Thus, achieving the *13-km tolerance
will require some combined improvement in specifica-
tions of attitude and orbital drift, and such improve-
ment is understood to be within the capabilities of
the ERTS system.

The U.S. Geological Survey has programs to com-
pute the geodetic latitude and longitude of the four
corner points of all nominal scenes worldwide. The
program uses the NASA nominal centers as input. This
computer program also generates a unique identifica-
tion code for each bisector scene based upon the geo-
detic coordinates of its center. Each code number is
composed of 11 alphanumeric characters; 1 to 5 de-

U.S. Geological Survey

signate the center latitude, 6 to 11 the center longi-
tude. The first character of each group is a letter, N
or S for latitude and E or W for longitude, and the
remaining characters are numerals designating degrees
and minutes. For example, the upper Chesapeake Bay
bisector scene, the center coordinates of which are lat
38°49’N., and long 76°49°W. would be encoded
N3849W07649. The identification codes are easily
readable and computer compatible; a complete listing
of them for the conterminous United States has been
prepared.

Several index sheets with bisector-scene corners and
identification codes that overlay standard U.S. base
maps have been computer-plotted. The first is a plot
of the conterminous United States at a 1:5,000,000
scale on the Albers equal-area projection. A digital
data file of State and national boundaries was used
to plot these features simultaneously. This scale and
projection were chosen because the base map is utilized
for a variety of purposes, including the mapping of
State and county boundaries, large-scale mapping
status, and area coverage of 1:250,000 maps. A second
index sheet of Florida, compatible with the “National
Atlas” sheet (1:2,000,000, Albers equal area), also has
been plotted. Figure 17 illustrates the nominal scenes
of Florida at a reduced scale. The Appalachian area
of the United States at 1:2,500,000 scale has also been
plotted with state boundaries, and the Caribbean Sea
area has been plotted at 1:5,000,000. It is possible to
computer-plot overlays of any part of the world on
any scale map projection that has been mathematically
defined and digitized. The next planned step is to de-
termine the different base maps of the world that
are suitable for such portrayal.

Nominal ERTS-1 scenes and identification codes
have been used for indexing purposes on the upper
Chesapeake Bay satellite image (fig. 18). It is ex-
pected that future satellite images will also employ
the nominal-scene format and identification code. This
simple computer-compatible system has potential as
an indexing tool for the enormous quantities of data
and images produced from ERTS-I.

23
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FIGURE 16 (right).—Bisector format of ERTS images
at 45° lat.
Scene Center

FIGURE 17 (below).—ERTS nominal scenes of Florida.
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FIGURE 18.—Gridded color composite ERTS-1 image of the upper Chesapeake Bay (1080-15192).



ORTHOIMAGE MOSAIC OF NEW JERSEY

By Winston Sibert and Fitzhugh T. Clark,
U.S. Geological Survey

ne of the more striking products of the ERTS system is the false-color
O image produced by printing the various bands in different colors. This

printing is facilitated by the inherent registry between the different
bands. A natural expansion of this capability has been the production of color
mosaics of areas of substantial size. Such a mosaic (fig. 96, p. 151) was pre-
pared by the classic method of producing paper prints and joining them on a
base board with the best possible fit, the difference being in this case that the
prints were in color. The individual sensors for each of the four spectral
bands of the ERTS MSS are accurately alined so that the four black and
white images, one for each band, will all register accurately. Each band is
produced by a digital-to-analog conversion of the basic data, which is then
recorded on film by an electron beam recorder. The satellite orbital altitude
combined with the narrow field of view eliminates the need for rectification.
Moreover, measurements have shown that the bulk-processed ERTS imagery
has excellent geometric fidelity.

The satellite image mosaic of New Jersey (fig. 19) exceeds the National
Map Accuracy Standards for planimetric maps at a scale of 1:5,000,000. The
unique process used in making this mosaic is the combination of a common
lithographic technique of double printing one or more halftone images on a
single sheet of film, giving tone matching, and the image-matching and
ground-control techniques of classical mosaicing. The New Jersey mosaic is
made of parts of three ERTS images and has two join lines.

Because the density range of film is greater than that of paper, every
copying operation results in resolution degradation. Therefore, film mosaics
of each spectral band were used to prepare the lithographic plates. This mini-
mized the loss of spatial detail and maximized the information in the final
printed product.

Four plates were used: a black plate containing the grid and all border
information and the three color plates—one for band 4 printed in yellow, one
for band 5 printed in magenta, and one for band 7 printed in cyan.

Band 5 was selected as the master plate because of the greater ease of
identification and measurement of the ground control points of known loca-
tions which ensures geometric accuracy. All 12 frames (three images of four
bands each) were enlarged to final scale of 1:500,000, as positives, with careful
attention given to obtaining a uniform tone match. A contact negative was
made of the center image, and the north and south images were processed to
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maintain the same tone in the 10 percent overlap parts of the images, allow-
ing a very accurate spatial junction between images. This use of a positive-
negative combination permits accurate registration, because a perfectly regis-
tered pair appears as an even gray tone on a light table and misregistrations
of 0.01 mm are readily apparent.

The three images registered by this process were secured to a Mylar base
sheet and were pin registered. Pin registration consists of punching holes
through the multiple sheets so that when a pin is inserted into the holes the
sheets are forced into the correct relative positions. This process insures that,
in the creation of photomosaics and in all subsequent printing operations, true
image relationships are preserved.

Two photographic masks were prepared and pin registered to the master
base sheet. One mask outlined the area of the center image to be printed and
obscured the north and south images. The other mask covered the center image
and permitted the exposure of the north and south images. The dimensions of
the windows in the masks were accurately controlled to permit slight double
printing at the join lines between images, thus obscuring the join lines.

The master negatives were secured to their respective masks while both
the negatives and masks were pin registered to the base sheet. The two assem-
blies (center image and mask and north and south images and mask) were
then sequentially printed on a single piece of film using pin registration. This
process yielded a master mosaic of band 5 of the entire State.

The images for bands 4 and 7 were image registered to this master mosaic,
pin registered to the photomasks, and then were double printed on single
sheets of film, giving three mosaics, one for each band, with the entire State
in perfect registry. These mastér transparencies were halftoned and litho-
graphed by normal techniques.

Identifiable control points of known position were measured on the band
5 master transparency, and a UTM grid was computed to yield a best fit to the
identified ground control points. This grid was incorporated in the black
printing plate and was overprinted on the color images in the normal litho-
graphic four-color sequence, thereby ensuring accurate tone information and
dimensional control. The result of this hybrid process is a color lithographic
mosaic that exceeds the National Map Accuracy Standards when referenced
to the grid.

This was the first time that this process was applied to ERTS imagery. A
mosaic of the State of Florida has recently been prepared using this technique
and contains parts of at least 17 ERTS images.



SATELLITE IMAGE MAPS
OF THE STATE OF ARIZONA
AND OF PHOENIX

By Joseph T. Pilonero,
U.S. Geological Survey

projection at 1:1,000,000 scale. It is the first black and white State map

of ERTS imagery precisely related to the figure of the Earth (the geoid)
and is presently for public sale at scales of 1:1,000,000 and 1:500,000.

The entire map comprises the 24 ERTS images that are diagramed and
listed at the bottom of the sheet. The imagery is from band 6, wholly in the
near-infrared. The original photographic source product for the map con-
sisted of third-generation film positives, 18.5X18.5 cm at 1:1,000,000.

Photographic processing of individual scenes entailed making intermedi-
ate contact negatives from the film positives on a LogEtronic printer, then
making X 2 enlarged prints at 1:500,000 on stable paper. The scale was
established by reference to the recently compiled 1:500,000-scale Arizona
State base (line) map.

In mosaicing, individual prints were trimmed inside the borders, and the
join edges were feathered to insure smooth, nearly imperceptible joins. The
joins were made mostly along streams and dry washes.

A wax adhesive was used for mounting the prints to the mosaic board,
and a stable copy of the Arizona State base map was used to maintain posi-
tional accuracy. Compliance with the horizontal requirement of the National
Map Accuracy Standards, as determined from fitting a UTM grid, has been
achieved for the 1:1,000,000 mosaic but not for the 1:500,000 mosaic.

The Phoenix satellite image map (fig. 21) is a photoimage map pro-
duced from ERTS-1 imagery. The map scale of 1:250,000 is at present the
largest scale at which the current photographic imagery from ERTS-type
satellites is aesthetically acceptable.

The map is a mosaic of five images from band 6 enlarged to 1:1,000,000
and furnished as third-generation film positives. A LogEtronic printer was
used to make intermediate contact negatives, and stable-paper prints en-
larged to 1:250,000 were used for the actual mosaicing. In this specific case
the map meets the horizontal requirement of the National Map Accuracy
Standards, as determined from the UTM grid.

The Arizona satellite image map (fig. 20) is a Lambert conformal conic
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DIGITAL COLOR MOSAIC
OF PARTS OF
WYOMING AND MONTANA

By Grover Torbert, Bureau of Land Management,
and C. J. Robinove, U.S. Geological Survey

taken on July 30 and 31, 1973, was produced by IBM for the Bureau

of Land Management. The mosaic depicts parts of eastern Wyoming
and eastern Montana where some coal strip mines now exist and where exten-
sive coal stripping is expected in the future. The area includes part of the
northern Great Plains in Montana and the Fort Peck Reservoir along the
Missouri River. To the south is the Yellowstone River, and to the south of
that river is the Powder River Basin where a large reserve of mineable coal
exists. The Bighorn Basin of Wyoming, bounded by the Bighorn Mountains
to the east, is well portrayed in the mosaic; areas of extremely high reflect-
ance are desert, and the irrigated crop land along the river valleys shows in
dark contrast. At the southern end of the mosaic is the Wind River Basin,
including the Riverton irrigation project.

Digital processing provides corrected images having a geometric accuracy
of approximately one pixel, and, by controlling the images with geodetic
control points, the resulting images can be made to meet the National Map
Accuracy Standards. Ralph Bernstein (1974) of IBM, who produced the
mosaic, states that the computer can combine the input images without
picture-element overlap or space, geometric corrections can be applied to
correct the images so that the fit in the overlapped regions is nearly perfect,
and nonlinear intensity corrections can be made to the image to provide
radiometric matching between images. The original mosaic, as supplied by
IBM, is at a scale of 1:1,000,000-and contains the UTM grid.

Processing and mosaicing of ERTS images in this form provide a
highly usable base map for terrain and water studies, greatly aid in the
multispectral classification of terrain features, and also aid in detecting such
temporal changes in the terrain as those produced by strip mining and by
strip-mine rehabilitation.

Adigital precision processed mosaic (fig. 22) of eight ERTS images,

FIGURE 22.—Annotated computer-processed color composite ERTS—1 mosaic of parts of Wyoming and Mon- »
tana (1372-17225, 1372-17231, 1372-17234, 1372-17240, 1373-17283, 1373-17290, 1373-17292, and
32 1373-17295).
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GEODETIC CONTROL IN POLAR REGIONS FOR
ACCURATE MAPPING WITH ERTS IMAGERY

By William R. MacDonald, U.S. Geological Survey

FIGURE 23.—McMurdo Sound region, Antarctica. Image at right shows locations of geodetic control stations used to
construct the fitted grid for the satellite image at the left (1174-19433, band 7).
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ecause geodetic control in the polar regions is very limited and extremely

expensive and difficult to establish, it was necessary to find an economical

means of acquiring the amount of control needed to maintain the in-
tegrity of ERTS cartographic products.

In Antarctica the U.S. Geological Survey investigated the practicality of
using recently developed Doppler positioning and navigation systems for
establishing the much-needed control. The mode tested was the single-point
positioning method, which consists of a receiver tracking a satellite pass and
computing the position from the Doppler shift and the satellite ephemeris.
The experiments proved that Doppler-equipped polar-orbiting satellites can
be used as surveying tools and that mapping control can be obtained under
Antarctic field conditions.

As a result of the Doppler positioning experiments, it is now possible to
make maximum cartographic use of ERTS imagery in polar regions by
deploying specially equipped teams of topographic engineers to establish
ERTS ground control.

Positions obtained during the Doppler positioning experiments were used
along with existing control to fit a grid to a single image (fig. 23) of the
McMurdo Sound region, Antarctica.

FIGURE 23.—Continued.

EXPLANATION
A

Geodetic control
(Standard surveying methods)
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Geodetic control
(Derived from Doppler satellite data)
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The technique of converting an ERTS image into a cartographic product
by following the grid rather than the image rectification appears to be the
most practical and cost-effective way of relating polar ERTS-image data to
the Earth’s surface. Normally the procedure is to modify the photoimage
through tilt analysis and rectification to fit a grid. When applying these pro-
cedures to ERTS imagery, however, geometry is improved, but too much
detail (resolution) is lost during the photographic processes. Four steps are
required to fit a grid to an ERTS image:

1. Identification of discrete image points for which coordinates are known.

2. Accurate measurement of the # and y values of these control points on the
image scene.

3. Determination of the transformation parameters to relate one system to
the other, and computation of the intersection of the grid lines in an
image coordinate system, warping the grid to fit the image.

4. Plotting the grid on an overlay keyed to the image.

The accuracy of image identification of the control points is the primary
element that determines the accuracy of the grid fit. In the mid-latitudes,
where large-scale accurate maps are available, good results can be obtained
by using images of timber corners, fence lines, centers of bridges over
streams, pipe and powerline crossings, and so on, as control points. In these
areas, in most cases, the grid can be fitted to the image so that the image
product meets the National Map Accuracy Standards at scales of 1:500,000
and smaller. In the poorly mapped polar regions, especially in Antarctica
for which good maps and where control are scarce, there is less certainty in
the selection of points used in the gridding process. Therefore, the resulting
grid fit may not meet the National Map Accuracy Standards, which require
that 90 percent of all well-defined planimetric detail fall within 0.5 mm of
correct map position at 1:500,000 scale.

The grid fit to the McMurdo Sound image (fig. 23) using 13 triangula-
tion points gave rms error of 183 m, or only about 10 m over accuracy stan-
dards. However, if discrete points had been preselected on the imagery and if
the ground positions for these points had been established by the Doppler
field techniques previously described, it is reasonable to believe that the
National Map Accuracy Standards could be met at 1:500,000 scale and smaller.



ANTARCTIC CARTOGRAPHY

By William R. MacDonald,
U.S. Geological Survey

or the preparation of maps in support of the U.S. Antarctic Research
F Program, the United States has obtained aerial photography over an

area of about 3,250,000 km?. This effort has taken many years and has
cost many millions of dollars. ERTS-1 now provides the capability of pro-
ducing a single image covering an area of about 34,000 km? (185 by 185 km).
About 100 ERTS images would cover the same area now covered by more
than 100,000 aerial photographs.

An important current objective is the compilation of 1:1,000,000 image
mosaics of the coastal areas of western Antarctica and, eventually, of all the
coastal areas of Antarctica. These image mosaic products will enable the
U.S. Geological Survey to build a historical record which, when compared
against existing maps and sequential ERTS coverage, will show changes in
size, shape, and position of such features as ice shelves, glaciers, and ice
tongues.

Further investigations have proved that ERTS imagery can be used ef-
fectively for planimetric revision of small-scale maps, and this technique is
being applied to six 1:250,000 topographic maps of the area of the Victoria
Land strip mosaic. The coastline shown on the images was carefully com-
pared with existing maps, and several major changes in coastal features were
discovered. The comparison showed that the new satellite imagery can great-
ly facilitate accurate planimetric revision of the existing maps (figs. 24, 25).

Figure 26 illustrates the application of ERTS imagery for evaluating
and revising published maps. The bottom part is a composite of two
1:500,000 sketch maps compiled from conventional aerial photographs taken
during the austral summer of 1965-66. The top part is a mosaic of parts of
seven MSS images. The area shown is about 117,000 km2. The two triangles
represent geodetic positions used to fit the imagery mosaic to the map base.
A single ERTS image covers the same area as 1,320 photographs at a scale of
1:40,000. When comparing the two parts of figure 26, note the change in the
configuration of the coast, as indicated by numbers 1, 3, and 4, and in the
position of Burke Island, number 2. Also note the change in size and position
of the Thwaites Iceberg Tongue, number 5. Its area has increased from
44,200 km? (map) to 71,500 km? (image), and the position has shifted about
8 km.

Because of the logistical requirements and the extremely high cost of
taking photographs with conventional aircraft at altitudes high enough for
efficient 1:1,000,000 mapping, efforts before the launching of ERTS-1 were
directed primarily toward mapping the coastal and mountain areas at
1:250,000. ERTS imagery does, however, meet the need for 1:1,000,000 plani-
metric mapping. To cover an IMW map area, cartographers will only have
to assemble 15 to 20 ERTS images rather than 12,000 conventional photo-
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graphs. Production cost will decrease as production rate increases. The user
will have at his disposal a visual representation of vast areas that have never
been mapped. Moreover, he will not have to wait years before the image maps
are available as he would for conventional planimetric or topographic maps.
Comparisons of image mosaics with the USGS-compiled McMurdo Sound
region, IMW sheet ST 57-60 (fig. 27), and with the Australian-compiled
IMW sheet, SS 4042 (fig. 28), clearly demonstrate the application. Revisions
and additions indicated for the two IMW sheets are readily apparent. The
most obvious addition is the large block of previously unmapped geographi-
cal features revealed by the ERTS imagery. Noteworthy revisions include
correcting the positions of the Ross Ice Shelf front (about 6.4 km north) and
Franklin Island (7.2 km south). The position of Franklin Island has been in
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FIGURE 24.—Drygalski Ice Tongue, Victoria Land coast area of Antarctica. At left is a mosaic of three
1:250,000 U.S. Geological Survey topographic maps compiled from source data, 1955-64. Annotated
revisions are based on the ERTS—1 image mosaic shown at right. Significant changes are: A, Harbord

Glacier; B, Drygalski Ice Tongue; and C, fast ice (1128-20290, 1128-20293, 1163-20224, 1163-20230,
and 1177-20001; all band 7).
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contention for many years and has been continually reported to be wrong by
ships.

ERTS imagery promises to be highly cost effective and of great scientific
benefit to research on Antarctica, the most remote region on Earth. As a
cartographic tool, ERTS offers the most practical means available to obtain
cloud-free imagery of the millions of square kilometers of the continent still
unmapped and to monitor coastal glaciological features (Southard and Mac-
Donald, 1973).

