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January 1974, represents one of many areas of the Earth observed and photographed by Skylab crewmen for the Visual Observations Project.
ORIGINAL PAGE 18

Major tectonic features of mountain ranges in Wyoming, Idaho, and Montana are greatly enhanced by snow cover and a low Sun angle.
Yellowstone Lake is readily seen within the dark, heavily forested Yellowstone National Park. This view, taken during the Skylab 4 mission in
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Foreword

DURING THE PAST TWO DECADES, achievements in space exploration have made dreams become real,
have strengthened many scientific theories and revealed others as myths, and have provided both
matter and thrust for new dreams. Men have landed and walked on the Moon, have observed and
recorded many of its exposed features, and have collected samples of its materials. The surfaces of
the Moon, Mars, Venus, Mercury, and Jupiter have been photographed, and displays of the Sun’s
energy have been recorded from a manned Earth-orbiting space station. Nor has Earth itself been
neglected in the excitement of these and other successes, for there has been much effective “looking
back” at our own planet from vantage points in space.

Earth is not yet fully explored, even at the surface, and certainly it is not yet fully understood as a
complex and highly active macrosystem. However, we do know many useful things about it and
about the complex interactions among its atmospheric, oceanic, and lithospheric systems. We know
enough, for example, to at least partly characterize these systems; to recognize some important em-
pirical relationships within and among them; and to formulate, for future testing, concepts concern-
ing their origins, life histories, sources of energy, and present functioning. Much of this knowledge is
a cumulative product derived from centuries of painstaking Earth-based studies, but an astonishingly
large addition has been made in recent years through the use of optical and electronic sensors on
manned and unmanned Earth-orbiting satellites.

Throughout the entire history of effective Earth exploration, the common denominator has been
observation combined with documentation. Man has moved from place to place, often at consider-
able inconvenience, to observe more and more of this planet and variously to fortify his visual obser-
vations with written descriptions, sketches and maps, and photographs or other imagery. The Earth
has been thus observed and studied scientifically at many scales, first with growing appreciation of
the occasional synoptic view (the “big look™ of the geoscientist) and later with more deliberate
efforts to obtain and record such views. To see much from one place at one time can be of great
value, whether the target is a static section of rocks across a deep canyon or a moving pattern of
clouds just below a mountain top. And to document the view can be equally important, whether to
demonstrate its existence or to record transitory relationships. A century ago, for example, it re-
quired the superb photographs of William H. Jackson to convince a doubting public that reported
thermal features of “Colter’s Hell” were real, and to persuade the Congress to make Yellowstone our
first national park. Today similar doubts remain about the existence or significance of other reported
Earth features, and still others doubtless remain to be observed. Less than 5 years ago, it was shown
that successive synoptic images from geosynchronous satellites can contribute vitally to refined tor-
nado warnings.




The individual scientist has long recognized the challenges of scale, beginning with his own posi-
tion in effect as a mite on a mountain, and his imaginative responses toward understanding the Earth
have been remarkably successful. As he has explored the lands and oceans and has assimilated the
results of the Hayden, Powell, Challenger, and many other expeditions, he has been inescapably at-
tracted to observation points above the Earth’s surface. With kites, balloons, airplanes, rockets, and
satellites, he has sought and obtained the “big look,” at times personally and at times in surrogate
fashion.

The interrelationships of land, air, and sea phenomena have become increasingly evident as obser-
vations have improved with the application of scientific ingenuity and technological refinement.
Thus, meteorological satellites permitted for the first time a global view of the relationship between
oceanic features and weather conditions, and space exploration has provided new insight into
phenomena such as duststorms, drought, snowfall, oceanic currents, icepack movements, coastal
sedimentation, volcanic and earthquake activities, and air and water pollution. It also has been of
value in such diverse areas as resource inventories, crop and forest management, and wide-ranging
geological studies. From today’s technological and scientific accomplishments has come further
realization of the magnitude of the tasks that man faces in his efforts to understand the Earth’s
systems.

William H. Jackson, in his 1875 visit to examine the Mesa Verde cliff dwellings in Colorado, re-
quired three mules to carry him and his 50- by 60-cm (20 by 24 in.) camera and glass plates. The
Skylab Earth-orbital exploratory mission of 1973-74 had far greater requirements and far more exten-
sive objectives. As in Jackson’s expedition, it embodied the advantages of direct observation,
decisionmaking, and action by man; but, in this instance, from the especially advantageous position
of a space platform carrying sensors that span the radio to ultraviolet portion of the electromagnetic
spectrum. It provided a new kind of information source, systematic in concept and specifically
directed but under the control of those in a position for complementary viewing. The human abilities
to see, comprehend, interpret, discriminate, and integrate are unique; from a space platform, they
can be focused toward new insights into the features and phenomena of the Earth’s land, ocean, and
atmosphere systems. This document addresses some of these insights. It may also convey some no-
tion of further opportunities to be provided by the Space Shuttle Program, a scientific study of the
Earth in which man again will be the direct and principal agent.

RICHARD H. JAHNS
Stanford University
Stanford, California

December 1976

vi



Preface

THE SKYLAB 4 VISUAL OBSERVATIONS PROJECT was one of our most personally satisfying efforts. We
had some unforgettable views of Earth and were able to record some of them to share with our col-
leagues on the ground. The meager 20 hours we spent in discussions with the 19 discipline scientists
before the mission was a small investment that yielded a large return. The men and women who sup-
ported this effort can indeed be proud of their participation.

I think that we have discovered a new national resource. With better equipment and more
sophisticated training, space observers can capitalize on their initiative, discrimination, and judg-
ment to obtain information to better understand and manage our environment and to conduct Earth
science experiments from space. Our 84 days in space (even though we had extremely limited train-
ing and simple photographic tools) rewarded us with many spectacular scenes such as the lumines-
cent red, green, and blue plankton blooms in the intertwining ocean currents off the coasts of Argen-
tina and New Zealand and the variety of shapes and colors that define agricultural patterns in many
countries. Our knowledge of the planet Earth increased during the mission, and we began to realize
the full impact of the scientific briefings we received. We were able to gather new information on
many changing features and phenomena. We photographically recorded the eruption of the volcano
Sakura-zima in Japan and the vast extent of red dust clouds generated from the Sahara. Within a mat-
ter of hours, we were able to compare the color of and photograph all the major sand seas of the
world, thereby adding to the knowledge of the deserts. In a similar manner, we observed the ever-
changing appearance of the wind-driven ice patterns in the Gulf of St. Lawrence. The direct relation
of ice movements to coastal shipping became immediately apparent to us. These are only a few ex-
amples of what we recorded verbally, visually, and photographically during the Skylab 4 mission.

When one realizes the vastness of the Earth, the complex interrelations of oceans, land, and at-
mosphere, and the abundance of information required to understand and manage our environment,
it is obvious that the “game is just beginning” and that man will play an important role in the data-
gathering and interpretation phase of a total space system. In looking back on Skylab 4, one realizes
that a definitive role of man in Earth observations has developed from this mission. Looking for-
ward to the Space Shuttle, which will have better equipment and more sophisticated training, space
observers can capitalize on this multimission Earth-orbiting platform to seek answers to many prob-
lems about the Earth and its processes.

GERALD P. CARR
Commander, Skylab 4
December 1976

vii



Contents

INTRODUCTION
Verl R. Wilmarth, John L. Kaltenbach, and William B. Lenoir

. SUMMARY
Verl R. Wilmarth

. DESERT SAND SEAS
Edwin D. McKee, Carol S. Breed, and Steven G. Fryberger

. GLOBAL TECTONICS: SOME GEOLOGIC ANALYSES OF OBSERVATIONS AND

PHOTOGRAPHS FROM SKYLAB
W.R. Muehlberger, P. R. Gucwa, A. W. Ritchie, and E. R. Swanson

. GEOLOGICAL FEATURES OF SOUTHWESTERN NORTH AMERICA
L. T. Silver, T. H. Anderson, C. M. Conway, J. D. Murray, and R. E. Powell

. SKYLAB 4 OBSERVATIONS OF VOLCANOES

PART A. VOLCANOES AND VOLCANIC LANDFORMS
Jules D. Friedman and Grant Heiken

PART B. SUMMIT ERUPTION OF FERNANDINA CALDERA,
GALAPAGOSISLANDS, ECUADOR
Tom Simkin and Arthur F. Krueger

. THE MANICOUAGAN IMPACT STRUCTURE OBSERVED FROM SKYLAB
M. R. Dence

. SNOW-MAPPING EXPERIMENT
James C. Barnes, Clinton J. Bowley, J. Thomas Parr, and Michael D. Smallwood

. CULTURAL FEATURESIMAGED AND OBSERVED FROM SKYLAB 4
Robert K. Holz

. VEGETATION PATTERNS
David M. Carneggie and Brian T. Fine

PREGEDING PAGE BLANK NOT FILMED

Page

Xi

49

89

137

171

175

191

225

243




10.

11.

12.

13.

14.

15.

16.

17.

18.