In summary, these experiments underway with ERTS-1 imagery of
Antarctica have already demonstrated the feasibility of (1) planimetric re-
vision of available small-scale maps, (2) detection of gross changes in the
northern limits of the three largest ice shelves in the world, (3) monitoring
coastal glaciers,and (4) exposing hitherto unknown geographic features.
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FIGURE 25.—Cape Adare, Victoria Land coast area of Antarctica. At left is a mosaic of three 1:250,000 U.S. Geo-
logical Survey topographic maps from source data, 1961-64. Annotated revisions are based on the ERTS—1 image
mosaic shown at right. Significant changes are: C, boundary of fast ice and bay ice has changed, and D, shape
of Honeycomb and Ironside Glaciers has changed, and their tongues have advanced about 3.2 km (1128-20275,
1128-20281, and 1128-20284; all band 7).
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FIGURE 26.—Thwaites Iceberg Tongue, Amundsen Sea area of Antarctica. Comparison of the annotated mosaic of ERTS-1 image
mosaic (top) and the corresponding sketch map (below) shows significant changes of the coastline and position changes of map
features made by using ERTS imagery. Geodetic control points are shown at A and B (1137-14265, 1137-14271, 1157-14374,
1157-14380, 1157-14383, 1160-14551, and 1160-14554; all band 7).
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FIGURE 27.—McMurdo Sound region of Antarctica, 1:1,000,000 map (IMW Series, ST 57-60) compared with annotated
ERTS—1 image mosaic. With the aid of the mosaic, newly discovered mountains, other land features, and coastline cor-
rections will be added to a new U.S. Geological Survey 1:1,000,000-scale manuscript map before it is published
(1128-20290, 1128-20293, 1143-20124, 1151-19151, 1154-19322, 1163-20230, 1165-18520, 1165—18523, 1174-19431,
1174-19433, 1177-20001, 1191-19383, and 1194-19555; all band 7).
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FIGURE 28.—Australian 1:1,000,000 map (IMW Series, SS 40-42) of the Lambert Glacier area of Antarctica compared with an an-
notated ERTS—1 image mosaic. With the aid of the mosaic, existing source maps can be analyzed and evaluated. The imagery
reveals previously unknown mountains and other significant land features that can be added to a revision of this map (1145—
03101, 1148-03261, 1148-03263, 1148-03270, 1168-03374, 1168-03381, 1196-02521, 1196-02523, and 1196-02530; all
band 7).
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If we are to have a better understanding of the way the polar regions
affect man, particularly in assessing the potential resources of Antarctica,

there is

an immediate need to know what’s there and where. Space technology

offers a new method for producing small-scale imagery products of remote

regions

that is substantially cheaper and quicker than production by conven-

tional means. The reasons for this are:
Adwvantages of ERTS synoptic coverage:

G O =

6.
Special
1.

2
3.
4

SN

Current, complete, and repetitive imaging.

First-look imagery of unmapped areas.

Weather conditions not dominant.

Fewer exposures and greater areal coverage per image.

Reduced compilation cost for small-scale products (for example,
1:1,000,000).

Single scene and synoptic views.

uses and benefits:

Source for medium- and small-scale orthoimage products.

. Source for medium- and small-scale planimetric-map revision.

Source for orthoimage mosaics.

. Time-lapse sequence of images for thematic mapping: coastal change

detection, sea-ice studies, ice-movement studies, and so forth.
Planning document.
Visual navigational aids (near-real time).

#



CADASTRAL BOUNDARIES
ON ERTS IMAGES

By Grover Torbert, Bureau of Land Management,
and William R. Hemphill, U.S. Geological Survey

he ERTS-1 CCT’s permit combining a part of the image of the Sheridan
T area of Wyoming (fig. 29) with a cadastral-survey delineation of town-

ship, range, and section boundaries. The combination of image and
cadastral map (fig. 30) shows 939 km? of Sheridan and Big Horn Counties in
Wyoming and Montana, respectively. Standard U.S. Geological Survey quad-
rangle maps of the area are shown in figure 31 for comparison.

The cadastral data, together with four selected ground control points
recognized in the ERTS image, were digitized from written descriptions and
existing maps and combined with the ERTS-1 CCT in a PDP 11/45 com-
puter. The combination of image and cadastral delineation was printed with
a Calcomp plotter Model 728 flatbed. The gray scale of each pixel is repre-
sented by varying the amount of ink distributed to each dot. Cadastral bound-
aries, roads, and streams are represented by plotting one-third the normal
pixel area.

The Tongue River flows eastward and northward in the central and
northeastern parts of the image map, respectively. The foothills of the Big-
horn Mountains can be seen in the southwest corner. Dark-toned circular pat-
terns in the west-central part are radial irrigation systems.

This image map was produced by Computer Research Corp., Arvada,
Colo., for the Bureau of Land Management to use for recording changes in
land ownership and land use on a pictorial base. Such a base can be used to
relate land ownership to seasonal change in grassland areas as a guide to the
release or withdrawal of grazing leases on public lands administered by the
bureau. The image map will also facilitate interaction with a computer-
implemented land-information system that is being designed. The bureau is
especially interested in this area because of the marked increase in coal strip
mining that has occurred since 1972.
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FIGURE 29.—Annotated color composite ERTS—1 image of the Sheridan area of Wyoming (1030-17233).
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FIGURE 30.—Computer-processed combination of part of the Sheridan
ERTS-1 image and the cadastral survey delineation of township,
range, and section boundaries (part of 1030-17233, band 4).
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FIGURE 31.—Standard U.S. Geological Survey map of the Sheridan area
of Wyoming from published 7%2-min quadrangle maps: Ranchester,
Monarch, Wolf, and Hultz Draw.
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CHAPTER 2.
APPLICATIONS TO GEOLOGY AND GEOPHYSICS

INTRODUCTION

By William A. Fischer,
U.S. Geological Survey

land. This knowledge provides an understanding of geologic hazards—
such as landslides, earthquakes, volcanic eruptions, and land subsidence

—as well as the engineering properties of soils and rocks. In addition, such
knowledge aids in pinpointing potential sources of minerals and fuels. ERTS
has permitted geologists to rapidly expand their geologic knowledge by
revealing features that were never before recognized and that are worthy of
investigative priority. IFurthermore, ERTS has provided geologists and other
scientists throughout the world with a common set of data, so that communi-
cation in the profession is vastly improved and progress toward geologic
understanding is accelerated.

This chapter is one of the largest in this book and reflects geologists’ long
history of using aerial photography and their seemingly inherent desire to
always view the study area from the “highest hill.” The broad involvement of
geologists and their willingness to contribute to this work are testimony to the
geologic values inherent in the ERTS data.

Papers in this chapter primarily deal with the use of imagery, but the use
of the ERTS data collection system to collect information from ground sen-
sors located in remote areas is also described. Collectively, the papers present
a cross section of preliminary results gleaned from satellite data.

Although ERTS was designed for a variety of scientific purposes, a
series of geologic hypotheses that were advanced played a major role in
determining the final design criteria. These hypotheses were :

1. That large features (including glacial features, faults and other linea-
ments, and volcanic features) are present on the surface of the Earth
that, because of their size and subtle expression, had gone unrecognized
in conventional ground and aerial surveys but that can be seen on images
having sufficient areal coverage and spectral uniformity.

2. That color or multispectral images properly recorded and processed to
preserve color uniformity would be useful in mapping distributions of
rock types and alteration products.

3. That some environmental features are only intermittently visible depend-
ing on angle of illuminatiton and on snow, water, or vegetation dis-
tributions.

Geologic knowledge is essential for determining the optimum use of our
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4. That some geologic processes, such as sedimentation and glacial motion,
could be better understood if viewed in a “time-lapse” mode.

The need to test these hypotheses was a significant factor in the decisions
that led to adoption of the repetitive, time-uniform, multispectral character
and narrow-angle field of view of the ERTS systen.

All the papers in this chapter support one or more of these hypotheses.
Most present results that have relatively short-term economic significance in
that they provide information that will add to the efficiency of exploration for
minerals, fuels, and ground water. Some, such as Brown and Huffman’s study
of the Jordan Rift Valley (p. 53), have immediate scientific impact but are of
longer range economic significance. Most papers in the section deal with the
mapping of large previously unknown geologic structures—principally linea-
ments and faults—that may constitute geologic hazards or that may control
localization of mineral deposits, suspected folds that may be oil bearing, and
glacial features that may be sources of large quantities of ground water.

Morrison’s paper (p. 72) on the enhanced visibility of snow-covered ter-
rain features provides good examples of geologic features that are only inter-
mittently visible. Further documentation of the advantages of the multi-
spectral approach to viewing the Earth is given by Schmidt, who discusses the
detection of hydrothermal sulfide deposits in the Saindak area of western
Pakistan (p. 89) and by Stoertz and Carter (p. 76) in citing the conclusion
of Dr. Brockmann of Bolivia that color adds 40 to 50 percent more to the
geologic information that can be interpreted from a given ERTS image. Full
use of the multispectral qualities of ERTS, however, requires that the inter-
pretations be made using the digital magnetic tapes (CCT’s) of the data
instead of the analog images. These tapes preserve the spectral qualities of the
data to a larger extent than do photographs and permit the various bands to
be compared or ratioed, as in the case of the study by Rowan, Wetlaufer, and
Goetz (p. 102).

The articles dealing with foreign areas indicate the tremendous amount of
geologic information that is being derived from the relatively straightforward
use of ERTS data to improve the world cartographic base maps; Stoertz and
Carter (p. 76) point out that of 150 salars (salt-encrusted-basins) in parts of
Chile, Bolivia, Argentina, and Peru, 20 were unmapped before ERTS.

The new classification system for the desert sand seas developed by McKee
and Breed (p. 81) is illustrative of the value of uniform global coverage; the
long-range value of their work for improving geologic communication and
education will be great.

The deployment of seismic-event counters and other sensors on 15 vol-
canoes, the successful relay of measurements via the ERTS satellite, and the
receipt of “telltale” warning signals from Volecan Fuego in Guatemala 5 days
before eruption clearly demonstrate the technological and economic feasibility
of building a global volcano-surveillance system (see Ward and Eaton, p. 106).

I believe that the reports in this chapter demonstrate that geologists,
having tested ERTS as a new working tool, have not found it wanting.



GEOLOGIC ANALYSIS OF
THE SANTA LUCIA RANGE,
CALIFORNIA

By Donald C. Ross,
U.S. Geological Survey

eologic interpretation of the granitic and metamorphic basement of the

Santa Lucia Range is hindered by structural complexity, dense vegeta-

tion cover, and a lack of distinctive mappable units. Evidence for fault-
ing is common and widespread, but the distinction of through-going zones that
may distinguish major movement from local minor faults is difficult to make.

A northwest-trending group of lineaments is visible on 1:1,000,000 ERTS
imagery of the area (figs. 32 and 33). Most of the better displayed lineaments
are unusually straight segments of stream courses that combine to form rela-
tively continuous linear features tens of kilometers long. Many of these
straight stream courses have been interpreted and mapped as faults by earlier
workers.

Interpretation of orbital imagery (fig. 33) takes into account most of the
previously mapped fault segments and suggests an overall simpler and more
continuous pattern of faulting than earlier published interpretations of this
basement block (Jennings and Strand, 1958). The interpretation points to an
anastamosing fault system that cuts completely through the Santa Lucia
Range basement block. Other evidence suggests that the easternmost faults
of this system do not noticeably disturb the basement (displacements are on
the order of a few thousand feet), whereas the westernmost “solid-line” fault
juxtaposes some very different rocks and may reflect a major basement offset.
The relatively continuous nearly 50-km lineament at A, which may reflect

this fault, certainly supports the hypothesis that this is a major basement
break.
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Monterey
Peninsula

SOLID LINES Anastamosing fault system in part
based on photo-lineaments

DASHED LINES Other faults in basement block
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FIGURE 33.—ERTS—1 image showing interpretation of photolineaments in the northern Santa Lucia Range, Calif. (1002-18140). Letter
A indicates continuous 50-km lineament.



AN INTERPRETATION OF
THE JORDAN RIFT VALLEY

By G. F. Brown and A. C. Huffman,
U.S. Geological Survey

linear features associated with faulting along rift valleys. Of these the

opening of the Red Sea and the Gulf of Aden have received widespread
attention (Girdler, 1962; Le Pichon and Heirtzler, 1968; and McKenzie and
others, 1970). Following Euler’s fixed-axis theorem for the nature of plate
movement (that is, that relative movement of any segment of the globe with
regard to another segment requires rotation around a pole through the center
of a sphere), the openings of the Red Sea and the Gulf of Aden (fig. 34, R and
A, respectively) require at least two poles. Also, as seems likely, Gulf spread-
ing began earlier along transform faults with meridional shearing along the
Red Sea rift. Using azimuths to transform faults and fault-plane solutions
from first-motion studies, Girdler (1972) has postulated the location of two
poles of rotation. For the Gulf of Aden (Arabian-Somalian plates) he favors
McKenzie’s position of lat 26°30’N.; long 21°30’E., and for the Red Sea
(Arabian-Nubian plates) he favors a location at lat 31°30’N.; long 23°00'E.
(fig. 34).

The Jordan Rift Valley is a striking example of the large linear features,
and, if Girdler’s pole locations and two periods of rapid separative movement,
are accepted, we would expect to see a difference in bearing of the Jordan rift
north of its junction with the Red Sea. Examination of the latest geologic
maps of the Levant does show a bearing of about N. 10° E. for the earlier
opening, swinging to a meridional trend toward Lebanon from the pole of
lat 26°30’N.; long 21°30’E., where a fault zone appears to swing into the
Mediterranean Sea between Beirut and Tyre; an examination of a mosaic of
ERTS images (fig. 35) confirms this bearing. Indeed, the European geologic
map (von Gaertner and Walther, 1971) shows the northeast-trending Carmel
fault (Freund, 1970, fig. 1) extending into the Mediterranean Sea at Haifa,
some kilometers farther south, which fits a rotation around the southernmost
pole even better. As would be expected, the older fault zone is more obscure,
even though the lineament is well-defined on the ERTS imagery. Inspection
of this feature along the Beirut-Tyre road in southern Lebanon reveals exten-
sive disturbance that approaches a crushed-zone appearance. North of Beirut,
the younger, more pronounced faults trend north-northeast, in keeping with a
pole location farther north than the location of the Gulf of Aden pole. Earlier

a mong the more discernible features on ERTS imagery are the large
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locations by McKenzie and others (1970) at lat 36°30’N.; long 18°00"E., west
of Greece in the Mediterranean Sea, fit the bearing of the faults north of
Beirut as well as the transverse fault between Masirah Island and Oman in
the southeastern shore of the Arabian Peninsula. Thus, in this example, ERTS
imagery tends to clarify and confirm one interpretation for the history of the
Red Sea and the Gulf of Aden.
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Figure 34.—Map of the Red Sea area showing location of tectonic-plate rotation poles.
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GEOLOGICAL STRUCTURE IN
THE WESTERN BROOKS RANGE AREA

By Ernest H. Lathram,
U.S. Geological Survey

espite several seasons of exploration by private companies and by the
D U.S. Geological Survey, the ubiquitous tundra cover and the paucity of
outcrops along the shallow streams and rivers in the lowland area of
the Ipewik and Kukpuk Rivers have prevented recognition of the distribution
of structural elements. Examination of conventional aerial photographs has
revealed little additional data. This ERTS image (fig. 36), however, displays
a startlingly clear and detailed representation of the area (Lathram, 1973).
The image shows clearly the complexity of structure in the lowland and the
pronounced difference between the structural pattern in this area and that in
the areas of strata of comparable age (to the north and east) and of older
strata in the mountains (to the south and east) (fig. 87). The change to greater
structural complexity in the lowlands may be due to oroclinal bending around
an axis trending northwest through the lowlands (Tailleur and Brosgé, 1970)
or, more probably, due to the superimposition of a younger belt of east-
directed thrust faults in the western part of the area upon an older belt of
north-directed thrust faults in the Brooks Range (Grantz and others, 1970).
Recognition of the structural complexity and determination of its cause are
critically important in determining the potential for petroleum accumulations
at depth in the area (Lathram and others, 1973).
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FIGURE 36.—Color composite ERTS—1 image of the western Brooks Range area of Alaska (1009-22090).
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FIGURE 37.—Annotated ERTS-1 image of the western Brooks Range area of Alaska, showing geologic features and place names
(1009-22090, band 7).




GEOLOGICAL EVALUATION OF
NORTH-CENTRAL ARIZONA

By Donald P. Elston,
U.S. Geological Survey

essed by the Jet Propulsion Laboratory, Pasadena, Calif., to enhance

detail and enlarged to approximately 1:200,000, were analyzed mono-
scopically and stereoscopically for their geologic information (Goetz and
others, 1973). Figure 38 is a standard ERTS MSS color composite image, and
figure 39 is a computer-enhanced nonconventional color composite image of
north-central Arizona. The ERTS project test site in north-central Arizona
includes areas that have been mapped in detail at 1:48,000 and 1:62,500. A
large part of the area, however, has only been mapped in reconnaissance at
1:375,000 for the geologic map of Arizona that was published at 1:500,000
(Wilson and others, 1969). A north-central part of the Arizona geologic map
is shown in figure 40.

Use of the ERTS images, principally bands 6 and 7, improves the dis-
tribution of several of the geologic units shown on the State geologic map;
units shown in figure 41 and the accompanying explanation were discriminated
using both the images and detailed geologic maps. The product is a regional
geologic map referenced to a near-orthographic image base. Geologic detail, of
course, is less than that of large-scale standard geologic quadrangle maps, but
it is greater in areas that only have been mapped in reconnaissance. It is es-
pecially useful to plot geology on an orthographic image base because relations
of geologic units to physiographic, vegetational, and structural characteristics
of the terrain can be evaluated from a single display. Transfer of the plani-
metric geology to a topographic base allows complementary analysis using
standard techniques.

Basalt of late Tertiary age crops out in much of the area, and for the most
part it was readily discriminated on the ERTS images. Within an area map-
ped as basalt on the State geologic map, a light-colored area that proved to be
highly tuffaceous was recognized and mapped. Quaternary and Tertiary sedi-
ments also were recognized and mapped on the ERTS images, and details of
their distribution were better than on the State geologic map. Fine details of
the stratigraphy in gray to white Paleozoic rocks (sandstone and limestone)
could not be resolved, however, although the red sandstone of the Supai For-
mation of Permian and Pennsylvanian age was identified on false-color images.
All Paleozoic rocks therefore were mapped as one unit; thus, at least for
Paleozoic rocks, the State geologic map is far superior. In contrast, more Pre-

I Iigh-quality ERTS-1 images of north-central Arizona, computer proc-
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FIGURE 38.—Annotated color composite ERTS-1 image of north-central Arizona (1337-17325).