REPORT ON THE SKYLAB 4 AFRICAN DROUGHT AND ARID LANDS
EXPERIMENT
N. H. MacLeod, J. S. Schubert, and P. Anaejionu

VISUAL OBSERVATIONS OF THE OCEAN
Robert E. Stevenson, L. David Carter, Stephen P. Vonder Haar,
and Richard O. Stone

AN ASSESSMENT OF THE POTENTIAL CONTRIBUTIONS TO
OCEANOGRAPHY FROM SKYLAB VISUAL OBSERVATIONS AND
HANDHELD-CAMERA PHOTOGRAPHS
George A. Maul and Michael McCaslin

VISUAL OBSERVATIONS OF FLOATING ICE FROM SKYLAB
W.J. Campbell, R. O. Ramseier, W. F. Weeks, and J. A. Wayenberg

QUANTITATIVE ANALYSIS OF ATMOSPHERIC POLLUTION PHENOMENA
Darryl Randerson

METEOROLOGICAL APPLICATIONS OF SKYLABHANDHELD-CAMERA
PHOTOGRAPHS
W. C. Skillman and William E. Shenk

SOME ASPECTS OF TROPICAL STORM STRUCTURE REVEALED BY
HANDHELD-CAMERA PHOTOGRAPHS FROM SPACE
Peter G. Black

MESOSCALE WAKE CLOUDSIN SKYLAB PHOTOGRAPHS
T. Theodore Fujita and Jaime J. Tecson

MESOSCALE CLOUD FEATURES OBSERVED FROM SKYLAB
David E. Pitts, J. T. Lee, J. Fein, Y. Sasaki, Kit Wagner, and R. Johnson

APPENDIX A—GLOSSARY
APPENDIX B—STANDARD WEATHER SYMBOLS

APPENDIX C—PHOTOGRAPH INDEX

263

287

339

353

381

407

417

463

479

503

509

511



Introduction

OBSERVING THE EARTH was an important part of crew activities during Project Mercury and the
Gemini and Apollo Programs, and many spectacular photographs of the land, oceans, and at-
mosphere were obtained. With the exception of the photographic experiments on Apollo 7 in 1968
and Apollo 9 in 1969, observations were made and photographs were taken at the discretion of the in-
dividual crewmember. Nevertheless, the Earth-orbital photography from the manned programs pro-
vided geologists and geomorphologists a new perspective for the study of Earth terrain features. The
practical applications of space synoptic photography in geology have already been demonstrated.

The successful launch of the Skylab workshop on May 14, 1973, enabled man to observe and study
the Earth for periods of 28, 59, and 84 days during the Northern Hemisphere summer, fall, and
winter seasons. The following table shows the scheduling of the Skylab missions.

Mission Crew Lift-off Splashdown Days in
no. date date space
1 Unmanned May 14,1973 — —
2 Conrad May 25,1973 June 22,1973 28
Kerwin
Weitz

3 Bean July 28,1973  Sept. 25,1973 59
Garriott
Lousma

4 Carr Nov. 16,1973 Feb. 8, 1974 84
Gibson
Pogue

The repair of Skylab during the first manned mission reduced the crew’s opportunity to study the
Earth. However, the crew of the second manned mission observed and photographed 35 land, ocean,
and atmosphere sites on instructions from the mission support team at the NASA Lyndon B.
Johnson Space Center (JSC). The objectives were to determine what types of features the crew could
discern and identify and to determine the composition of onboard data required to perform these ob-
servations. From results obtained during this mission, a visual observations experiment was plan-
ned for the third manned mission of 84 days. The purpose of this experiment was to determine the
quality and the quantity of photographic and observational data that could be acquired by the crew of
the many types of Earth features when supported by multidisciplinary scientific training before lift-
off, by real-time science mission planning, and by a comprehensive onboard set of procedures, maps,
and photographs.
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The objectives of the visual observations experiment were as follows:

1. To determine the types of surface, air, and water phenomena the crew could visually identify
from the Skylab orbit

2. To determine what visual observations, supplemented by photography, could be accomplished
to support scientific investigations

3. To explore the use of several data parameters in the study of multidisciplinary areas

4. To determine the type of crew training necessary to perform the visual observations desired by
scientists

From the Skylab 3 experience, it was recognized that additional scientific and operational training
was required for the crew to undertake a multidisciplinary visual observations experiment. However,
limited time was available for experiment discussion and training with the crew, and only 20 hours of
briefings by a team of 19 scientists were completed. From lectures on such diverse subjects as global
tectonics, hurricanes, snow mapping, deserts and arid lands, ocean phenomena, sea-ice dynamics,
vegetation and cultural patterns, air and water pollution, and mesoscale weather features, the crew
gained insight into the significance of the observational data and an awareness of the type of photo-
graphs and verbal descriptions needed for specific studies.

During the 84-day mission, communication with the crew was accomplished daily through the
Mission Control Center at JSC. The JSC operations team selected and scheduled the observation
sites, made recommendations on photography, maintained a status log of photographic and visual ac-
complishments, and conducted a weekly review with the crew on the status and accomplishments of
the experiment. The individual discipline scientists received copies of the crew’s daily voice report,
which provided them with information for recommendations to the JSC team regarding scheduling
of sites and changes or additions to the type of information desired. Upon completion of the mission,
the debriefing sessions among the crew, the scientists, and the JSC operational team provided
detailed information on specific sites or features described and photographed; they also provided a
critique on the operational procedures and utility of the cameras, film, and viewing devices.

During the 84-day Skylab 4 mission, the crew verbally described more than 850 features and
phenomena and took approximately 2000 photographs to document their observations. The initial
results of the experiment were published in 1974* and included detailed descriptions of crew training
and mission operations and preliminary analyses of selected photographs. The integration of the
detailed analyses of approximately 600 photographs with the observational data has subsequently
been completed, and the results are presented in the individual sections of this document. The maps
that form the inside covers indicate the locations of the sites that are discussed herein.

VERL R. WILMARTH,

JOHN L. KALTENBACH, and
WILLIAM B. LENOIR

NASA Lyndon B. Johnson Space Center

1L Kaltenbach, W. B. Lenoir, M. C. McEwen, R. A. Weitenhagen, and V. R. Wilmarth, eds., “Skylab 4 Visual Observa-
tions Project Report,” NASA TM X-58142, 1974.
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1
Summary

VERL R. WILMARTH?

DURING THE 84 days the Skylab 4 crew orbited the
Earth at 435 km (235 n. mi.) above the surface,
they conducted an experiment to determine the role of
man in observing the Earth on future Earth-orbital mis-
sions. The preflight training for the crew consisted of 20
hours of lectures by 19 discipline scientists and was
designed to provide the astronauts with an insight into
the scientific significance of a feature or phenomenon,
the type of information desired by the scientist, and the
procedures for observing and photographing. The scien-
tists and the NASA Lyndon B. Johnson Space Center
Visual Observations Team, operating through the Mis-
sion Control Center, scheduled daily sites for the crew
to observe. An onboard data book and a world map
showing the site locations were used by the astronauts
as background information for the 165 features and
phenomena that were identified by the scientists during
premission training. Although the time available for the
crew to observe and photograph features of interest was
limited, more than 850 verbal descriptions were made
and approximately 2000 photographs were returned by
the Skylab 4 astronauts. The Skylab 4 visual observa-
tions, in combination with the handheld-camera photo-
graphs from the other Skylab missions, have resulted in
new information on (1) Earth features and processes,
(2) operational procedures and constraints in observing
and photographing the Earth, and (3) the use of man in
the real-time analysis of oceanic and atmospheric
phenomena. '
Binoculars (10x) and handheld Hasselblad (70 mm)
and Nikon (35 mm) cameras were the principal instru-
ments used by the crewmen. The camera and lens com-

aNASA Lyndon B. Johnson Space Center.

binations provided wide, medium, and narrow fields of
view. Color exterior Ektachrome film was used almost
exclusively for photography; the few frames of Ek-
tachrome color-infrared film that were exposed for
specific features were generally not as satisfactory as
natural color.

Skylab 4 has shown that the study of Earth features
can be most effective under specific lighting and surface
conditions. The crew observed and photographed the
Earth over the entire range of Sun angles from low
twilight to local noon and over a range of viewing angles
from nadir to high oblique when the Earth’s horizon ap-
peared in the scene. Because Skylab 4 was flown in the
winter months over the Northern Hemisphere, snow
cover enhanced many land features. With the combina-
tions of Sun and viewing angles and the variation in sur-
face conditions, some unusual photographs of the
Earth’s surface were obtained and are discussed in the
individual sections of this report.

High Sun angles (more than 50° from the horizontal)
were found to be best for making color discriminations,
whereas low Sun angles (less than 20° from the horizon-
tal) were best for detection of topographic and
meteorological relief. In general, viewing near the nadir
is most desirable; however, oblique views are helpful
for discerning the regional framework. It was found that
conditions such as haze and cirrus clouds are not as
serious a detriment to crew observations as had been
anticipated. Regular patterns and bright colors can be
detected and classified through as much as 75-percent
cloud cover because of the “picket fence” effect.