FIGURE 39.—Computer-processed four-band color composite ERTS-1 image of north-central Arizona. This image has under- »
gone a nonlinear (gaussian) computer contrast stretch at the Jet Propulsion Laboratory, Pasadena, Calif. Color units and
tone boundaries correlate with stratigraphic and vegetation units. Bronze, mountain and plateau vegetation (mainly Ponderosa
pine); yellowish orange, vegetation along stream courses (mainly cottonwood and sycamore trees); greenish tan in north-central
part of scene, red beds (red brown) of Supai Formation of Pennsylvanian and Permian age; greenish blue, basaltic flows of late
Tertiary (Miocene and Pliocene) age; creamy white, lake beds (siltstone and marl) of late Tertiary Verde Formation (enlargement
of part of 1337-17325, fig. 38).
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cambrian units could be identified in the ERTS images than are shown on the
State geologic map, apparently because of the structural grain and, locally,
color; for the older rocks, therefore, the ERTS photogeologic map is an im-
provement over the State map. ERTS images at approximately 1:200,000 com-
bined with conventional photogeologic and field geologic techniques can thus
lead to more efficient reconnaissance geologic mapping and improved recon-
naissance maps.

The most striking geologic advantage of the ERTS images is their synop-
tic view of fracture and lineament patterns that occur in basement rocks and
in surficial deposits that mask the bedrock and basement. Faults and linea-
ments in north-central Arizona are shown in figure 41. The faults are from
published maps. The traces of some faults were less clear than the traces of
nearby linear features. Faults are shown as heavy lines on figure 41 merely to
differentiate them from the lineaments.

The north-central Arizona site lies within the Colorado Plateau province,
and only comparatively simple high-angle normal or gravity faults displace
the Tertiary and Paleozoic rocks. Thus, where Precambrian rocks are exposed,
the structure that is seen is principally of Precambrian age. The dominant
Precambrian lineament systems trend north, northeast, and east, with north-
and northeast-trending systems strongly developed. Northwest-trending faults
and lineaments, which mainly reflect much later structural adjustments that
occurred during the Tertiary, are mostly subdued compared to the other
systems.

A comparison of the geologic and lineament maps shows that the Pre-
cambrian structural grain clearly has been imparted to the overlying Phanero-
zoic rocks and that the Precambrian lineament systems apparently have been
sites of renewed structural adjustments. The north-trending Oak Creek fault
in the northeast (fig. 42) can be seen at the surface to displace only Paleozoic
and Tertiary rocks. It very likely reflects a north-trending fracture system in
the basement, one that appears en echelon to the Precambrian Shylock fault
zone in the south-central part of the map area. Northeast-trending lineament
systems also occur in Tertiary and Paleozoic rocks on the Colorado Plateau.
Near Williams, Ariz. (near lat 35°15’N.; long 112°12'W.), eruptive centers of
the upper Tertiary San Francisco volcanic field are localized along some of
these lineaments. The northeast-trending lineaments presumably reflect an
underlying northeast-trending Precambrian fracture system along which re-
newed structural adjustments occurred ; they are similar in trend to the Chap-
arral and Spud faults and associated northeast-trending lineaments in Pre-
cambrian terrane in the southern part of the map area.

A myriad of fractures and lineaments occur in well-exposed Paleozoic
strata in the Sedona area, west of the Oak Creek fault. Northwest-trending
fractures in the Sedona area were believed to be dominant until mapping with
ERTS images revealed the existence of strongly developed east- and northeast-
trending lineaments, the existence of which appears to have been responsible
for the development of an erosional embayment in the margin of the Colorado
Plateaun here. Fracture systems and lineaments in the Sedona area are current-
ly being mapped in detail using NASA high-altitude-aircraft photographs,
supplemented by field mapping, to provide data for a comparative evaluation
of similar data from images obtained from still higher altitudes and orbit
(Skylab and ERTS). Lineaments that have been plotted from ERTS images,
and those to be plotted from Skylab images, will be compared to the detailed
geologic map.
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The geologic work in the Sedona area has the practical objective of defin-
ing areas structurally favorable for the localization of ground-water resources
in an area having a burgeoning population. Anticipated targets for future
exploration for ground water are places where ancient concealed karst (lime-
stone cavern) ground in the Redwall Limestone of Mississippian age is inter-
sected by through-going fracture systems at structurally favorable elevations.

EXPLANATION FOR FIGURES 41 AND 42
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FIGURE 41.—Geologic map of north-central Arizona compiled on an ERTS—1 image base (part of 1337-17325, band 6). Data are fr
published and unpublished sources.
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FIGURE 42.—Fault and lineament map of north-central Arizona compiled on an ERTS-1 image base (part of 133
Faults from published information; lineaments interpreted from ERTS images. Explanation is on page 64.




GLACIAL GEOLOGY AND SOILS IN
THE MIDWESTERN UNITED STATES

By Roger B. Morrison,
U.S. Geological Survey

nterpretation of geology and soils from ERTS images is especially difficult
I in the glaciated Midwestern United States because of low relief, lush vege-
tative cover during the growing season, and frequently clouds, haze, and
smog. A few images, however, taken under just the right conditions yield, by
means of subtle variations in tone, a remarkable amount of information on
macroscale geologic and physiographic features that have little topographic
expression (Morrison and Hallberg, 1973).

The best time of year for getting images showing the differences between
surficial deposits and soils in the Midwest, caused mainly by variations in soil
moisture, is middle to late spring after the croplands have been newly plowed
and while soil moisture still is high and while the cropland, pasture, and
woodland areas still are relatively bare of foliage (fig. 43).

Figure 44, the eastern half of figure 43, shows a large part of Towa west
of Des Moines that is nearly all cultivated, mainly in grains. Gallery forests
along streams are the chief natural vegetation. The image was taken on May
10, 1973, when the fields were either newly plowed or in young crops and
when soil moisture remained relatively high; thus the darker tones registered
in band 7 represent relatively moist soils, and the lighter tones, drier soils.
Subtle variations in tone register the types of glacial and other surficial de-
posits and landforms on which the soils have developed. Drainage patterns
provide considerable information on the relative ages and types of glacial
deposits and on the trends of both young and ancient end moraines. Com-
bined with data from geologic, soil, and topographic maps, this image reveals
useful information about surficial deposits and soils.

Two principal units are obvious: (1) a relatively dark toned plain, the
Wisconsinan till plain, in the northern half of the scene, and (2) a lighter
toned, more dissected plain, the Kansan till plain, in the southern half of the
scene. Clayey Wisconsinan till was deposited by a late-glacial ice lobe that
reached as far as Des Moines about 14,000 yr ago, after the last period of
active loess deposition had ended ; consequently, its soils are moderately poorly
drained and appear dark toned in this image. The narrow light-toned irregu-
lar ribbons that traverse the Wisconsinan till plain in the image are well-
drained sandy-gravelly glacial outwash and alluvium along stream valleys. An
inner dark zone along some larger streams in the image represents poorly
drained bottomland soils.

The Kansan till plain has a mostly lighter tone in the image because wide-
spread loess deposition has resulted in better-drained soils. Here the streams
are more deeply incised and more numerous than in the Wisconsinan till plain,
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FIGURE 43.—Color composite ERTS—1 image of part of lowa west of Des Moines (1291-16335).
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and the main ones have cut deeply into bedrock. From stream alignments, two
divisions of this area can be distinguished : a zone (2al, 2a2) of arcuate drain-
age immediately south of and parallel to the Bemis moraine and, farther
south, a zone (2b) characterized by more deeply incised streams that radiate
outward normal to the zone of arcuate drainage and the Bemis moraine. In
the northern zone, the interstream divides commonly are tabular; they are
widest in unit 2a2. About five principal divides can be identified. The parallel-
ism of the streams to the Bemis moraine suggests that their alinement, before
their entrenchment into bedrock, may have been controlled by a series of mid-
dle Pleistocene end moraines and/or ice-marginal streams. The till beneath
the present tabular divides may represent relics of these ancient moraines that
were previously unrecognized. Supporting this hypothesis is the fact that the
stream valleys cut across the boundaries of formations having considerable
differences in rock type and resistance to erosion and are also transverse to a
buried preglacial valley.

In the southernmost zone (unit 2b), the streams run transverse to those
to the north and show little or no control by former moraines. Because the
drainage network is denser and the streams are more deeply incised than in
the northern zone, probably a longer time has elapsed since this area was
glaciated.

Figure 45 is another example of the usefulness of spring ERTS infrared
imagery for mapping and analysis of glacial landforms, deposits, and soils in
the Midwest. This region, in west-central Illinois, is almost entirely culti-
vated, and the natural vegetation generally is confined to the steeper slopes
and stream borders. The variations in tone are caused mainly by differences in
permeability and moisture content of the soils, which in turn are related to
the surficial deposits on which the soils have developed.

On the mosaic, the Wisconsinan till plain is mainly dark toned (moist
soils), and the Illinoian till plain is dominantly light toned (dry soils). On
the Wisconsinan till plain, various end moraines are easy to distinguish from
glaciolacustrine plains and ground moraine. On the Illinoian till plain, end
moraines generally cannot be distinguished from ground moraines because
here all the moraines are older and have been considerably modified by weath-
ering, erosion, and loessial cover. An exception is the Buffalo Hart moraine
(unit 2a), of late Illinoian age, that is intermediate in age and tone between
the main Illinoian till plain (unit 2b) and the Wisconsinan units; this
moraine also has light-toned mottles caused by hills of well-drained sand and
gravel (kames) large enough to be detected on the image.

Images also facilitate mapping soil associations for both agronomic and
engineering applications. Comparison of ERTS-interpreted maps, such as
figure 45, with soil association maps of Illinois shows that the boundaries be-
tween certain soil associations stand out much more clearly on the ERTS
images than on conventional aerial photographs and permit rapid yet highly
accurate soil mapping over large regions. A striking example is the ribbon-
like areas of well-drained soils the light tones of which contrast conspicuously
with the prevailing dark tones of the Wisconsinan till plain. Although limited
in areal extent, these soils are very important; they commonly overlie sandy-
gravelly outwash deposits, locally of commercial quality, that are shallow
aquifers and significant in places for domestic and municipal water supplies.
They tend, however, to be droughty, of moderate to low agricultural pro-
ductivity, and undesirable sites for sanitary landfills unless the fill is sealed
off from the aquifer.
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FIGURE 44.—Annotated ERTS—1 image 1291-16335, band 7 (fig. 43), with interpretation of soil types.

FIGURE 45 (next page).—Mosaic of ERTS-1 images 1322-16051 and 1322-16054, band 7, west-central lllinois with interpretation »
of soil types.
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ENHANCEMENT OF
TOPOGRAPHIC FEATURES
BY SNOW COVER

By Roger B. Morrison,
U.S. Geological Survey

inter ERTS images of snow-covered areas are
W the most favorable for showing topographic

detail, particularly in regions of low to moder-
ate relief. A continuous snow cover masks out the dis-
tracting tone differences caused by variations in soils,
rocks, and vegetative cover. Also, the low Sun-elevation
angle, which is characteristic of winter images, results
in shadowing and emphasis of even minor topographic
features.

Although the snow cover masks all spectral infor-
mation about soils, rocks, and most types of vegetation,
some deductions about soils and rock materials can be
made from the landform and land-use characteristics.
For example, one knows that sand dunes are composed
of eolian sand and that valley bottom lands are under-
Jlain by young alluvial soils.

A good example of the enhancement of an image of
a snow-covered region of low to moderate relief is
shown in figure 46. This image of western Nebraska is
representative of the semiarid central Great Plains.
The maximum local relief is about 400 m. The bedrock
units are nearly flat lying weakly consolidated silt,
sand, clay, and some gravel and shale, capped in places
by resistant limestone and carbonate-cemented sand-
stone that produce plateaulike uplands. The bedrock is
commonly covered by a veneer of unconsolidated eolian
sand and alluvium, but it is well exposed in various es-
carpments, bluffs, and dissected areas. This image was
taken on Jan. 28, 1973, after widespread snowstorms
and when the Sun-elevation angle was 24°, Note the
fine details of gully patterns in the various escarpments
and the dune morphology in the Sand Hills. Tmages of

this area without snow cover show much less topo-
graphic detail.

Using this winter image alone, without information
from images taken at other seasons and without any
field data, three kinds of terrain can be identified: (1)
dune fields (part of the Sand Hills of Nebraska), (2)
valley bottom lands (flood plains and low terraces
along several rivers), and (8) bedrock escarpments and
surfaces of several types, some having thin veneers of
surficial deposits (fig. 47). The dune fields can be di-
vided into three subunits on the basis of dune morphol-
ogy, degree of blowout development and (or) dune
stabilization, and the abundance and pattern of crop-
lands. The valley bottom lands are evident from their
topographic position, land uses, and lack of relief.
Four classes of bedrock surfaces can be distinguished
from their topographic position, local relief, including
depth and closeness of stream dissection, and field
abundance and field patterns. )

Figure 48 illustrates the relatively poor topographic
detail discernible in summer images. This band 5
image, taken Aug. 19, 1972, covers part of the same
area shown in figure 46.

In areas of high relief or of coniferous forest, snow
cover provides less enhancement of topographic detail.
Much detail is lost in the shadowed parts of moun-
tains and canyons and on slopes that are more or less
perpendicular to the Sun’s rays. The dark foliage of
dense coniferous forests obscures the ground, snow-
covered or not, the year around. Deciduous forests are
iess of an impediment because the leafless trees in win-
ter do not entirely obscure the snow-covered ground.

Description of geologic terrane-map symbols used in figure 47 (p. 74)

la _________ High transverse sand dunes, closely spaced, with
subparallel alinement; probably many active
dunes; many interdune lakes and ponds.
(Clearly inferred from dune forms.)

b Transverse and upsiloidal/longitudinal dunes
with numerous blowouts; irregular alinement;
probably many active dunes; interdune lakes
and ponds more numerous than in 1a. (Clear-
ly interred from topographic form.)

le . ____ Poorly developed and/or eroded low dunes and
cover sands; mostly stabilized; few interdune
lakes and ponds; moderately thick to thin
veneer of unconsolidated sand over bedrock.
(Inferred from subdued dune morphology and
variable field density.)

2 - Valley bottomlands. Flood plains and low ter-
races along main streams. (Inferred from topo-
graphic position.)

3a o ____ Low-lying erosion surfaces commonly between
units 2 and 3b, sloping gently toward main

streams; low dissection and local relief; prob-
ably widespread thin veneer of unconsolidated
alluvium and local eolian sand and/or loess.
(Deduced from topographic position, local re-
lief, and field patterns.)

3b __________ Escarpments, bluffs, and hills without significant
surficial deposits; highly dissected, common-
ly grading into “badlands.” (Inferred from
topographic detail.)

3¢ = Upland plains with few streams and shallow dis-
section; low relief; probably extensively ve-
neered by loamy soils. (Deduced from topo-
grapf)mic detail and generally dense field pat-
tern.

3d . Upland plains underlain by resistant caprock;
few streams, shallow dissection, and low re-
lief; probably patchy veneer of sand or loamy
soil. (Inferred from topographic detail and
less dense field patterns than in 3c.)
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FIGURE 47.—Geologic terrane map compiled on ERTS-1 image 1189-17075 (fig. 46). Explanation of symbols is on page 72.
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HYDROGEOLOGY OF CLOSED BASINS
AND DESERTS OF SOUTH AMERICA

By George E. Stoertz and William D. Carter,
U.S. Geological Survey

1972, of the central Andes, Atacama Desert, and

Altiplano have been analyzed for hydrologic and
geologic data. The study area includes southwest
Bolivia, northwest Argentina, southeast Peru, and
northern Chile, extending from lat 16°30” S. to 27°30’
S. and from long 66°30” W. to 70°30" W. Synoptic
seasonal conditions revealed by ERTS for the first
time, and delineated in this study, include midwinter
and early spring snowpack on the main range of the
Andes from lat 21°00" S. to 25°20” S. and seasonal
floodwaters on the floors of closed drainage basins
throughout the study area. Permanent features mapped
at 1:1,000,000 from ERTS imagery include salars
(salt-encrusted playas), drainage basins, volcanic cra-
ters, calderas, conjectural faults, major structural
trends, and the approximate extent of the ancient
Lake Minchin.

Experience has shown that color composite images
provide 40 to 50 percent more environmental informa-
tion than black and white images of the same scene.
This was the conclusion of Dr. Carlos Brockmann and
his associates of the Geological Survey of Bolivia
(Geobol) after they made detailed studies of the stra-
tigraphy, structural geology, hydrology and drainage
basins, relative permeability, and geomorphology in
the area.

The ERTS-1 false-color composite image shown in
figure 49, taken on Aug. 2, 1972, is the first prepared
for this region of the Andes, and it dramatically dis-
plays the rugged terrain. Being largely composed of
exposed bedrock and soil, the terrain pictured is domi-
nantly pale green. The Salar de Coipasa is in the right;
the distribution of water (black to pale blue) and salt

ERTS images, obtained from July 30 to Oct. 30,

76

(white) is obvious. Part of the Salar de Uyuni is in
the lower right corner. The Altiplano comprises the
plains drea to the north and is studded on the west by
many volcanic cones. Some are lightly dusted with
ephemeral snow, whereas others appear to have well-
established snowcaps. Faint patches of vegetation ap-
pear as small spots of pinkish orange, and most are
natural vegetation near springs, but some patches may
be farm plots and grazing areas frequented by in-
digenous Indians and llamas. Linear features near the
crest of the Western Cordillera (lower left) are part
of the major copper belt—for which the Andes are
famous—extending from Chile in the south into Peru
to the north.

Maps compiled largely from ERTS images and com-
pleted in manuscript form (Stoertz and Carter, 1973)
(figs. 50, 51, 52) show the following:

1. Of 150 salars, 86 were found to be in agreement
with existing published and unpublished maps,
32 were modified by the ERTS data, 20 were
revealed solely by ERTS, 7 were not identified on
ERTS images but were retained from other
sources and were unverified, and 5 were in small
deflation basins (figs. 51, 52).

2. Of 184 closed drainage basins, 58 were classed as
largely reliable and verified by ERTS, 69 were
largely reliable but unverified, 10 were fairly re-
liable and modified by the ERTS data, and 47
were still unreliable or doubtful.