The use of sunglint was found to be an extremely
productive method for observing the surface texture of
the oceans and rivers of the Earth. Many photographs
and observations were recorded by the crew of large-




scale dynamic ocean features such as currents and asso-
ciated eddies, internal waves, upwellings, and coastal
sediment transport. Current boundaries and upwellings
were easily observed because of color contrasts and the
local occurrence of plankton blooms. The boundary
features and the current rings caused by the confluence
of the Falkland Current and the Brazil Current were ob-
served for more than 3500 km (1900 n. mi.) in the South
Atlantic Ocean. Before the mission, these features were
largely unstudied. From analysis of Skylab 2 and 3
photographs, eddies as large as 56 km (30 n. mi.) in
diameter were identified by color contrast and the oc-
currence of circular cumulus cloud formations around
the periphery. Based on these data, the crew identified
similar eddies in ocean currents in the Coral Sea, in the
North and South Equatorial Pacific Ocean, and in the
South and West Atlantic Oceans. Upwelling areas, par-
ticularly along the Chilean and Portuguese coasts, were
identified by the dark-blue color and the distinctive sur-
face patterns developed by wind. Of the many ocean
features seen by the crew, the location and shape of in-
ternal waves were most easily identified in sunglint. A
photograph of the Gulf of Nicoya, Costa Rica, con-
tained an internal wave field that was used in analysis
of tidal effects. It is these results that suggest the surface
manifestation of major ocean events can be studied
from manned orbital platforms.

Analyses have been made of the handheld-camera
photographs and crew observations of deserts, global
tectonic features, the southwestern United States,
northwestern Mexico, volcanic regions, and the
Manicouagan impact crater in Canada. The Skylab data
have been used in worldwide desert research to confirm
a global classification of eolian sand deposits and have
provided information for preparation of maps that
show the relationship of sand deposits to natural bar-
riers, sand sources, rainfall patterns, and surface winds.
From Skylab, the crewmen were able within a few
hours to compare such features as color and landforms
that are important factors in the study of worldwide
desert formation.

The synoptic view from Skylab afforded the crew op-
portunities to observe and photograph many types of
global tectonic features under varying Sun angle and

2 SKYLAB EXPLORES THE EARTH

scene conditions. In the southwestern United States and
adjacent Mexico, the crew observations were an integral
part of a geological experiment that resulted in the
recognition of major fault zones in Baja California,
southeastern California, and adjacent Sonora, Mexico.
Field studies resulting from the crew observations led
to the discovery of regionally significant stratigraphic
units. The complexity of global tectonic features such as
the Alpine Fault in New Zealand, the Atacama Fault in
Chile, the African rift zone, Guatemala fault zones, and
the Caucasus and Zagros Mountains in Asia is vividly
shown in many handheld-camera photographs.
Analysis of the photographs revealed new fault patterns
and relative ages of crustal movements that pertain to
current concepts of plate tectonics.

An unusual oblique photograph of the Manicouagan
impact structure in Quebec, Canada, provided the first
clear indication of a disturbed zone 150 km (80 n. mi.)
from the center that represents the outer limit of dis-
ruption from the meteor impact. Concepts derived
from this information can be applied to the study of
similar landforms on the Earth, Moon, and planets.
Oblique photography is an example of how man’s
capabilities can be used to obtain new scientific infor-
mation about surface features.

The Skylab 4 crewmen achieved a space “first” by
obtaining stereophotographs of the eruption sequence
of the Sakura-zima Volcano in Japan. Quantitative
analysis of these data combined with upper at-
mospheric radiosonde data showed that the eruption
plume did not penetrate the tropopause and thereby
create a stratospheric dust veil.

In the Southern Hemisphere, the crewmen observed
the harvesting and subsequent replanting of cereal
crops. These observations indicate that a space-based
crewman can classify areas of bare soil, bright-green
young plants, mature green crops, and crops being har-
vested. Recording these vegetational patterns and
variability within croplands can be accomplished
through as much as 75-percent cloud cover. Crop
damage was not discernible, but the extent of flood con-
ditions could readily be resolved. In areas of sparse
vegetation (such as arid lands), the condition of the
foliage could not be ascertained. In general, low-contrast




areas (e.g., ancient cities in arid terrain such as Addis
Ababa) were much less discernible than high-contrast
areas (e.g., newer cities such as Phoenix). Color con-
trast is best perceived in near-nadir features that are il-
luminated by high Sun angle. In postflight viewing of
the Skylab 4 photographs, the crew noted reduced
details and color discrimination in the photographs
compared to what they observed from space.

This mission afforded an excellent opportunity to
observe and photograph sea-ice development in the
Gulf of St. Lawrence. The observational data, supported
by many photographs, have provided information on
the rapid variability in ice features over very brief inter-
vals, on the morphological change as new ice forms and
old ice thickens, and on the overall extent and character
of the ice sheet from beginning to maximum coverage.
This information can be used directly for routing ships,
relating weather to ice extent, and studying the ther-
modynamics of ice and seawater.