3. Of an experimental evaluation of part of a pub-
lished geologic map (1:1,000,000) covering 9,300
km?, 40 percent appeared to be essentially in
agreement with boundaries visible on ERTS
images, 35 percent appeared subject to improve-



ment by boundary adjustments, and 25 percent
was estimated to be subject to significant revision
with the aid of ERTS imagery.

4. Of 681 volcanoes or craters, including 9 active vol-
canoes, the position of 1 was corrected from
ERTS data.

5. Of 15 calderas, 5 were mapped solely from ERTS
images.

6. 2,160 km of previously mapped faults were recog-
nized on ERTS images, plus 225 km were map-
ped solely from ERTS data, the latter consisting
of conjectural extensions of known faults and
realinements of mapped faults.

7. Major structural trends associated with the promi-
nent bend in the Andean fold system, chiefly in
Bolivia and Argentina, were identified.

8. Of 9,840 km? of early spring (October 30) snow-
pack on the main range of the Andes, 6,215 km?
was in interior drainage basins of Chile, 1,295 in
Bolivia, 1,085 in Argentina, and 1,295 in the
external drainage basin of the Rio Loa.

9. Of 88 lakes or seasonal floodwaters in midwinter
and early spring (August-October), 29 were simi-
lar to lakes on existing maps, 23 were modified by
ERTS, and 36 were mapped solely from ERTS.

A special study of the relation between seasonal
floodwaters in the high Andes and drainage-basin char-
acteristics revealed that, where more than 0.3 percent
of a drainage basin was covered by water during
August-October, the basin generally was found to meet
the following criteria: (1) mean elevation of 4,050 m
or higher, (2) mean elevation of drainage divides,
4,350 m or higher, and (3) snowpack covering more
than 10 percent of the basin on October 30. Of 36
drainage basins for which October snow-cover data
were available from ERTS data, 16 basins met all three
criteria. These 16 basins included every one of the 13
extensive lakes or floodwaters seen on ERTS images at
that season and in the special study area, extensive
being defined as exceeding 0.3 percent of basin area.
These conclusions will assist in future water-resources
appraisal and prediction.

No single source of data previously has permitted
identification of all these features, and observation of
synoptic snow cover and surface water was not possi-
ble before ERTS. The satellite thus provides an in-
valuable source and type of data for Earth resources
surveys and development in this large and relatively
undeveloped area.

2. Applications to Geology and Geophysics Fé4

EXPLANATION FOR FIGURE 50
International boundary

A Settlement of Sabaya, approximate (not visible on ERTS
image)
-;I— Inactive volcanoes verified approximately correct as
previously mapped (only principal vol are shown)
@ Inacti l d eastward about 3.2 kilometers from

position previously mapped

g
p pr sly PP

-*— Active volcanoes, the northern one shown 3.2 kilometers east of
\..)}

Portion of caldera verified correct as previously mapped
(near left edge)

Portion of caldera modified from ERTS imagery (near left
edge)

%l Caldera mapped solely from ERTS imagery (near left edge)

Principal faults visible on ERTS image, sh approximately
as previously mapped (6 faults trending NW and NE)

Faults inferred or modified from ERTS imagery (3 faults
trending northwest)

Magjor lineaments in the Andean fold belt (limited to
northeast corner)

~—_—————

@ Zone of silver mineralization (from published sources)

Surface flooding in Lago de Coipasa, August 2, 1972
(elevation approximately 3680 meters)
Deep water
Shallow water

Very shallow water and surface moisture

Lakes approximately as previously pped (4 are sh )

Lakes or seasonal floodwaters significantly different from,
or not delineated on, available maps (17 are shown)

Salar margins verified approximately correct as previously
mapped

Salar margins modified from ERTS imagery
Rivers verified approximately correct as previously mapped
River modified from ERTS imagery (southwest corner)

Strand line of ancient Lake Minchin, approximately as
delineated on previous maps

Probable strand line of Lake Minchin, as inferred from
ERTS imagery

Notes: Coordinates shown in margin are as shown on ERTS image
but are not in agreement with coordinates on published
maps
Image ID No.: NASA ERTS E-1010-14035-4/5/7
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FIGURE 50.—Geologic and hydrologic interpretation and explanation of features identified in the Salar de Coipasa region as de-
rived from ERTS—1 image 1010-14035, band 5 (fig. 49). Explanation is on page 77.
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FIGURE 51.—Index map of salar revisions with area of figure 52
outlined. From sheet 14 of “The World,” 1:5,000,000, pub-
lished by the Defense Mapping Topographic Command, 1973,
series 1106, edition 4; original map compiled and drawn
by the American Geographical Society.
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FIGURE 52.—Example of outlines of several salars revised
by ERTS data.
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seas and illustrates the use and value of ERTS

imagery for this purpose (McKee and Breed,
1974). The study consists of the identification, descrip-
tion, and measurement of characteristic forms and
structures within the world’s principal sand bodies.
This work will facilitate the determination of world
distribution of the various dune types and their classi-
fication. In addition, the basic forms of sand deposits,
analyzed together with data derived from field observa-
tions, make it possible to determine the processes re-
sponsible for each dune type. )

The advantages of employing ERTS images in this
study are readily apparent. Because all images have
the same scale, direct comparisons of widely separated
areas are possible. Further, the relations of the sand
areas to their surrounding features are easy to recog-
nize, and major lineations or other patterns in the sand
aveas are clearly defined. Finally, mosaics made from
combinations of images make excellent map bases on
which to superimpose many kinds of data.

For purposes of this study, 15 desert or semidesert
areas, all of them in the Kastern Hemisphere, were
initially selected (fig. 53). Subsequently some of these
study areas were combined and others were reduced in
size in order to eliminate nonsandy areas and to con-
solidate mosaics for greater efficiency in handling data.
A few relatively small areas located in the Western
Hemisphere (fig. 53, inset) were later included in the
study primarily because they were easily accessible.
These small areas were chosen because they can be
checked readily by aerial photography, and, for most
of them, field notes are available for interpreting the
origin of the morphology.

The methods used in this investigation have gradual-

This investigation is a global study of desert sand

SAND SEAS OF THE WORLD

By Edwin D. McKee and Carol S. Breed,
U.S. Geological Survey

ly evolved from experience in employing the various
types of ERTS imagery as they have become available.
Initially, only small black and white negatives were
received, and they were scarcely adequate for careful
analysis. With the availability of relatively large prints
and their enhancement by photoprocessing methods,
both through printing techniques and differences in
paper, considerable improvement was made. Being able
to compare prints from the green, red, and near-infra-
red bands was another major advance, for it facilitated
the recognition of water, vegetation, and other associ-
ated features bordering sand bodies. Finally, when
false-color images became available (fig. 54), the dis-
cernment of sand through its characteristic yellow
color placed the study of sand bodies through the inter-
pretation of ER'T'S images on a high level of accuracy.
A principal aim of this study is to develop an ob-
jective classification system of the major types of eoli-
an sand deposits (McKee and others, 1973). Although
a final proposal is as yet far from ready, a preliminary
classification, based on dune forms seen on the ERTS
imagery thus far examined, recognizes the following
five basic types: (1) parallel straight or linear, (2)
parallel wavy or crescentic, (3) star or radial, (4)
parabolic or U-shaped, and (5) sheets or stringers.
Parallel-straight or linear dune complexes are de-
fined as sand bodies in which the length is much great-
er than the width, slip faces or steep avalanche sur-
faces occur on both sides, and the ratio of dune area to
interdune area is roughly 1:1. Examples of such linear
complexes are conspicuous on ERTS images of the
Simpson Desert of Australia, the Kalahari Desert of
South Africa (fig. 55), the Empty Quarter of Saudi
Arabia, and the Sahara of North Africa. Variants of
the linear form are the feather type in Saudi Arabia
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and the wide-intradune type in the Sahara.

Parallel-wavy or crescentic dune complexes consist
of nearly parallel rows of cuspate segments, as repre-
sented in the Kara Kum Desert of the U.S.S.R. and in
the Nebraska Sand Hills of the Western United States.
Variants of the simple basic type are referred to as the
fish-scale type of the Great Eastern Erg of Algeria, the
giant-crescent or megabarchan type of Saudi Arabia
(fig. 56), the bulbous, warty type of the Gobi Desert in
China, and the chevron or basket-weave type of the
Takla Makan Desert in China.

Star or radial megadunes commonly attain great
height and include a few to many arms that project
out from a central cone in various directions. The basic
type, resembling a giant pinwheel, is scattered at ran-
dom in parts of the Great FKastern Erg of Algeria. In
other parts of Algeria (fig. 57) and in the Gran Desier-

30°W o

30°E 60° 90° 120°  150°

to de Sonora in Mexico (fig. 54), chains of star dunes
are characteristic, whereas in the Empty Quarter of
Saudi Arabia there are star dunes of graduated sizes,
from small to very large.

Parabolic dunes that typically develop U-shapes with
arms drawn out on the sides are common in areas where
vegetation or moisture, or both, tend to anchor the
arms while the center is blown out and its sand moves
forward. Good examples of these dunes are in the
Rajasthan Desert of India (fig. 58) and at White
Sands, N. Mex.

In some sand seas, definite geomorphic forms fail to
develop, and the sand accumulates in flat sheets, as
near Lima, Peru. Elsewhere it may form stringers ex-
tending downwind without appreciable relief, for ex-
ample, as in South-West Africa (fig. 59).

9(.:' w
NORTH AMERICA

120°W

TROPIC OF “CANCER

TROPIC OF CANCER

EQUATOR

EXPLANATION

TROPIC OF CAPRICORN

A Location of figures
55 thru 59

Arid and extremely arid
desert regions (after
Meigs, 1951)

/1 \ ERTS-1 test sites within
the seas of Africa, Asia,
L Australia, and North America

FIGURE 53.—Index map of the sand seas of Africa, Asia, Australia, and North America.
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KEYS TO SAND-MOVING WINDS

Wind rose arms point upwind
Length proportional to occurrence of given speed GENERALIZED WIND ROSE
Group from given direction as percentage of all observations

5.5 mm arm length equals 10% occurrence High energy winds

. : Moderate energy winds

K1 |:| Winds 17-21 kn - Winds >21 kn
Percentage calm

K2 ‘:l Winds 11-21 kn - Winds >21 kn ; JUL{Period of observations
_~Time of observations

K3 |:| Winds 4-21 kn - Winds >21 kn MORNING  (if available)

Kl/Key number
Ka Ij Percent occurrence by
direction only-no speed data

FIGURE 54.—Color composite ERTS—1 image mosaic of the southwest United States desert and the Gran Desierto de Sonora in

Mexico. ERTS-1 images 1178-17495, 1160-17503, 1178-17504, 1159-17445, 115917451, 1176-17385, 1176-17391, and
1230-17400.
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FIGURE 58.—Color composite ERTS—1 image showing parabolic dunes in the Rajasthan Desert of India (1173-05211).
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FIGURE 59.—Color composite ERTS—1 image showing flat sheets and stringer dunes in South-West Africa (1109-08054).




DETECTION OF HYDROTHERMAL SULFIDE DEPOSITS,
SAINDAK AREA, WESTERN PAKISTAN

By Robert G. Schmidt,
U.S. Geological Survey

Nov. 25, 1972, (fig. 60) shows the known porphyry copper deposit at

Saindak, in western Pakistan, and several sites chosen for further pros-
pecting on the basis of information from this image and known geologic data
(Ahmed and others, 1972; Schmidt, 1973).

Porphyry copper deposits are large bodies of weakly mineralized rock
generally containing minerals associated with hydrothermal alteration. Zones
containing different alteration minerals tend to be concentric outward from a
core and commonly include large volumes of pyrite-bearing rock. Under opti-
mum conditions, the topographic forms and surface-coloration anomalies
of light-toned anomalies related to the weathering of these deposits are so
large and distinctive that they can be recognized on ERTS-1 images.

At Saindak a group of small copper-bearing porphyritic quartz diorite
stocks surrounded by zones of hydrothermal-alteration minerals cut north-
ward across the entire folded lower Tertiary stratigraphic section. The stocks
have undergone intense sericitic alteration and contain copper sulfides. The
stocks are enclosed in a pyrite-rich envelope that is in turn surrounded by a
hard dark-appearing zone of propylitic alteration. The sulfide-rich zone, in-
cluding the porphyry stocks, has been eroded out to form a valley that appears
light toned on the image (fig. 61, A). The zone of propylitic alteration forms
a symmetrical rim of hills more rugged than the surrounding region and
appears darker in tone (B). Together these features are several kilometers
across and form a visible target on the image that is much larger than the
actual exposed area of mineralized rock. Both the central valley and dark rim
are displaced left laterally by a major east-trending fault (C).

The region around the Saindak deposit is a geologically favorable area
for deposits of the porphyry copper type, and it was studied for evidence of
other deposits by using composite images and photogeologic maps and field
mineral-reconnaissance data. Three sites on this image, not formerly regarded
as potential prospects for large sulfide deposits, were identified (D, E, and F),
and one former prospect (G) was reevaluated. These four sites are recom-
mended for field examination. All are areas of known intrusive stocks. At site
D, a small rugged area near the intrusive may be due to propylitic alteration.
Dark-appearing hilly areas surround central cores having a light tone and low
topographic form at sites E, F, and G, and skarn-type hematite or magnetite
bodies have been reported from the vicinity of E, F, and G. Unfortunately, be-
cause windblown sand is abundant in the central cores of these three sites, the
image does not show absolutely that the bedrock there has a light tone, al-
though the combinations of colors and bands were chosen in this and other
composites to enhance the difference.

‘I' he digitally enhanced false-color composite of an ERTS-1 image dated
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Evaluation of the techniques used here will be possible after field checks
have been made of the sites suggested, but positive identification of any por-
phyry-type deposit must be followed by extensive evaluation before it can be
known whether the deposit is exploitable.

APPROXIMATE SCALE
10 20 30 MILES

10 0 10 20 30 KILOMETERS

FIGURE 60.—Digitally enhanced false-color composite ERTS—1 image of the Saindak area of western Pakistan, prepared by IBM Corp.,
Gaithersburg, Md., using band 4 (blue light), band 5 (green light), and band 7 (red light) (1125-05545).
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05545, band 7).




STRUCTURAL GEOLOGY AND
MINERAL-RESOURCES INVENTORY OF
THE ANDES MOUNTAINS, SOUTH AMERICA

By William D. Carter,
U.S. Geological Survey

he evaluation of the use of ERTS-1 images as a tool for improving knowl-
T edge of the structural geology and mineral resources of the Andes is a

cooperative project with geologists of South American resource agen-
cies. The program is based on the idea that exchange of interpretive results
between scientists will raise the level of confidence in interpretation and im-
prove the use of these new data acquired by remote sensing. The objective is to
establish models and procedures that will ultimately lead to mapping of the
entire Andean chain—and eventually the South American continent—on a
common base and with standard procedures. Hopefully this work will provide
new information for the “Tectonic and Metallogenic Maps of South America”
and will define new areas for mineral exploration.

Of 12 areas proposed for study under this experiment, the first area for
which an ERTS image collection was most complete was that of the La Paz
region. A mosaic of 22 images covering an area of 275,000 km? between lat 16°
and 20° S. and long 66° and 72° W. was compiled at a scale of 1:1,000,000 by
the U.S. Geological Survey (fig. 62). Band 6 images of reflectance in the near-
infrared region (0.7-0.8 um) were selected for the mosaic. Copies were then
sent to cooperating investigators in Bolivia, Chile, and Peru for evaluation
and interpretation.

Four map overlays of the La Paz orthoimage mosaic have thus far been
prepared that provide a preliminary understanding of the region. The first
was an image linear map (fig. 63) in which all natural linear features, gener-
ally greater than 10 km in length, have been identified. Those lineations, be-
lieved to be mostly fractures and faults, are indicated by long dashed lines;
lineations related to bedding planes of strata are indicated by short dashed
lines. Volcanic cones, craters, and calderas are also depicted to place them in
the regional tectonic framework. The completed interpretation was then
compared to existing published maps and to the interpretive products made
by other cooperating investigators. This comparison resulted in a “relative
confidence map” (fig. 64) on which linear features noted on published maps
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were indicated in red and those noted on ERTS imagery by two or more inter-

preters in green. Coincidence of the preliminary plotting of linear features

from ERTS imagery to the other sources was high.

A metallogenic map was made by combining published information from
Peru, Bolivia, and Chile at a common scale of 1:1,000,000. From this and the
image linear map, a revised metallogenic map for the area was drafted (fig.
65). This product is now being evaluated by the cooperating investigators.

A fourth map of related interest is a seismic-hazard map (fig. 66) that
shows the location of epicenters of earthquakes occurring between 1963 and
1973 and having a Richter magnitude of 5 or greater. These data were ac-
quired from the World Wide Seismic Net, and the epicenters are believed to
be accurate within 25 to 50 km. Although the relationships between linear fea-
tures shown on the image linear map and the areas of high seismic hazard are
not necessarily direct, one may infer that some of the surficial structures indi-
cated on the image linear map are connected to deep-seated seismically active
structures. The relationship of volcanic activity to the movement of ore-form-
ing fluids remains an interesting geological problem.

Whereas much remains to be done in this program, the following conclu-
sions can be stated :

1. ERTS-1 images, because of their synoptic view of large areas, consistent
Sun angle, and internal geometry, are ideal for mapping geologic struc-
tures in large remote areas of the world.

2. The flexibility provided by several multispectral bands produces useable
data for both arid plains and humid jungles as well as intermediate
regions. Bands 6 and 7, providing near-infrared reflectance information,
are considered the best for most geologic information because water
bodies and soil moisture are depicted so clearly and the effects of vegeta-
tive cover are reduced.

3. Color composite images, although the number available of South America
still is very low, have been found to increase geologic interpretability by
40 percent (Brockmann, 1974). This fact provides strong support for
constructing future mosaics in color.