Although discrimination of snow from clouds is a
difficult task from space imagery, the crew readily iden-
tified the occurrence and relative depth of snow. They
observed that the reflectance of a forest area markedly
decreased a short time after a snowstorm because snow
did not stay on the trees. They reported that snow cover
greatly enhances land features such as city patterns,
highways, timber-harvested areas, drainage patterns,
and topographic forms. In the winter wheat areas, the
crew detected areas of snowfall and areas of early melt-
ing that exposed the plants to killing frost. These obser-
vations, in conjunction with local weather data, can be
important in crop predictions.

In repeated observations of the African Sahel, the
crew recorded the occurrence of major duststorms, ex-
tensive burning of foliage, the low color contrast of the
region, and the widespread occurrence of traditional
subsistence (cellular) land use patterns in regions adja-
cent to the Sahel. Data from Skylab, Landsat, and field
studies have shown that destructive agricultural land
use practices are warning signs of aridification—a pre-
cursor to desert formation, loss of productivity, and
mass starvation. The synoptic view from a space plat-
form has enabled man to observe parameters that are
useful in the study of the cause of the Sahelian drought.

Of the many meteorological phenomena described

and photographed, those unresolvable in meteorologi-
cal satellite images are particularly important for under-
standing the relationship of such features to weather
conditions and predictions. The stereophotographs are
valuable in determining the heights of multilayered
clouds and the details of cloud structure. An analysis of
handheld-camera photographs and upper atmosphere
data has shown that in a stable atmosphere Karman
vortex streets form downwind of large islands when the
wind velocity ranges from slow to medium, whereas
wake waves occur downwind of a small island under
medium to fast flow. Analysis of photographs of cloud
streets and local weather data has revealed that cloud
streets occur in an unstable atmosphere with a medium
to slow wind velocity and are indicative of low-level
windflow as possible clues for developing cyclonic
systems.

Important observations and photographs made by
the Skylab crewmen have aided in the recognition of
small features such as persistent convective overshoot
regions and concentric waves in developing tropical
storms; the existence of outward-tilting eyewall clouds
in some quadrants of mature tropical storms; and the
existence of overshooting convective turrets, internal
gravity waves, and transverse waves near the center of
mature tropical storms. These results require new
thinking in tropical storm studies, including modifica-
tion of current computer models to include the
possibility of sloping eyewalls.

Photographs and observational data of manmade
and natural atmospheric pollution indicate that obser-
vations of such features from space can be useful.
Descriptions and photographs of many different
sources of atmospheric contamination were made that
permit postflight analysis of wind conditions and of the
size, shape, extent, and textural variations of the pollu-
tant. As a result of further detailed analyses, source
features, atmospheric conditions, diffusion, and other
parameters possibly can be related to the occurrence
and distribution of the pollutants.

The major limitations on the results of this project
were the extremely tight scheduling of the crew’s time
and the lack of preflight crew training in rapid site
recognition and observation.

SUMMARY 3
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Desert Sand Seas

EDWIN D: MCKEE,2 CAROL.S: BREED,? AND STEVEN'G. FRYBERGERY

AWORLDWIDE SURVEY of desert sand seas using
mosaicked false-color imagery from the un-
manned Earth resources technology satellite (Land-
sat-1) as a map.base'was initiated in 1972. Imagery data
were combined with data from ground-based studies of
climate and from field studies.of the internal structures
of .eolian sand deposits. To obtain.detailed information
* concerning the origin, movement, and distribution of
the world sand seas, the Skylab 4 crewmembers were
- asked to. make observations and to obtain handheld-
camera color photographs of 18 important locations.
- The formally designated areas were those sand seas that

are most difficult to study using conventional means,’

weither because reliable maps and aerial photographs are
not available or because the region is inaccessible for
political reasons.

- The wusefulness of manned observations and
handheld-camera photographs from space is confirmed
by the immediate application of Skylab 4 data to the

- study of sand seas. The Skylab 4 crew provided infor-
mation that (1) confirms a tentative .global classifica-

tion of eolian sand deposits “based -on - observed:

similarities in most of the major deserts of the world;
(2) allows the preparation of maps that show the rela-
tionships of sand deposits to each other, to sand source
areas, to natural sand distribution barriers, and to
human land use; and (3) allows the regional patterns of
.large-scale dune morphology to be studied in relation to
rainfall distribution and surface winds.

3 S. Geological Survey; Denver, Colorado.
bys. Geologicai Survey, Flagstaff, Arizona.

The data provided by the Skylab 4 crew, when com-
bined with further ground-based work both in the

.- laboratory and in the field, should have long-range ap-
-plications to geologic and geographic research in at least

the following five areas.
1. Geologic interpretation of environments of

_deposition-of eolian sandstones. The effects of primary

sedimentary structures that control migration of oil,
water, or other fluids can be better evaluated.

2. Understanding dune movement. Control of dune
movement is important in areas subject to sand.inunda-
tion, such as the Sahelian Zone of northern Africa and

| .the Thar Desert of India and Pakistan.

" 3. Prediction of future environments of sand deposi-

. tion in areas of drought, as in parts of India, Australia,

and northern Africa.

4. Exploration for wind-concentrated mineral
deposits.

5. Interpretation of exotic environments of wind
deposition, such as those believed to exist on Mars, by
comparing Martian sand seas with sand seas on Earth.
-~ The sites -chosen for handheld-camera _photographs
and visual observations included four in the Sahara and
sub-Sahara of northern Africa, four in the Namib and
Kalahari Deserts of southern Africa, two in the Empty
Quarter of Saudi Arabia, five in the Takla Makan and

* Gobi Deserts of China, and three in the trans-Caspian

deserts of the U.S.S.R. Additional areas in northern
Africa, India, Mexico, and Australia were recom-
mended as optional sites.

The Skylab- 4 crew. succeeded both in obtaining
photographs and in making visual observations of most
of the formally designated areas of study and many of
the optional sites (fig. 2-1).

¥,
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FIGURE 2-1.—Index map of principal desert and semiarid regions showing Landsat-1 test site areas and Skylab handheld-photograph sites in
the sand seas of Asia, Africa, Australia, and North America. Numbers on the map correspond to the following areas: (1) Mauritania, Mali;
(2) Great Western and Great Eastern Ergs, Algeria; (3) Libya, Niger, Chad; (4) Kalahari Desert, South Africa; (5) Namib Desert, South West
Africa; (6) Takla Makan Desert, China; (7) Gobi Desert, China; (8) Rajasthan-Thar Desert, India and Pakistan; (9) Kyzylkum Desert,
U.S.S.R.; (10) Karakum Desert, U.S.S.R.; (11) Great Sandy Desert, Australia; (12) Great Victoria Desert, Australia; (13) Simpson Desert,
Australia; (14) An Nafud, Saudi Arabia; (15) Empty Quarter, Saudi Arabia; (16) Sand Hills, Nebraska; (17) White Sands, New Mexico;
(18) Great Sand Dunes, Colorado; (19) Navajo Country, Arizona; (20) Gran Desierto, Mexico; (21) Algodones Desert, California.

GLOBAL CLASSIFICATION OF EOLIAN SAND The great number of these local studies has resulted in a

DEPOSITS SEEN FROM SPACE
Terminology

The Skylab 4 crewmembers provided the first test of
a preliminary, large-scale classification of eolian sand
deposits. The need for an objective global definition of
dune forms is desirable because earlier work has been
limited mostly to local studies in single desert regions.

6 SKYLAB EXPLORES THE EARTH

multiplicity of names for eolian sand deposits. Further-
more, the dune terminology of local studies could not
be transposed from region to region because many of
the older categories (e.g., transverse, longitudinal) car-
ried genetic implications. Early in this project, an objec-
tive classification was developed that was based on ma-
jor sand-sea patterns as seen on Landsat imagery. The
validity of this system for inventorying large sand
deposits from space was confirmed by the observations



TABLE 2-1.— Global Classification of Eolian Sand Deposits Seen From Space

Large-scale eolian sand deposits

Figure no. Major areas of occurrence
Dune pattern Dune description Form

Parallel straight Has length many times greater than  Simple 2-2(a) Simpson, Great Victoria, and Great
width, regular spacing, dune/inter- Sandy Deserts, Australia
dune area ratio approximately 1:1 Compound 2-2(b) Kalahari Desert in South Africa; Sahara,

northern Africa; Navajo Country,
United States
Widely spaced (with 2-2(c) Sahara, northern Africa
dune/interdune area
ratio less than 1)
Complex, with incipient 2-2(d) Namib Desert, South West Africa
radial (star) dunes on
crests (transitional to
star dunes alined on sub-
parallel linear ridges to
form chains)

Parallel wavy Composed of crescentic segments  Simple 2-3(a) White Sands, New Mexico; Sand Hills,
each with the width equal to or Nebraska; Karakum and Kyzylkum
nearly equal to the length, to form Deserts, U.S.S.R.; Sahara, northern
wavy ridges that have all major Africa; Empty Quarter, Saudi Arabia;
slipfaces on one side Namib Desert, South West Africa; Thar

Desert, India and Pakistan

Simple 2-3(b) Empty Quarter and An Nafud, Saudi
Arabia; Thar Desert, India and
Pakistan; Libyan Desert, northern
Africa

Giant crescent 2-3(c) Saudi Arabia; Algodones Desert, Califor-
nia; Sonora Desert, Mexico; Atacama
Desert, Peru