NASA (ERTS-1)

ERTS EXPERIMENT NO. 189 et Mo e 15 ot

NATIONAL TICS AND SPACE RATION with INTERIOR-U. S. GEOLOGICAL SURVEY, RESTON, VIRGINIA

Ticks outside the margin indicats the 100,000-mater grid lines of the
tor gri, Spheroid. The
posi

¥6

1aUB|d INO UO MOPUIM MON V ‘L—S1¥7



COVERAGE DIAGRAM

66°

. 1121-14211-6 (Nov. 21, 1972)

1192-14152-6 (Jan. 31, 1973)
1245-14100-6 (Mar. 25, 1973)
1100-14034-6 (Oct. 31, 1972)
1153-13581-6 (Dec. 23, 1972)
1100-14041-6 (Oct. 31, 1972)
1247-14220-6 (Mar. 27, 1973)
1246-14161-6 (Mar. 26, 1973)
1245-14103-6 (Mar. 25, 1973)
1010-14033-6 (Aug. 2, 1972)

1153-13583-6 (Dec. 23. 1972)
1134-13525-6 (Dec. 4, 1972)

. 1246-14164-6 (Mar. 26, 1973)
1245-14105-6 (Mar. 25. 1973)
1244-14051-6 (Mar. 24, 1973)
1243-13592-6 (Mar. 23, 1973)
1134-13532-6 (Dec. 4, 1972)

1245-14112-6 (Mar. 25, 1973)
1244-14053-6 (Mar. 24, 1973)

Multispectral Scanner Band 6

1243-13595-6 (Mar. 23, 1973)
1134-13534-6 (Dec. 4, 1972)

CHORODOZEC AT IOMMOOD>

NAMES DIAGRAM

72° 66°
16° Y 16°
Lago de Titicaca\
& ° La Paz
-
PERU -~
\l
A
-\
¢ BOLIVIA
N
-’ '\.
PACIFIC \ Lago de
'-' Poopo
OCEAN CHILE *
.,)
{
20° 1 20°
72° 66°

.FIGURE 62.—ERTS—1 image mosaic of the La Paz area of Bolivia, Peru, and Chile.

soisAydoan pue A8ojoan o3 suoneo)ddy ‘g

96



66°

6 72° 71° 70° 69° 68° 67°
16°1< 3 T T g VAL I HEYAWIR 3%
NN ¥ X NI / ;f)\\\/‘?,\\ N Clouds SNHAG
oN 7 v 5

SN \
~ NN\ Cloudy Cloudy
”’//Q)\ * x
& > \}\\7/\ area\ \

~ N N I
ol TISINKR7 / W N s
PRSI ARSI AN U

[k

region

N L it .
L PO i iia NN > = 74
I N ¢ & OROU AT N P A e R \,XX 4

& U A R

AN SN R
~3J A0 WA\ _g
~ ’\:\\\\\‘Q\\/ <\ \

\\\\\ / N\ 4 s S

DN NS = AN NX) N KN

~ NN NNGAR\

~! \\\:\\\Qj\S\>>\/ = RN

DAY
¥ :‘\\\ \\\\\\\ { \
\%\l\ D I\ é\

7
RANA < )41/ ﬁ\/: \ 7/;
Ny LN 1T 3*\ N\ 7|
PACIFIC | )/\\\( N Z\&_ N
\\\\\\ \ T\\\\ ;\ YC '-...5}
OCEAN SR ST =VS)E
\ BAVR
18° Tacn% \ \(1:
NS
-— \ -
/ . -\% V‘\/‘
. -—\
— — —..... Linear feature, short dash and \ ~ )
dotted on relative degree of WANY E\/‘#” \ /
certainty I//;\_\::_ 3
\
2w Linear feature with visible \\ \)) \
escarpment N ’\I\\\
[, Stratigraphic linear based on \’\\\\“ ?1
19° visible bedrock contact 4 >\\
\/\\ Clouds
u) Caldera or collapse feature \,\
7 k
A}?\t
¥ Voleanic crater h -
i m
0 50 MILES l\\ Vid . YA
s} 50 KILOMETERS \,((\\\ \;\ <) \‘ ‘\\ (\\\\
oWy 3 §\ \
20° l \Y\\\ L\ AR ?\R \

NS o\ N AP
N v R L TMAN )4
AN )«L‘Q«z{dw}' g

FIGURE 63.—Image linear map of the La Paz area.

96

J9UE|d INO UO MOPUIM MIN V ‘L-S1¥3




16“720 71?2 70 69° 68°
% : ; 3 7 = TN
\\\\\\ }'{ \ ]\ \ T \ |‘ 3 \\:\\\ \/// ><)\\\\\|2\\rii o N C|OUdS
S el \ 2" Cloud SNV Y AN
N3OSN Cloudy Cloud o aldsi, st NN A IR :
//////QZ\ ORS \ h y : ‘M.\'—\\’/ TN <K {7 ’«él\/ \)l//.(f//l
YETEIN N O\ are A region : . CLage o W WKy, ) Y
Z, /AArequipa> N 2 /2 Titicaca N NS, T N e
el N P/ R U \/ jEReens N\ o = A Yk\ ;
W e T b TSI N B B T e
Sy \ 7 i ,
\\\Q\\g\\\ % \X/\\ el N | (s \\\\_\\&\\:\\\ \\{:\ -//-x‘ik‘\—:ﬂ/”/ P Clouds ;\:/,2:
NN RN —d \ TSR0 N WA N7 % O
\\\\/::\\\\\\\\/ )/\\ / // l\r, \sl,\\\ i \\\\ WS \\\\\\.\\ §\; 7
I 5N = ey S N A% = e ~ean N Tl W
O iy 5 ’/'*-/‘/ "‘7[‘ e RS 5{\\\ \ N
RN — NA ’ A\ \~\\\ \: \ \\\\§\\r§
NN N S\ A e g (%O
~_\‘§\\ \ _— // % \ N A \ ,/*-.
N N AN Tt N\ R
<. . i s AN
= ~ mald) ‘—’\\Mé(\
=, iy abaiba S
- gt vxay : o
/%’\;\k\,/ Q\\ 1y \:
— ; N
/\3?«4(\
<\\\ \K\,
/
el PACIFIC NG
~ \ §
NN
VAN
OCEAN RN
S
EXPLANATION
Linears shown on published
19° maps ]
Clouds

Linears identified by two or
more interpreters

[ 50 MILES }J.y N % & :
1 AENS ot > N i\ _,
0 50 KILOMETERS SRAANE "'P"s‘;\/"/:.’;‘?\ct/vy‘\f/f‘&'\" " ! Y P R O
/, \ A7QtY N DN Y N \ / Ny
f A\ W “é/ e \‘( NN F \/\\“Na\\
50 | IH \\\\\\ ] | Salar De Uyuni ! ( S AR Y

FIGURE 64.—Relative confidence map of the La Paz area.

66°

soysAydoan pue A80j0an 0} suonedijddy ‘g

L6



98 ERTS-1, A New Window on Our Planet

16D72° 71° 70°
\ [ PR \
N &\ =y =
\\‘\ M %
N
~
\‘;b‘b - : )
SS¥cu> P E R U 9.
17— 4P =N 2 J
\\‘\_\ J',\
~
N RN "
Ty N ,/{
\ e
- <
s | PACIFIC ® Y "
L ) .
OCEAN .t AN
o \_/ \
€l Copper \\ \:
BN Tin \ - '
ig6 @ Tungsten ) 2N NN N Poopo
B SB Antimony 4 \\ G \‘ \\ ]
M Lead, Zine,Silver { ¢ g 1\ CE N @af‘ De ) )
\ . oipasa
o] 50 MILES \ ‘l ,/ . [ ®
0 50 KILOMETERS &\ \(‘ |\. ’\ m ° ™
20° | ha Jabi ] J |Salar De Uyuni| | |

FIGURE 65.—Metallogenic map of the La Paz area.

66°

72° 71° 70° 68° 67°
16° \\ T T I
P 8 EARTHQUAKES
™ N 1963-1973
N HIeH, N 63
- Y P\\ E R U e Magnitude 6-10
\\ . Depth 75-150 Km

78 R » Magnitude 5-6

MODERATE

18°

PACIFIC

19° —

Depth 75-150 Km

a Magnitude 5-6
Depth 150-300 Km

MODERATE

Lago
Poopo

OCEAN \ v N
. N
C H | I L. E \ \\\ Salar De
/ | Coipasa
0 50 MILES I/ = . II /
0 50 KILOMETERS | o | \ m
20° | L\ L |Salar De Uyuni] _|

FIGURE 66.—Seismic-hazard map of the La Paz area.



CLUES TO GEOLOGIC STRUCTURE
POSSIBLY INDICATING
OIL AND GAS SOURCES

By Ernest H. Lathram,
U.S. Geological Survey

n ERTS image of northern Alaska (fig. 67) taken only 4 days after the
A launch of the satellite shows a part of the foothills and coastal plains
near Umiat, Alaska. Umiat was the major staging area for the Navy
Department’s exploration of Petroleum Reserve No. 4 in 1945-52 and is the
site of a medium-sized oilfield discovered during that work. The image repre-
sents the near-infrared light reflected from Earth at the time of the overflight,
and, because water absorbs infrared light, lakes and streams appear black in
sharp contrast to land areas. The clear view of the distribution of lakes in the
coastal plain over this large area provided information on the geologic struc-
ture not heretofore recognized (Fischer and Lathram, 1973).

Lakes in the coastal plain are known to be predominantly elongate, their
long axes parallel and trending about N. 9° W. In figure 68, an additional
strong east-trending regional lineation, not previously recognized on aerial
photographs or in field study, is seen in linear interlake areas, alinement of
some lakes, and elongation of some others. The trend of this lineation is
parallel to the trend of deflections in contours of the magnetic and gravity
fields in the area and is parallel to westerly deflections in the northwest ends
of northwest-trending folds mapped to the south. In addition, the alinement
of many small lakes forms a large and small ellipse superimposed on the
regional lineation. Sparse seismic profiles show both periodic reversals in dip
and a regional arching in shallow strata beneath the lineated area. These data
suggest that concealed structures may exist in this area that may have concen-
trations of gas in shallow strata and of oil in deeper strata at or near basement.

Study of additional ERTS images shows that the observed lineation is
prominent in the coastal plain from the Ikpikpuk River east to the Canning
River and that this lineation may be useful as a guide to petroleum exploration
throughout this area. The lineated area includes the sites of Prudhoe Bay and
other recently discovered oilfields.
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FIGURE 68.—ERTS-1 image of the Umiat area of Alaska showing structural features and lineation of lakes (1004—21395, band 7).



DISCRIMINATION OF ROCK TYPES AND
DETECTION OF HYDROTHERMALLY ALTERED AREAS

IN SOUTH-CENTRAL NEVADA

By Lawrence C. Rowan and Pamela H. Wetlaufer, U.S. Geological Survey,

and A. F. H. Goetz, Jet Propulsion Laboratory

color compositing of ERTS MSS images has

been used to detect and map hydrothermally
altered areas and to discriminate most major rock
types in south-central Nevada (Rowan and others,
1974). The technique is based on enhancement of subtle
visible and near-infrared reflectivity differences asso-
ciated with variations in bulk composition. MSS spec-
tral bands are ratioed, pixel by pixel, by a computer
and are subsequently contrast stretched to enhance the
spectral differences. These stretched-ratio values are
used to produce a new black and white image that
shows the subtle spectral reflectivity differences and
concurrently minimizes radiance variations due to
albedo and topography. Additional enhancement is
achieved by preparing color composites of two or more
stretched-ratio images. Color variations seen in these
stretched-ratio color composites represent spectral re-
flectance differences (fig. 69).

The choice of MSS bands for ratioing depends on
the spectral reflectance properties of the surface ma-
terials to be discriminated. For south-central Nevada,
the most effective stretched-ratio color composite for
discriminating between altered and unaltered areas and
between the regional rock units was prepared using the
following color and stretched-ratio image combination:
blue for MSS 4/5; yellow for MSS 5/6; and magenta
for MSS 6/7. In this composite (fig. 69), mafic rocks,
mainly basalt and andesite (A), are white, whereas fel-
sic extrusive and intrusive rocks are pink (B). The
felsic rocks are especially notable because they have a
large intrinsic albedo range, which commonly prevents
their discrimination from mafic rocks in other types of
images and photographs.

Vegetation in the composite is orange, the darker
hues representing denser vegetation. Although rock
type is generally masked by the denser vegetation,
some discrimination is possible among the flows and

Acombination of digital computer processing and
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tuffs on Pahute Mesa (C) where the vegetation cover is
less dense (light orange). Playas and the two mining
dumps on the western border of the Goldfield mining
district (D) are blue. Clouds (pink-brown) and cloud
shadows (white) can be identified with the aid of the
standard color composite image in figure 70.

Altered areas on figure 69 are represented by green
(D) to dark-green (E) and brown (F) to red-brown
(G) patterns in the color-ratio composite. Except for
two areas (H and 1), the green areas represent hydro-
thermally altered, commonly limonitic rock. The dark-
green, brown, and red-brown patterns are less prev-
alent. Dark-green areas are limonitic and limonite-
free altered rocks. Areas that are brown in the color-
ratio composite have been studied in less detail, but
they appear to be predominantly light-colored hydro-
thermally altered volcanic rocks. The red-brown pat-
tern represents limonite-free, silica-rich, light-colored
volcanic rocks that have conspicuous alteration in two
areas and questionable alteration in two other areas.

Altered outcrops mapped from the stretched-ratio
color composite show a pronounced coincidence with
known mining areas. In the Goldfield mining district
(fig. 69, D), the most productive district in the study
area, the degree of agreement between the green pat-
terns and the previously mapped alteration zone is
very striking. These altered areas are not apparent on
the individual MSS images, color-infrared composite
(fig. 71), or on color photographs obtained from Sky-
lab. Therefore, the technique used in this study appears
to have important applications in mineral-resources
exploration and regional geologic mapping. Future re-
search should focus on refinement of this technique,
especially on defining more clearly the relationships
between visible and near-infrared spectral reflectivity
and mineralogical composition and on testing the tech-
nique in a variety of geologic settings and environ-
mental conditions.
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FIGURE 69.—Stretched-ratio color composite ERTS-1 image of south-central Nevada made from computer com-
patible tapes (part of 1072-18001).
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FIGURE 70.—Color composite ERTS—1 image of the south-central Nevada area made from computer compatible tapes (part
of 1072-18001).
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FIGURE 71.—Conventional color composite ERTS—1 image of the entire south-central Nevada area (1072-18001).



NEW METHOD FOR MONITORING
GLOBAL VOLCANIC ACTIVITY

By Peter L. Ward and Jerry P. Eaton,
U.S. Geological Survey

he ERTS data collection system (DCS) makes it feasible for the first

time to monitor the level of activity at widely separated volcanoes and to

relay these data rapidly to one central office for analysis (Ward and
others, 1974). This capability opens a new era in volcanology, and the hun-
dreds of normally quiescent but potentially dangerous volcanoes near popu-
lated regions around the world can now be economically and reliably moni-
tored daily to warn when any one volcano is becoming active again. Before
ERTS was launched, only a few volcanoes in the world were monitored con-
tinuously because of the high cost of building and staffing volcano observa-
tories. Yet it is known from data collected in this century that while visible
signs of pending eruptions may occur only minutes to days in advance, in-
visible but measurable signs may be detected days, weeks, months, and even
years before a major eruption. Although the prediction of specific eruptions
is still an evasive goal, early warning of a reawakening of a quiescent vol-
cano is now a distinet possibility.

A prototype global volcano-surveillance system was established as part of
the ERTS program. In cooperation with local scientists, instruments have been
installed on 15 volcanoes in Alaska, Hawaii, Washington, California, Iceland,
Guatemala, El Salvador, and Nicaragua at the sites shown in figure 72 (Ward
and others, 1974). Data from these low-powered instruments in each of these
many remote locations are being relayed 6 to 10 times daily through the satel-
lite to the ground tracking stations at Goldstone, Calif., and Goddard Space
Flight Center, Greenbelt, Md. The data are processed at Goddard and then
relayed within 90 min by teletype to the National Center for Earthquake Re-
search in Menlo Park, Calif.

The sensors include 19 seismic-event counters, which count four different
sizes of earthquakes, and six biaxial borehole tiltmeters, which measure ground
tilt with a resolution of 1 prad. Only seismic and tilt data are collected be-
cause these have been shown in the past to indicate most reliably the level of
volcano activity at many different volcanoes. Furthermore these parameters
can be measured relatively easily with new instrumentation. A fourth-genera-
tion seismic-event counter was especially developed for this project. This in-
strument compresses seismic data gathered at the rate of about 2 million digi-
tal bits per 12 h to the 64 bits that can be economically relayed through a
satellite. This compression is not easy, and some data are lost. For the pur-

106



2. Applications to Geology and Geophysics 107

ICELAND
2 . $

[

O,

¢? RAINIER
ST. HELENS

NATIONAL CENTER £ GODDARD

FOR —@ LASSEN - SPACE FLIGHT
0. EARTHOUAKE RESEARCH & CENTER
\ / GOLDSTONE
KILAUEA
J
I J1zALCO
SANTIAGUITO™<®~ TELICA

FUEGO™ ~ CERRO NEGRO

PACAYA’
150° 130° ;. EQSAN CRISTOBALQIOG Tor

FIGURE 72.—Map showing instrument sites of the prototype volcano-surveillance system.

poses of this project, however, the main data desired are simply the number
of events of different sizes. These numbers typically change by orders of mag-
nitude before eruptions. The criteria adopted for detecting events are (1)
that 10 peaks of the full-wave rectified seismic signal must be above a given
threshold in 1.2 s and (2) that there must have been no peak above this thres-
hold in the previous 15 s. The second criterion effectively inhibits the counter
during periods of high ground noise caused by wind, harmonic tremor, people,
and so on. The time that a channel is inhibited is counted separately and in-
dicates the relative level of ground noise. The number of earthquakes greater
than four different amplitudes and the noise counts for each channel are re-
layed through the satellite. A typical installation is shown in figure 73. A
tiltmeter is also used in this project. The bottom of the pipe, which is about
5 cm in diameter, contains a precise electrically monitored bubble level that
has been adapted for this use from a defense application. The pipe is placed in
a 1.3- to 3-m hole in rock or, more typically, sandy soil or ash. The output of
the electronic equipment shown connects directly to the satellite transmitter.

Data received through the satellite show that the instruments work as
anticipated. Three tiltmeters in Hawaii recorded a 10- to 30-urad subsidence of
the summit Kilauea Volcano during an eruption of May 5, 1973. Volecin Fuego
in Guatemala inflated by about 25 uprad during the 6 mo following an erup-
tion in February 1973.

Events of two different sizes counted on Volcan Fuego, which erupted be-
ginning on Feb. 22, 1973, show an increase in activity during the eruption (fig.
74). The counter was installed in early February. There was a significant in-
crease in activity about 5 days before this small eruption began. The seismic



108 ERTS-1, A New Window on Our Planet

activity was high during the eruption and returned to a low level after the
eruption was over. A different counter 30 km from Fuego showed no change
in seismic activity during the whole period. This fact implies that the seismic

activity was indeed at Fuego.

The prototype global volcano-surveillance system developed as part of the
ERTS program clearly demonstrates the technological and economic feasibil-
ity of building a global surveillance system, but many details in the design of
highly reliable instruments still need to be worked out. The primary effort
in the future will be the collection and analysis of data from these different
volcanoes to establish clearly the scientific feasibility of this novel and po-
tentially revolutionary approach to surveillance of hazardous volcanoes.

FIGURE 73.—Data collection platform, Mount Baker, Wash. The
diameter of the Plexiglas-covered antenna is 1.2 m.
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DYNAMIC ENVIRONMENTAL PHENOMENA
IN SOUTHWESTERN ICELAND

By Richard S. Williams, Jr.,
U.S. Geological Survey

southwestern Iceland, an island republic with a relatively small but rapid-

ly growing population of 213,070 (Dec. 1, 1973) in an area of 103,000
km?, or a population density of about 2 persons per km? Iceland, because of
its cool climate, low population density, and paucity of natural resources, has
early recognized the potential value of ERTS imagery and the ERTS data
collection system to provide at low cost and in near real time certain types of
dynamic environmental data, such as variable snow cover, changes in the area
of glaciers, and seasonal changes in grasslands. Because Icelanders depend on
the surrounding seas for fish and crustaceans and on the limited area of arable
land for agricultural products, their economic well-being is greatly determined
by their natural environment. Understanding and recognizing changes in, and
redirecting human and capital resources in response to, the often capricious
nature of the. natural environment of Iceland have important economic and
social implications (Williams and others, 1973a and 1973b).

ERTS imagery of Iceland provides the basis for the study of several dif-
ferent geological and geophysical phenomena that relate in an important way
to the natural resources of Iceland (Williams, 1972).

Within the area shown by the late summer color composite ERTS-1
image mosaic live the majority of the inhabitants of Iceland. More than half
the population lives in and around the capital city of Reykjavik at 1. The
rich grasslands and cultivated areas (tans) in the lower Thjoérsa valley near
the coast at 2 and the diminution of vegetation towards the less hospitable
interior can be clearly seen. Besides the cultivated and grassland areas, the
variations in hues of red permit the mapping of reclaimed land, dwarf forests,
and lichen-covered basalts. Barren lands are distinctive by their dark-gray
tones and the absence of red colors that indicate a lack of vegetation.

Iceland sits astride the Mid-Atlantic Ridge and is one of the most active
areas of volcanism in the world. Within the last 12 yr Iceland has had four
volcanic eruptions: Askja in 1961, Surtesy in 1963-67, Hekla in 1970, and
Heimaey in 1973. The effects of three of these volcanic eruptions are visible
on figure 75. Surtesy at 3 is the small (2.5-km?) volcanic island off the south
coast. Heimaey at 4, an island to the northeast in the same archipelago, was
the scene of an extremely damaging volcanic eruption in early 1973. Nearly
half the fishing port of Vestmannaeyjar was destroyed or damaged (Williams

T he ERTS image mosaic in figure 75 shows a part of west-central and
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and Moore, 1973). The new land area on the east side of Heimaey can be
seen. The ash-fall pattern at 5 and new lava flows at 6 from the 1970 vol-
canic eruption from the famous Hekla Volcano are evident. The 1970 ash
fall, containing high concentrations of fluorides, contaminated grasslands that
were grazed by sheep. At least 7,000 head were lost in the area because of
fluoride poisoning.

Several glaciological features are also prominent. The glacier-margin lake,
Hvitarvatn 7, is distinctive with its powder-blue color characteristic of tur-
bidity caused by glacial sediment. The snowline can be delineated on the
Hofsjokull 8, Langjokull 9, Myrdalsjokull 10, and Eyjafjallajokull 11 ice-
caps. Note the absence of vegetation at 12 from an area where one of the out-
let glaciers of Hofsjokull has receded. A prominent nunatak at 13 can be seen
in the center of Langjokull. The snow-capped shield volcano, Skjaldbreidur,
can be seen at 14 and tectonic fissures that extend to the southwest. Sediment
plumes from the mouths of rivers laden with glacial rock flour are promi-
nent, particularly the one at the mouth of Thjérsi 15.

The circular caldera form, light-colored rhyolitic rocks, and lighter col-
ored altered-ground areas of Iceland’s largest geothermal area, Torfajokull
at 16, contrast sharply with the surrounding darker basaltic rocks or glacial
deposits derived from such rocks. The altered ground of the Reykjanes geo-
thermal area is just barely discernible at 17. A circular pattern of a possible
Tertiary central volcano is visible at 18. At 19 a faint line represents a dif-
ference in grass conditions resulting from the installation of a fence to con-
trol the grazing of sheep in this district. Finally, an engineering project has
reversed the flow of water from the solitary outlet of the V-shaped lake,
Thérisvatn at 20. This reversal has resulted in sediment-laden water from a
glacial river entering the western arm of the lake, and the gradational plume
can be clearly delineated. The comprehensive environmental information from
this ERTS mosaic contrasts markedly with the line map of the same area
(fig. 76). Although such line maps are revised at intervals, there is no way
that conventional maps can keep up with or depict such seasonal changes in
the grasslands, variations in size of sediment plumes, changes in glaciological
phenomena, and other environmental variables.

Because of the wide variety of geological and geophysical phenomena
that can be observed in Iceland, and because of the clear and direct historical
impact of the dynamic natural environment on the country’s natural resources,
Iceland has been particularly well suited as an area for experimental studies
to establish the operational feasibility of using Earth resources satellite sen-
sors and other systems to meet resource inventory and management needs on .
a timely and cost-effective basis. Iceland shares with the United States, and
with most other countries of the world, a need for accurate and timely in-
formation on the status of its natural resources in order to make wise deci-
sions about the best use of such resources. ERTS-1 provides a first-time capa-
bility for the acquisition of many types of environmental information, par-
ticularly for data on dynamic environmental phenomena (Williams and
others, 1974).
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ACTIVE FAULTS IN
THE LOS ANGELES-VENTURA AREA
OF SOUTHERN CALIFORNIA

By Russell H. Campbell,
U.S. Geological Survey

geologic features by combining bands 4, 6, and 7. The annotated map

overlay combined with band 5 (fig. 78) shows the system of active faults
that traverse the greater Los Angeles area. This single image shows all the
area from Ventura to Santa Ana and from east of Lancaster to Grapevine at
the southern tip of the San Joaquin Valley.

Most of the faults shown have been active historically or in the last 30,
000 to 40,000 yr. Many features that mark the traces of these faults are emi-
nently visible in the image, which offers a striking synoptic view of their re-
lations to each other and to landmarks familiar to all inhabitants of the
region.

In addition to known faults, the annotations indicate the locations of the
epicenters of historic earthquakes that are known (or inferred) to have had
magnitudes on the Richter scale of 6.0 or greater. This compilation shows
that historic earthquakes and fault movements in the region are not limited
to the San Andreas Fault and its clearly defined branches. Instead, the area
clearly has been affected by Earth strains that have been relieved by move-
ment along several faults.

The epicenters of earthquakes shown in figure 78 (solid circles) are
labeled according to the year in which the earthquake occurred and include:

Figure 77 is a color composite ERTS-1 image especially made to enhance

Year Fault Earthquake Magnitude Remarks
1852 _______ Big Pine____________ o - Ground breakage
reported.
1857 . San Andreas _______ Fort Tejon _________ 8.0 Possibly 10 m of
surface offset.
1893 ________ San Gabriel ________ Pico Canyon ______ 6.0
1916 Tejon Pass ________ 6.0
1933________ Newport-Inglenook Long Beach ________ 6.3
zone of folds and
faults.
1952 _______ White Wolf ________ Kern County _______ 7.7 About 1T m of
surface offset.
1971 _______. San Fernando ______ San Fernando ______ 6.6 Maximum offset
about 2 m.
1973 ___ Frontal fault system Point Mugu _______ 6.0
of the Transverse
Ranges.

< FIGURE 76.—Map of part of west-central and southwestern Iceland (part of 1:1,000,000 map of Iceland, Icelandic Surveying Depart-
ment, 1971).
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FIGURE 78.—Annotated ERTS—1 image of the greater Los Angeles area of southern California showing location of major and minor
faults (101818010, band 5). Symbols are explained in the text.
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Faults are shown in figure 78 as solid lines where easily visible on the
image, dashed where recognized with some difficulty, and dotted where con-
cealed by the ocean. They are listed below along with the symbol used to
identify them on the image.

Fault Symbol Remarks

Benedict Canyon ___________ B.C.
Big Pine _________________ ____
Callequas _________________ C.
Chino . _____ CH.
Frazier Mountain-

Alamo Mountain _________ F.-A. Thrust faults.
Garlock . _____________ ____
Newport-Inglewood _________ ____ Zone of faults and folds.
Oak Ridge _______.___.__ O.R. Thrust fault.
Palos Verdes Hills _______.__ P.V.
Pine Mountain _____________ P.M.
Pleito - P.
Red Mountain ______________ R.M.
San Andreas . _________ ____
San Cayetano ______________ S.C. Thrust fault.
San Fernando o _.__._____ __.__ Do.
San Gabriel ________________ ——
San Jacinto ________________ S.). Historically the most active of the northwest-

trending right-lateral faults south of the
Transverse Ranges.

Santa Rosa — - _____._ S.R.
Santa Susana __________.____ S.S. Thrust fault.
Santa Ynez _____________.__ S.Y.
Whittier ___________________ W.
White Wolf ________________ e

The following faults, also shown in figure 78, are segments of the south
frontal fault system of the Transverse Ranges province:

Fault Symbol
Malibu Coast __________ M.C.
Raymond Hill __________ R.H.
Santa Monica __________ S.M.

Sierra Madre ___________ Sa.M.



ENVIRONMENTAL GEOLOGY OF
THE CENTRAL GULF OF ALASKA COAST

By Austin Post,
U.S. Geological Survey

n the ERTS image shown in figure 79, the Copper River valley cuts through
I the rugged Chugach Mountains on the left, the Bering Glacier dominates

the right side, and Cape St. Elias juts into the Pacific Ocean on the south
end of Kayak Island. The village of Yakataga is near the right margin of
the image, and the town of Cordova is just off the image to the left.

When this image was taken on Oct. 24, 1973, cold air from interior Alaska
was sweeping down the Copper River valley, picking up dust from sandbars,
and blowing it more than 40 km out over the ocean. Large glaciers that flow
from lateral valleys and terminate in the Copper River valley are hidden
under the dust pall.

The Copper River valley is one of the few available low-level routes to
the interior of Alaska from the coast. More than 60 yr ago, the river became
famous during the construction of the Copper River and Northwestern Rail-
road to provide access to the rich Kennicott Mining District. The railroad,
extremely expensive to construct and maintain, crossed the Copper River three
times, one of these on a $1,000,000 steel bridge located where the Childs Glacier
on the west side of the river and the Miles Glacier on the east side terminated
directly into the river. Just to the north, the tracks had to be laid on the
stagnant, marginal ice of Allen Glacier, which also reached the river’s edge,
forming Baird Canyon.

The railroad was abandoned in 1938 after the most accessible ore was ex-
hausted. Using the same route and many of the same bridges, engineers were
constructing a new highway until the 1964 Alaska earthquake abruptly halted
progress by destroying most of the new bridges and severely damaging two
of the largest old steel railway bridges. Construction of the highway has now
resumed with replacement of bridges in the Copper River delta area.

This part of the Alaskan Coast is seismically very active and has been
raised repeatedly in recent centuries. Evidence of this can be seen from (1)
raised sandbars which now form islands off the mouth of the Copper River.
This area was raised approximately 2 m by the 1964 Alaska earthquake: (2)
parallel timbered ridges visible along the coast on the right side of this view
represent former beaches. Raised beaches south and east of the Bering Glacier
disappear under the glacier margin and indicate that the Bering Glacier
fronted on the ocean in the not too distant past.
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Extensive outwash fans constructed by streams from the Bering Glacier
and by the Copper River are also changing the landscape; for instance,
former beaches are being covered by the outwash east of the Bering Glacier,
and the debris from the Copper River is rapidly changing the outline of the
coast. Intertidal zones appear as darker areas along the coast and are par-
ticularly visible in shallow areas such as Controller Bay (center).

The Bering Glacier is the largest in mainland North America. It heads
in a broad ice-filled valley, the lower part of which appears in the top right
part of this image. The ice flows down a valley about 10 km wide to the coastal
plain, where it spreads out in a semicircular lobe nearly 60 km wide. Down
the center of this lobe is an extensive band of medial moraines that are made
up of debris swept by the ice from the high mountains. Folded structures in
these moraines are faintly visible in this image; in fact, the broad central
band of debris is composed of a vast aggregation of parallel ridges that rep-
resent about five main medial moraines folded 20 times or more. These struc-
tures and the accordianlike folds in the eastern margin of the lobe are caused
by periodic surges of this vast glacier that apparently occur about every 20 yr.

Lakes appear dark on the image, and several can be seen. In the upper
center, large three-pronged Berg Lakes is dammed by an arm of Bering
Glacier. Many lakes formed by glacier ice dams are notorious for sudden re-
lease when the ice dams fail, which most often occurs where subglacial chan-
nels develop and rapidly enlarge by melting as the water flows through them.
Even large lakes can thus be drained in a few hours or, at the most, days.
Berg Lakes has not drained for many years, but it potentially could devastate
the Bering River valley should the ice dam fail. At the present time, the ice
dam is considered to be unstable, and flooding could occur at any time.

ERTS images are particularly useful for determining the extent of snow
cover. Figure 79 shows the snow cover as of Oct. 24, 1973. The elevation of
the snowline can be determined by comparing the image with contour maps.
Some idea of the snow depth can also be derived from the completeness of
cover on rough surfaces such as glacier moraines. For instance, the snowline is
clearly visible on Bering Glacier, covering about half of the terminal lobe.
From the amount of rock visible in the large central medial moraine it is
evident that the snow cover at the time of this image is very thin, probably
not more than a few centimeters, at these lower altitudes.

The surface of the snow in the immense ice-filled valleys has shadings
in ERTS images that are not apparent from the ground or even on most
aerial photography. These shadings evidently represent subtle changes in
slope that in turn probably are related to bedrock topography, deeply buried
under the slowly flowing ice.

In summary, the synoptic images and repetitive coverage provided by
the ERTS system enable geologists, for the first time, to monitor dynamic
hydrological, geological, and meteorological phenomena that affect man and
his environment.



DEBRIS AVALANCHES
AT MOUNT BAKER VOLCANO, WASHINGTON

By David Frank,
U.S. Geological Survey

he latest in a series of debris avalanches down Boulder Glacier on Mount
TBaker, Wash., is shown in ERTS images (figs. 80, 81) taken Sept. 16,

1973. The avalanche occurred sometime during Aug. 20-21, 1973. Mount
Baker is a quiescent stratovolcano composed largely of andesitic lava flows
and breccias (Coombs, 1939). Every 2 to 4 yr during recent decades, snow,
ice, and hydrothermally altered rock have avalanched from the Sherman
Crater rim, south of the mountain sammit. The avalanches have flowed 2.0 to
2.6 km eastward, a distance just short of the Boulder Glacier terminus.

A major factor in the avalanche occurrence is geothermal emission and
subsequent water saturation of the ground beneath the normally heavy snow-
pack (Frank and others, 1975). Within 50 m of the avalanche source is a
zone of very active fumaroles, warm ground and thermal springs that cur-
rently are causing extensive hydrothermal alteration of rock to clay-rich soil.
Avalanches will likely continue to occur as long as the current level of heat
emission is maintained. There is at this time no evidence to indicate that
fumarole activity is declining; it has been known to exist since the time of
the last eruptions which probably occurred in the mid-1800’s (Davidson,
1885). Temperatures in fumaroles on Mount Baker are currently being moni-
tored using an ERTS DCP.

The ERTS image strikingly shows the significance of recurrent mass
movement from the volcano. Melt water from Boulder Glacier flows down
Boulder Creek (dashed line) and into two large hydroelectric reservoirs—
Baker Lake and Lake Shannon. From there the water continues on to the
heavily farmed Skagit River valley and finally to more highly populated
areas bordering Puget Sound. Although those avalanches that have been
observed have not passed the glacier terminus, it is not unlikely that, as hy-
drothermal alteration continues, increasing amounts of rock will be contained
in future avalanches. Larger avalanches, along with the possible combination
of glacier outburst floods, could probably reach the lower Boulder valley.
This dangerous potential is of particular importance because of the possible
impact on the reservoirs of the lower valley. An indication of the extent of
past mass movement in Boulder valley is the large lobate alluvial fan that
protrudes into Baker Lake. In addition to normal stream deposits, this fan
contains a sequence of postglacial lahars (debris flows or mudflows) from
Mount Baker (J. Hyde, U.S. Geological Survey, written commun., 1974). The
most recent lahar lies on the surface and likely occurred within the past few
hundred years. The cause of the recent lahars from Mount Baker is not pres-
- ently known, but it is significant that such activity apparently has been com-
mon in the recent past.
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FIGURE 81.—Annotated enlargement of part of the Mount Baker image showing the area of debris avalanches (part of 1420-18303,
band 5).



STRUCTURAL FEATURES RELATED
TO EARTHQUAKES IN
MANAGUA, NICARAGUA, AND CORDOBA, MEXICO

By William D. Carter, U.S. Geological Survey,
and Jack N. Rinker, U.S. Army Corps of Engineers

the life of ERTS-1. The first was the Managua, Nicaragua, earthquake

of Deg. 23, 1972, which had a magnitude of 5.6 on the Richter scale. More
than an estimated 11,000 persons died, and most of the Nicaraguan capital
was devastated ; property damage was estimated to be more than $0.5 billion
(Brown and others, 1973). The second earthquake, having a magnitude of
7.0 on the Richter scale, occurred on Aug. 28, 1973, about 240 km southeast
of Mexico City. Although deaths (500 persons) and property damage were
less severe than at Managua, buildings collapsed and numerous fires caused
by short circuits occurred in six Mexican cities—Ciudad Serdan, Orizaba,
Cérdoba, Puebla, Tehuacan, and Mexico City (Lomnitz, 1973).

Quick action by the ERTS-1 control and command center at the NASA
Goddard Space Flight Center made it possible for ERTS to collect data over
Managua on Dec. 24, 1972, the day after the earthquake. Figures 82 and 83
show the area of western Nicaragua. The Gulf of Fonseca and Honduras are
in the upper left. Lake Managua is in the lower right corner, and Managua
is under clouds southeast of the Chiltepe Peninsula that is marked by two
crater lakes. Volcanic cones, many of which are often active, can be seen in
the Cordillera Los Marrabios. Most are in a rather straight, narrow band 15
to 30 km from the coast. Band 7 images were most useful in studying the
linear features and show the structural relationship of the Managua area to
the surrounding region. The synoptic images give an insight on the directional
trends of fractures and faults in the region that might be found during
detailed studies of the geology of the city area (Carter and Eaton, 1973). The
images also indicate that the volcanoes east of Managua were not actively emit-
ting clouds of steam, ash, lava, or other products. The earthquake area was
overflown by a NASA aircraft within 10 days after the event, and excellent
detailed aerial photography was provided for study and fieldwork by Nic-
araguan and U.S. Geological Survey geologists. These studies indicated that
the movement during the earthquake took place along fracture systems trend-
ing N. 25° to 45° E.

During September 1973, ERTS-1 data were collected on five different
days over the area of the Mexican earthquake of late August. Of eight images

Two major earthquakes have occurred in the Western Hemisphere during
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collected, five had 50 percent or more cloud cover and were therefore only mar-
ginally useful for analysis. Three, however, had 25 percent or less cloud cover
and were useful in defining regional structural features that could contribute
to seismic activity. Unfortunately, the areas most affected by the 1973 earth-
quake were in the cloudy regions.

Interpretation of the images indicates that a strong set of northwest-
trending linear features extends from Presa Miguel Aleman through Coérdoba
and also in the Tehuacin Valley to the west, along which earthquake activity
could take place. Lomnitz (1973) stated that the focus of the event was lo-
cated at a depth of 84 km under the western edge of the Veracruz coastal
plain, a location that coincides with the Cérdoba lineament.

In both cases cited, it was possible to define the regional structural pat-
tern and to determine areas where detailed ground studies might be fruitful.
It was not, however, possible to define small areas where physical damage
had occurred.

Lake Managua ¥,

Chiltepe™
~O %hil_repe Y
= eninsula

o~

25 KILOMETERS

87°30'

25 MILES

87°00' 86°30'

FIGURE 83.—Map of the earthquake area in Nicaragua plotted on part of ERTS-1 image 1154-15385, band 7.
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CHAPTER 3.

APPLICATIONS TO WATER RESOURCES

logic information has been derived from ERTS-

1. Before describing specific data obtained by
ERTS and some of the significant observations and
applications made, it will be useful to examine the role
of ERTS in determining hydrological conditions over
any area, observing changes in storage or conditions,
and providing quantitative inputs for hydrological
models.

Hydrology is a science of dynamic phenomena. It is
concerned with the flux of water from the atmosphere
to the Earth’s surface; overland storage and runoff;
infiltration, subsurface storage, movement, and even-
tual discharge; and return to the atmosphere by means
of evaporation and transpiration. Hydrology is con-
cerned also with water quality and changes in quality
occasioned by its contact with the environment and
man’s effect on it. A major goal of remote sensing in
hydrology, therefore, is to observe and measure dy-
namic conditions of water quantity and quality.

Water interacts with the Earth’s atmosphere, soil,
vegetation, physiography, and geology, and it pro-
foundly affects the works of man. Hence, remote-
sensing techniques can be used also to assess hydrologic
conditions by indirect analysis of water along with
other environmental parameters. The work of Higer,
Coker, and Cordes in development of an ecological
model in Florida (p. 150) represents an important
milestone in using satellite data for environmental
monitoring. The investigators have devised a means of
predicting success or failure of wood stork rookeries
as one of the indices of hydrologic conditions in the
Everglades National Park. Parameters upon which the
predictions are based are water-level measurements
that can be relayed by the ERTS data collection sys-
tem, the spatial distribution of water that can be meas-
ured on ERTS images, and the population density of
small aquatic animals per unit area collected in quan-
titative traps.

The very fact that the quantity and, generally, the

Since its launch late in July 1972, a wealth of hydro-

INTRODUCTION
By Morris Deutsch,

U.S. Geological Survey

quality of water in a given area are constantly chang-
ing requires that repetitive data be collected to monitor
changes. Although ERTS cannot continuously meas-
ure the discharge of streams or their quality, its 18-
day repeat cycle is ideal for determining changing
hydrological conditions caused by climate, seasonal
effects, or man’s activities. The design of a water-man-
agement model for the Everglades, employing quanti-
tative inputs for areas of water surface from band 7
and water-stage data relayed by ERTS from surface
recorders has stimulated use of satellite data for opera-
tional water management for Florida.

In the Pacitic Northwest and other areas through-
out the world, efficient regulation of reservoirs fed by
melting snow is vital for generation of hydroelectric
power, irrigation withdrawals, domestic water supply,
waste assimilation, and maintenance of fisheries. By
studying successive ERTS images and related ground
data, Krimmel and Meier (p. 173), have deter-
mined the rate of change of snow-covered areas and
estimated amounts of water stored as snow. ERTS
data have thus provided a basis for improving pre-
dictions about the subsequent availability of water
from snowmelt.

The ERTS data-collection-system experiment by
Paulson (p. 132) for the Delaware River basin is
being used as the framework for an operational sys-
tem. Hydrologic data relayed by the satellite and
images are being provided to the Delaware River
Basin Commission as a basis for improved water man-
agement. Timely satellite data can assist agencies in
water-management decisions concerning reservoir re-
leases, water-plant intake for quality control, and
municipal and sewage effluent release. Future satellite
data-collection systems will enable the U.S. Geological
Survey to more efficiently operate the national hydro-
logic data network, which includes about 15,000 in-
strumented stations where streamflow, water level,
water quality, and related water data are collected.

Before the launch of ERTS, the hydrologic scien-
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tists did not expect that existing flood-applications
capability would be greatly expanded by the ERTS
data. Since its launch, however, ERTS has provided
data, as described herein, permitting observations and
analyses regarding floods far beyond those anticipated.
A large synoptic view of flooding along the entire Mis-
sissippi River valley below St. Louis was provided on
only 16 images collected on two dates in 1973 during
a total period of about 7 min. By color combining pre-
flood coverage with flood coverage, a color-coded dis-
play was produced in which flooded area was auto-
matically separated from areas normally covered by
water. The unique water-detection capability of band
7 has made it possible for the first time to delineate
areas from which flood waters have receded inasmuch
as the flood waters leave a spectral signature on the
surface. This capability is tremendously significant
since it is not necessary to photograph or image the
flood in progress. Imaging a flood in progress, of
course, is of limited value because river valley reaches
downstream from the peak have not yet experienced
maximum inundation.

Water in streams less than a few meters to tens of
meters wide, or lakes less than a few hectares in areal
extent, cannot be detected by ERTS. The presence of
water in the soil or in vegetation along the stream val-
ley, however, is readily detectable. Indeed, a highly
significant fact, vividly portrayed by ERTS color
composite images of much of the United States and
Canada, is the immense amount of water transpired to
the atmosphere by vegetation. The vast extent of the
vegetation is indicated by the almost totally red com-
posite summer images covering large areas of the
United States. On standard color composite images
(bands 4, 5, and 7), vegetation is red, and the denser
vegetation is depicted by deeper tones of red. The hy-
drologist thus has at hand a powerful tool for deter-
mining the percentage of the water budget involved in
transpiration and the duration of the period of tran-
spiration for the predominant classes of vegetation.
Turner (p. 246) has shown, for example, changes
in the patterns of dense plant growth. This type of
information will be useful in determining a variety of
hydrobiological conditions, including range readiness
for grazing by livestock.

An estimated 90 percent of the freshwater resources
of the Earth consists of ground water stored in re-
gional aquifers. Data from ERTS contain much infor-
mation about the distribution of ground water and the
extent of its utilization (Deutsch, 1974).

Precise delineation of geologic formations—especial-
ly the upper or shallow units that, in most areas, form
the best aquifers—is a requisite for hydrogeologic in-

vestigations. ERTS images of areas underlain by gla-
cial, alluvial, eolian, and other unconsolidated sedi-
ments often provide an excellent basis for delineation
of shallow aquifers. Indurated sedimentary rocks,
especially limestone and sandstone formations, com-
prise important and extensive aquifers in many re-
gions of the world. In some instances, ERTS data can
be used directly to determine their boundaries, re-
charge areas, and discharge areas, including the loca-
tion of springs. The imagery is potentially useful in
depicting the detailed surface structures of crystalline
rocks in igneous and metamorphic terranes, where
ground water commonly is stored in openings along
joints and fractures.

Most applications of remotely sensed data deal with
surface phenomena inasmuch as it is the surface that
is being imaged by ERTS and other satellites or air-
craft. The hydrogeologist, however, commonly infers
subsurface hydrological conditions from such surface
indicators as areal geological features and structures,
as described by Moore and Hollyday (p. 164). Soils
and soil-moisture anomalies, vegetative types and dis-
tribution, discontinuous ice cover on streams, differen-
tial snowmelt, and springs that are detected by ERTS
may also be indicative of ground water. Accordingly,
it is believed that remotely sensed data, and particular-
ly the synoptic, worldwide, and repetitive data col-
lected by ERTS-1, can be effectively used as a tool for
the exploration of ground water and for the monitor-
ing and management of ground-water resources in se-
lected instances.

Evidence of irrigation from nonsurface sources on
ERTS data also indicates the presence and distribu-
tion of ground water, and the repetitive data can pro-
vide a basis for estimating ground-water use.

Much has been written about the applications of
ERTS for water quality, and indeed ERTS has made
important contributions to that field. ERTS data can
be used to reveal regional or local distribution of ano-
malies in water quality due to difference in turbidity
attributable to varying concentrations of sediment or
other particulate matter in the water.

The chemical and physical quality of the water can
be analyzed in the laboratory from samples collected
on the ground. In the Delaware River basin and else-
where in the United States, water-quality parameters
are measured and recorded continuously at numerous
points by automated monitors, and the data are relayed
via the ERTS data collection system. The data pro-
vided by ERTS are then used to extrapolate areally
the point-quality data. Thus the sources, movement,
and fate of pollutants, suspended sediments, or waters
from different sources are determined. Significant ex-



amples of the use of ERTS data for water-quality ap-
plications have been described by Stortz and Sydor
(1974), who mapped turbidity currents in Lake Su-
perior, and by Lind, Henson, and Pelton (1973), who
used turbidity as an indicator of water pollution and
its source and fate in Lake Champlain. The latter
study is especially significant because the data were
used in litigation that the State of Vermont initiated
against the alleged pollutors.

ERTS data has greatly improved scientists’ knowl-
edge of glaciers because of the synoptic and repetitive
data from generally inaccessible terrain. Krimmel,
Post, and Meier (p. 178) in their study of surging
and nonsurging glaciers in the Pamir Mountains of
the U.S.S.R. suggest a practical and valuable applica-
tion for the ERTS data: glacier-surge warnings.
Glaciologists now have a means of locating and map-
ping hazardous glacial conditions and providing warn-
ings as to when glacier surges and surge-related floods
can be expected.

In their ERTS study of the dynamics of the Lowell
and Tweedsmuir Glaciers in Canada, Post, Meier, and
Mayo (p. 180) have shown how river flow may be-
come blocked and form lakes or become impeded and
disrupt navigation. The ERTS imagery can be used
to produce maps and quantitative displacement data
for large surging glaciers far more quickly and effi-
ciently than by use of aerial photographic techniques
or ground surveys.

While an understanding of dynamic glacial proc-
esses 1s of great scientific interest, Meier, in his study
of the glaciers in the Mount McKinley massif (p.
185), points out an important practical value of
these ERTS-aided studies: Glaciers are one of the few
sources of unexploited water supply, and an improved
understanding of glacial processes, along with current
information on their condition, can aid in their even-
tual development for water supply.

Williams points out that ERTS permits a glacier to
be studied as a total system (p. 188) because ERTS
imagery provides regional views of glaciers and ice-
caps from a time-lapse viewpoint. Vatnajokull icecap,
the largest icecap in Iceland, has been imaged several
times, and each time new knowledge of the dynamics
of this icecap has been gained. A surge in one outlet
glacier, rapid motion of another outlet glacier, and
changes in glacier margin lakes have been observed in
ERTS images in less than a year’s time.

MacDonald’s work with ERTS images of Antarc-
tica, an extremely remote and inhospitable area, has
been profound (p. 194). The regional synoptic
view of ERTS imagery and the repetitive coverage
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have already contributed substantial new scientific
knowledge about Antarctica, particularly on the dy-
namics of the coastal glaciers and ice shelves.

Morrison and White, in their analysis of ERTS data
covering the 1973 Mississippi River floods (p. 196),
related tone differences in the images to standing-
water areas, wet areas, and well-drained soils. They
found ERTS data to be of value in determining the
effects of physiographic and manmade levees on the
distribution of flood waters. They observed also that
ERTS need not obtain data at the time of the flood
crest to determine inundated areas because of the fact
that floods have their effects on the surface reflectance
conditions that are detectable for a week or more after
the peak has passed on down the valley. Repetitive
ERTS imagery, they conclude, can be used to assess
the adequacy of existing flood-control systems, such
as reservoirs, levees, and channelization.

Experimentation with the data collection system on
ERTS by Kahan (p. 214) has shown its potential
value for monitoring cloud-seeding conditions. Under
Project Skywater, the Bureau of Reclamation weather-
modification research program, seven data collection
platforms have been installed in areas of severe en-
vironmental conditions and have proven to be very
reliable and cost effective. Temperature, humidity, in-
solation, ice riming, wind direction, wind speed, snow-
water content, and streamflow data are transmitted
via ERTS and the Goddard Space Flight Center to
Skywater’s environmental computer network for trans-
lation into measured units.

Shown and Owen have employed ERTS data for
mapping surficial geology, topography type and qual-
ity of vegetation, and land use that influence runoff
and sediment yield (p. 134). In arid and semiarid
regions, the combined use of ERTS imagery and re-
connaissance methods can be a useful tool for estimat-
ing streamflow and sediment discharge where data are
scarce or inadequate. ERTS imagery can be used ef-
fectively to aid in the interpretation of the hydrologic
characteristics of large drainage basins.

The U.S. Army Corps of Engineers is using ERTS
imagery in an operational program for inspection of
surface-water bodies with an area of 4 ha (40,000 m?)
or larger (Jarman, 1973; Graybeal and others, 1973,
1974). In August 1972 the House of Representatives
passed a bill (H.R. 15951) that required the Corps of
Engineers to make a national inventory of all dams
that impound 60,000 m? of water or that have a height
of 2 m or more; repetitive coverage provided by
ERTS will permit updating of this inventory at fre-
quent intervals.



WATER RESOURCES IN
THE DELAWARE RIVER BASIN

By Richard W. Paulson,
U.S. Geological Survey

potential operational system for collecting hydrologic data from un-

attended field instrumentation (Paulson, 1974). The evaluation, which is
being conducted by NASA, the EROS Program of the U.S. Department of the
Interior, the U.S. Geological Survey, and several cooperating water-resources
agencies, indicates that it is technically feasible to use Earth-orbiting satellites
as vehicles for collecting data from field instruments and that there is poten-
tial application for operational satellite data-relay systems. The ERTS experi-
ment described here is a simulation of an operational satellite data-relay and
data-processing system.

The ERTS DCS is a communications system that consists of three ele-
ments: (1) a small low-power battery-operated radio transmitter attached to
a stream gage or a level, temperature, or quality meter; (2) a relay transponder
aboard ERTS; and (8) ground-receiver sites. The polar-orbiting ERTS makes
14 orbits of the Earth daily and can relay data from a DCP to a ground-
receiver site whenever both are visible from ERTS. This occurs during a brief
period of each of the several daily orbits. The DCP transmits a brief data
message of 0.04 s duration once every 90 or 180 s. The number of mutually
visible periods is primarily a function of geographical position and local ter-
rain interference. Two ground-receiver sites, one at the Goddard Space Flight
Center in Greenbelt, Md., and one at Goldstone, Calif., provide good coverage
for the conterminous 48 States. They allow data from DCP’s in these States
to be relayed on 3 to 7 daily orbits during periods lasting as long as 12 to 14
min.

The mosaic of ERTS imagery (fig. 84) shows parts of Delaware, Mary-
land, New York, Pennsylvania, and Connecticut, all of New Jersey, and most
of the Delaware River basin. DCP’s have been installed in the basin on 20
water-resources instruments operated by the U.S. Geological Survey in co-
operation with the Delaware River Basin Commission, the City of Phila-
delphia Water Department, and other local, State, and Federal agencies. The
instruments are 12 water-quality monitors, 5 stream gages, and 3 ground-water
observation wells, and their locations are shown in figure 84; data from them
are relayed by ERTS several times daily and are provided in real time to the
U.S. Geological Survey’s office in Harrisburg, Pa. These data are computer
processed daily using remote terminal access tu the Survey’s computer center
in Reston, Va., and are made available to water-resources agencies in the basin.
This experiment has verified that it is technically feasible to use the ERTS
DCS as an operational tool for collecting data from remotely located water-
resources field instruments (Paulson, 1973a,b).

‘|' he data collection system (DCS) aboard ERTS-1 is being evaluated as a
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HYDROLOGY OF THE WIND RIVER BASIN

AND ADJACENT AREAS OF WYOMING

By Lynn M. Shown and ). Robert Owen,
U.S. Geological Survey

igure 85, a color composite ERTS-1 image, shows

the Wind River basin and parts of adjacent basins

in central Wyoming. A variety of hydrologic con-
ditions resulting from differences in climate, geology,
relief, and land use are apparent on the image.

Boysen Reservoir is the focal point of the drainage
network of the Wind River basin, which is a deep
structural depression. Most of the major perennial
streams occur in the west half of the basin. The streams
are marked along their entire courses by red, which is
characteristic in color composite images of vigorously
growing vegetation. Streamflow is sustained by 30 to
65 cm or more of annual precipitation in the mountains
as opposed to 18 to 30 cm in the mostly ephemeral
lower parts of the basin. In the eastern half of the
basin, only certain reaches of the streams are perennial.
In these reaches, shallow ground water is fed to the
streams from permeable upland areas that are under-
lain by impermeable clayey siltstone (Whitcomb and
Lowry, 1968). The reach of Poison Creek through the
Sand Hills is the best example of this; the wider red
bands of phraetophytes there indicate ground-water
discharge along the streams. The identification of such
conditions on a synoptic image of an area or region en-
ables a hydrologist, with the aid of topographic maps,
to prepare a generalized map of the water-table con-
figuration that is helpful in the exploration for small
supplies of ground water in the interstream areas
(F. N. Visher, oral commun., 1974).

The wide sandy-bottomed ephemeral stream chan-
nels in the east half of the basin-are quite evident
because of their light color. This type of channel indi-
cates sandy or gravelly alluvium that absorbs appre-
ciable amounts of the sporadic flood flows and thus
diminishes streamflow and sediment dlscharge in the
downstream direction.

Variations in surface runoff and sediment yield in
arid and semiarid regions usually correlate; with varia-
tions in drainage density (Hadley and Schumm, 1961)
or topographic texture, which can be quantified readily
with small-scale satellite imagery for areas greater
than 250 km?. In the Sand Hills area, the highly per-
meable sandy soils absorb much of the scant 18 to 20
cm of annual precipitation, resulting in very little
overland flow and, consequently, a low drainage den-
sity. This condition contrasts with the high drainage
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density just north of the Beaver Rim and on the flanks
of the Owl Creek and Bighorn Mountains, which indi-
cates relatively high surface runoff (Peterson, 1962).

The whitish areas south of Badwater Creek, around
Boysen Reservoir, and north and west of the Wind
River are steep, rugged, highly dissected and sparsely
vegetated hills composed of light-colored claystones,
siltstones, and sandstones (Keefer, 1965). Runoff and
sediment yields from these areas are high, but, because
the rocks are very fine textured and because chan-
nel vegetation is sparse, the extremely high drainage
density of these areas is not apparent on the image.

Color composite satellite images can aid greatly in
an analysis of the water resources of river basins or
other large areas. Because water appears black in these
images, rivers, lakes, reservoirs, and large ponds,
greater than 150 to 300 m across, depending on con-
trast, can be inventoried quickly, and their areas can
be estimated so that the amount of water evaporated
from them can be computed. Estimates of evapotran-
spiration by general vegetation types can be obtained
by multiplying the area of each type by an average
water-use factor for that type. Forests appear on the
image as extremely dark brown areas with reddish
highlights in the Wind River, Absaroka, and Green
Mountains. The brilliant red areas in the Wind River
and Absaroka Mountains are meadows. The patchwork
red and yellow areas adjacent to the Wind and Big-
horn Rivers are irrigated crops, and the smooth red
areas along streams such as the Sweetwater River and
upper Badwater Creek are irrigated meadows. Nearly
all the remaining area is rangeland, which appears
variable in color. These color variations are due to dif-
ferent rock types that have been mapped by Love and
others (1955) and also to different types and densities
of vegetation. The image colors are light where the
rocks and soils are eroded and vegetal cover is sparse,
and the colors are dark where the rocks and soils are
resistant and the cover of vegetation is relatively dense,
such as in the Owl Creek Mountains.

ERTS imagery thus provides an excellent tool for
improving the understanding of hydrologic processes
within regional hydrologic systems. Areas for which
hydrologic knowledge is deficient and areas where
land-use changes may affect the water resources can
readily be inventoried using such ERTS imagery.
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FIGURE 85.—Annotated color composite ERTS—1 image of the Wind River basin and adjacent areas of Wyoming (1013-17294).




IMPROVING ESTIMATES OF
STREAMFLOW CHARACTERISTICS

By Este F. Hollyday and Edward ). Pluhowski,
U.S. Geological Survey

and-use data obtained from an ERTS image (fig.
I_ 86) was used to improve estimates of mean

monthly streamflow for July in the Delmarva
Peninsula.

Information on average streamflow and streamflow
variability is needed for the utilization, management,
and conservation of our water resources. Historical
data on mean daily streamflow, floods, and droughts
are used routinely in designing such structures as elec-
tricity-generating plants, reservoirs, bridges, and
water-supply and sewage-treatment plants. The statis-
tical measures used to characterize streamflow are de-
termined from continuous flow records extending over
10 yr or more. Frequently, flow records are not avail-
able for a particular point on a stream. The flow char-
acteristics at that point, however, may be estimated if
regional relationships exist between the streamflow
characteristics and the physiographic and climatic
characteristics of nearby gaged basins. Assuming that
regional relationships may be expressed by usable
equations developed from records of gaged basins, it is
then possible to characterize streamflow at the ungaged
sites by measuring each equation parameter in the
basin above the point of interest.

As part of a national program of the U.S. Geological
Survey, equations were formulated using multiple re-
gression techniques. These equations relate as many as
40 streamflow characteristics to selected basin charac-
teristics. Gaging stations with at least a 10-yr record
of unregulated flow were used in the regression an-
alyses. Within selected error limits, these equations
may be used to estimate streamflow characteristics at
ungaged sites for about 50 regions in the Nation.

The ERTS image (fig. 86) contains information on
the distribution of forests (brown-red), fields (white,
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pink, and gray), urban areas (blue-gray), and water
(blue-black). A measure of the relative area of a drain-
age basin covered by each of these four land-use cate-
gories constitutes a basin characteristic that may be
used in estimating streamflow. For example, forest
areas can be separated from the other categories by
visual interpretation. Automated techniques employing
film-density discrimination were used to improve upon
the accuracy and uniformity of this separation. The
resulting extraction of forest areas (fig. 87) can be
measured basin-by-basin using automated techniques
and can be checked by a manual point count. The per-
centage of forest cover so measured can be added to the
data on basin characteristics used in the streamflow
regression analyses.

In the equation given in figure 87, the land-use
category Uf (forest) was one of four basin characteris-
tics selected by multiple regression analysis as being
statistically significant in defining mean monthly
streamflow for July. The other three significant basin
characteristics include A (drainage-basin area), S
(soil infiltration capacity), and 7, » (24-h, 2-yr-recur-
rence rainfall intensity). Other factors in the equation
include the regression constant, ¢, and regression co-
efficients, b,, b,, b3, and b,. Addition of Uf in the regres-
sion analysis resulted in a 20 percent improvement
upon previous estimates of mean monthly streamflow
for July.

In a previous related study, urban, agriculture, for-
est, and water areas determined from ERTS analogous
aerial photography were added to the basin character-
istics for 39 basins in the Piedmont and Coastal Plain
provinces of Maryland and Delaware. Addition of
these characteristics reduced the standard error of esti-
mate of equations for 12 out of 40 streamflow charac-
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FIGURE 86.—Annotated color composite ERTS—1 image of the Delmarva Peninsula area (1079-15133).
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teristics. The standard error of estimate of seven of the
equations were reduced more than 10 percent. These
results are significant in that a reduced standard error
of estimate indicates less variance about the curve of
relation, thereby improving predictive capability of the
equation.

Significant improvement (standard error reduced by
more than 10 percent) upon estimates of mean monthly
streamflow was computed for June, July, September,

ERTS IMAGE

AREA MEASUREMENT WITHIN SELECTED
DRAINAGE BASINS

and November. Other significantly improved stream-
flow characteristics included the 7-day, 2-yr-recurrence
low flows, 3-day, 2-yr-recurrence flood volumes, and
estimates of the 50 percentile of flow-duration curves.

As a result of using remotely sensed data, estimates
of some characteristics of streamflow at ungaged sites
have been significantly improved. These improvements
will support better utilization, management, and con-
servation of our water resources.

THEMATIC EXTRACTION OF FORESTED
AREAS

AVERAGE JULY

: I
ab 110(a+bZSI +b,l24,2+b, U) ’
STREAMFLOW

APPLICATION IN ESTIMATING STREAMFLOW

FIGURE 87.—Flow diagram of technique for improving estimates of streamflow characteristics derived from multiple regression
equations by using forest data extracted from ERTS—1 image 1079-15133 (fig. 86).



lowest parts of desert basins. Composed of rela-

tively homogeneous materials and characterized
by a general lack of relief or of vegetation, their micro-
relief changes with fluctuations in the level of ground
water. Playas are common features of arid landscapes,
and consequently they have widespread global distri-
bution.

Playas are almost flat landforms that occupy the

Although playas occupy only 6 percent of the land
area of Iran, most of the population lives adjacent to
them because of the availability of flat land and mod-
erate supplies of ground water at relatively shallow
depths. The playas have not been fully utilized because
of the lack of adequate knowledge concerning the sea-
sonal changes in their surface- and ground-water hy-
drologies and in the physical properties of their sedi-
ments. Most playa investigations have been conducted
during the summer when the surficial sediments are
dry and have sufficiently high bearing strengths to sup-
port men and vehicles, but this practice has limited the
understanding of these dynamic landforms.

Sixty playas within the interior of Iran have been
studied since 1965 (Krinsley, 1968, 1969, 1970, 1972a,b).
These range in area from 25 to 52,825 km? (Great
Kavir); 33 playas are smaller than 800 km?, and,
except for the Great Kavir, the largest playa is 4,685
km?. Visits were made to 22 playas; 20 were observed
from low-flying aircraft; and 18 were viewed solely
from aerial photographs and from ERTS-1 images.

The repetitive coverage of ERTS-1 is ideally suited
to provide seasonal images of the Iranian playas
from which changes in the areal extent and morphol-
ogy of the surficial materials can be recorded along
with contemporaneous or previous field studies of
actual surficial conditions. Data derived from the an-
alyses of ERTS-1 images can provide a rational basis
for planning the economic utilization (salt or water
extraction and agriculture) and engineering develop-
ment (roads and airfields) of these geomorphic fea-
tures.

MONITORING WATER RESOURCES
IN QOM PLAYA, WEST-CENTRAL IRAN

By Daniel B. Krinsley,
U.S. Geological Survey

Qom Playa, in west-central Iran, is a good example.
The playa is the sump for a drainage basin of 86,812
km? and lies adjacent to the city of Qom and its exten-
stve surrounding farmlands and oil resources.

During the period of this study, from Sept. 4, 1972,
to May 14, 1973, Qom Playa was driest from mid-
September to late-September (fig. 88). The playa was
almost completely saturated by mid-May (fig. 89). The
period of greatest lake fluctuation occurred in mid-
December when the lake area almost tripled and the
lake volume increased more than five times (fig. 90).
At or near its 1973 maximum extent, the lake is con-
servatively estimated to have contained approximately
40010 m? of water. Most of this enormous resource
is annually lost to evaporation.

Diversion, storage, and utilization of this water is
facilitated by the geographic location of the source and
the settlement patterns around the playa. The lake’s
three principal streams form a composite alluvial plain
that borders the western margin of the playa (fig. 89).
The city of Qom and its hinterland receive their water
from the streams, wells, and qanats (underground
channels used to convey water) on this huge alluvial
plain. There is almost no settlement along the north-
ern, eastern, or southern margins of the playa. Small
earthen dams on the plain and larger dams upstream
could store the water during the period of maximum
discharge (fig. 90) in April and May and extend its
use during the summer dry period. There would be lit-
tle or no negative economic effect of the lowered water
table east of the alluvial plain. In fact, the depressed
water table of the playa would result in a firm hard
crust throughout the year that would facilitate trans-
portation and exploration for salts of economic value.
The juxtaposition of the agricultural and oil resources
of the Qom area, possible salts of economic value in
the playa, and a significantly increased supply of water
are natural possibilities for economic development that
should be more thoroughly investigated and consid-
ered.
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FIGURE 88.—Color composite ERTS—1 image of the Qom Playa area of west-central Iran, Sept. 22, 1972 (1061-06381).
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FIGURE 90.—Comparison of the climatic data from Qom with the lake area at Qom Playa, as a per-
centage of the playa area, and the estimated lake volume from Sept. 4, 1972, to May 14, 1973.



LAKE FLUCTUATIONS IN THE SHIRAZ
AND NERIZ PLAYAS OF IRAN

By Daniel B. Krinsley,
U.S. Geological Survey

the Zagros Mountains watershed of southwest Iran. Pleistocene beaches

that are similar in number and in relative vertical position and similar
basin/playa ratios indicate that the two playas have had similar hydrologic
responses to essentially the same climatic factors of precipitation, temperature,
and evaporation.

The intermittent lake at Shiraz Playa (to left of image), although quite
shallow, fills the center of the valley bottom during the spring runoff period.
In April 1967, near its maximum seasonal extent, the greatest measured depth
of the lake was 50 cm (Huber, 1967). Ground observations by Bobek (1963)
at Neriz Playa in June 1963 and by Krinsley in October 1965 and August
1967 (Krinsley, 1970) and in September 1972 suggest that the maximum
depth of the playa lake may have been 2 m within recent time.

Three color composites of ERTS-1 images of Shiraz and Neriz Playas
(figs. 91, 92, 93) were prepared from the ERTS-1 positives of seven images
from Sept. 2, 1972, through Aug. 28, 1973. Data obtained by measuring the
areas of the playas and of the lakes in each scene were used in the construc-
tion of figure 94.

Lake Shiraz covered 66 percent of the playa area on Sept. 20, 1972 (figs.
91, 94), and had an estimated average depth and volume of 0.1 m and 16 X10°
m3, respectively (fig. 95). The lake at Neriz encompassed 21 percent of the
playa area and had an estimated average depth and volume of 0.4 m and
68X10% m?, respectively. Except for a deep pool near the west shore of Lake
Shiraz, water depths were uniformly distributed. The deepest water in the
lake at Neriz was in the western part of the playa (fig. 94) ; the long narrow
central area of the lake had very shallow water. This period at the end of the
long hot summer, during which rain is generally absent (fig. 95) and evapora-
tion rates are highest, has the lowest ground-water levels and lake areas of
the year.

Lake Shiraz occupied 94 percent of its playa area on Mar. 1, 1973 (fig. 92,
94), and had an estimated average depth and volume of 0.4 m and 94X10° m?,
respectively (fig. 95). The lake at Neriz expanded to 99 percent of its playa
area and had an estimated average depth and volume of 1.0 m and 794X10¢
m?, respectively. It seems reasonable to assume that some of the precipitation

Shiraz Playa and Neriz Playa occupy separate but adjacent basins within
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FIGURE 91.—Annotated color composite ERTS—1 image of the Shiraz and Neriz Playas of Iran on Sept. 20, 1972 (1059-06283).
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falling at the highest altitudes of the narrower Shiraz basin would remain
as snow, while most of the precipitation falling in the lower, broader valley
of the Neriz basin would be rain that quickly moved toward the playa. These
considerations combined with the period of the annual precipitation maximum
(fig. 95) and evaporation minimum could explain why the lake at Neriz ap-
peared to reach its 1973 maximum extent ahead of Lake Shiraz (figs. 94, 95).

Lake Shiraz had contracted to 1 percent of its playa area by Aug. 28,
1973 (figs. 93, 94) and had an estimated average depth and volume of 0.3
m and 0.9X10° m?, respectively (fig. 95). The lake at Neriz contracted to 5
percent of its playa area and had an estimated average depth and volume of
0.5 and 19X10® m?, respectively. The sequential images of these playas pro-
vided by the repetitive coverage of ERTS-1 make it possible to observe and
measure efficiently and accurately the extreme variation of these lakes within
a single year. Note that almost 1 full year after Sept. 2, 1972 (fig. 94), Lake
Shiraz had almost disappeared and the lake at Neriz was reduced to one small
lake and two separate ponds. This extreme variation is due primarily to the
marginal climatic equilibrium of these lakes, the delicate balance between pre-
cipitation and evaporation. The current lack of complete synchroneity between
the lakes in the periods of minimum and maximum lake fluctuation is ac-
centuated by man’s intervention in the hydrologic cycle of these lakes by his
increased diversions of water through dams and pumped wells.

From February through May 1973, there were at least 600X10° m? of
water available in the lake at Neriz (fig. 95) ; this figure obviously may vary
annually with the climate and with the magnitude of the drainage diversions.
This region is important agriculturally, and more recently it has become the
site for industrial development, including a large oil refinery. Consequently
there is need for the large amount of water that is lost to evaporation each
year, evaporation that is facilitated in a large body of very shallow water.
Larger, deeper reservoirs are required to store the water during the long dry
summer. Consideration should also be given to the ecological and local eco-
nomic effects of further water withdrawals from the lake. The larger villages
along the southern shore of the lake have qanats (underground channels for
transporting water) for fresh water but use pumped wells to augment irriga-
tion. If the lake disappears, there will be local climatic effects of increased
aridity and changes in the plant and animal communities. These hydrologic
and biologic changes may be undesirable and irreversible and should be con-
sidered before any additional water is removed.

Although the salt crust at Neriz Playa is thin, there may be buried crusts
that are thicker as well as brines that have salts of economic value. The gen-
eral accessibility of the playa and its deposits argue for a systematic investi-
gation of its resource potential.

Lake Shiraz had a relatively negligible water supply from February
through May 1973 (50X10¢ m?* of water). Some of this could no doubt be
diverted for agricultural or industrial use, but the withdrawal would serious-
ly affect the discharge from the several pumped wells in the vicinity. The
amount of water is marginal and may not justify any significant expenditures
of money for diversions and storage. Salt from the west shore area is cur-
rently used for human consumption, and this use could be expanded.
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FIGURE 92.—Color composite ERTS—1 image of the Shiraz and Neriz Playas of Iran on Mar. 1, 1973 (1221-06293).
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FIGURE 94.—Diagram showing lake fluctuations at Shiraz and Neriz Playas, 1972-73.
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ECOLOGICAL MODEL IN FLORIDA

By Aaron L. Higer, A. Eugene Coker, and Edwin H. Cordes,

U.S. Geological Survey

housands of years of seasonally fluctuating water

supply, punctuated periodically by drought or un-

seasonally heavy rain, have resulted in a natural
balance of plant and animal communities in south
Florida. Water fluctuations, together with fires and
hurricanes, contributed to the shaping of the ecologi-
cal communities, that is, the tree islands (composed of
woody vegetation) and grassland communities (wet
prairies and sawgrass marshes). This natural ecologi-
cal balance, however, is now influenced by a modified
water regime, altered by water control within the
Kissimmee-Okeechobee-Everglades watershed for flood
control, crop irrigation, and coastal urban use (fig.
96). The Central and Southern Florida Flood Control
District manages this watershed that contains more
than 22,500 km of canals and levees.

An effect of water deficiencies in Everglades Na-
tional Park is the failure of wood storks to form rook-
eries. Wood storks nest in winter at the inner edge of
the mangrove belt in the Everglades National Park in
south Dade and north Monroe Counties. According to
John Ogden, an ornithologist of the National Park
Service (written commun., 1973), the wood storks were
successful in forming rookeries in 1959, 1960, and 1961
but failed for 5 successive years (1962-66), when low
rainfall in south Florida resulted in prolonged drought
in the park.

The success or failure of wood stork rookeries is a
significant index of hydrologic conditions in the park.
Wood stork studies in Everglades National Park by
the National Park Service suggested a working hypoth-
esis for establishing the water conditions of Shark
River Slough, the lar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>