Chevron 2-3(d) Takla Makan Desert, China

Star Sand mountains with segments Scattered 2-4(a) Great Eastern Erg, Algeria; Empty
radiating from the centers of the and Quarter, Saudi Arabia; Gobi Desert,
complexes in pinwheel fashion 2-4(b) China; Namib Desert, South West

Africa
Star dune alined on sub-  2-4(c) Great Eastern and Great Western Ergs,
parallel linear ridges to and Algeria; Empty Quarter, Saudi Arabia;
form chains 2-4(d) Sonora Desert, Mexico

Parabolic (U-shaped) U-shaped dunes with elongate arms  Simple form with two 2-5(a) White Sands, New Mexico

at least partly fixed by vegetation arms
Compound clusters of co-  2-5(b) Thar Desert, India and Pakistan
alesced parabolic dunes
with several arms; com-
monly several Kkilo-
meters in size

Sheets and stringers  Eolian sand deposits without slip- Large 2-6(a) Sahara, northern Africa; southern
faces but with distinct geographic Kalahari Desert, South Africa
boundaries (may include bed Small 2-6(b) An Nafud, Saudi Arabia; Mojave Desert,

forms below resolving power of
Skylab photographs)

California; Painted Desert, northern

Arizona

DESERT SAND SEAS 7



of the Skylab 4 crew and documented by their
photographs.

The morphologic classification shown in table 2-1 ap-
plies to large-scale dunes called draa by some investiga-
tors. These large dunes may be composed of numbers of
smaller dunes and, depending on type, commonly are 2
or 3 km in diameter from front to back or from horn to
horn. In many regions, also, the dunes are separated
from each other by flat, windswept interdune corridors
or hollows (called couloirs, bahirs, gassis, fuljes, feidj,
and other local names). (For a glossary of related terms,
see appendix A.) These interdune features are an in-
tegral part of the overall pattern of a sand sea. An un-
derstanding of the characteristics of the interdune areas
is important to an understanding of the internal struc-
tures of eolian sandstones discussed in the latter part of
this section.

Although most sand seas display several charac-
teristics and distinctive dune types, sufficient
similarities among regional sand patterns have been
seen from space to place all dunes in one of five major
pattern categories: (1) parallel straight, (2) parallel
wavy, (3) star, (4) parabolic, or (5) sheets and stringers.
Within each major pattern, varieties or subtypes result
from the interaction of several different influences.
Principal controls on regional dune patterns are varia-
tions in wind regime, position or topographic barriers,
rainfall, vegetation, changes of elevation within deposi-
tional basins, and distance downwind from the sources
of sand. The major types of eolian sand patterns as seen
and photographed from Skylab are shown in figures 2-2
to 2-5 and are briefly described in table 2-1.

Sand Patterns

Parallel straight dunes (fig. 2-2), whether simple or
compound, are many times greater in length than in
width. In most (perhaps all) areas, the straight sand
ridges have slipfaces along both sides. Dunes of this
type have been called longitudinal dunes (refs. 2-1 to
2-4), sand ridges (refs. 2-5 and 2-6), draa (refs. 2-7 and
2-8), and seif chains or seifs (refs. 2-9 to 2-11). A
relatively simple type of parallel straight dunes makes a
distinctive pattern in the Simpson Desert of Australia

8 SKYLAB EXPLORES THE EARTH

(fig. 2-2(a)). Very large compound dunes of this type
that extend 1000 km from east to west are present in the
Empty Quarter of Saudi Arabia (fig. 2-2(b)). A wide
spacing of parallel straight dunes (fig. 2-2(c)) occurs in
the western Sahara of northern Africa, and a complex
variety occurs in the Namib Desert of South West
Africa (fig. 2-2(d)). In the Namib, the crests of parallel
ridges have been modified into incipient star dunes, and
a complex dune variety is formed that is intermediate
between the parallel straight and the star dunes.
Another variety (not illustrated in this report) is the
feathered seif, which may be classified as a compound
parallel straight dune.

Parallel wavy dunes (fig. 2-3) are composed of in-
dividual arc-shaped (crescentic) segments, each having
a width equal to (or almost equal to) the length.
Typically, the segments are alined in wavy ridges that
are asymmetrical in plan view, and the ridges have all
the major slipfaces on one side. The most common
development of this type is the transverse or
barchanoid ridge with open interdune corridors, de-
scribed by McKee (ref. 2-10) at White Sands, New Mex-
ico, and now recognizable (in Landsat imagery and
Skylab photographs) in many deserts throughout the
world. A small-scale example of transverse ridges is il-
lustrated in the aerial photograph of White Sands, New
Mexico (fig. 2-3(a)).

Parallel wavy dunes that have fully enclosed inter-
dune spaces have been called peak and fulje (ref. 2-12),
compound transverse dunes (ref. 2-13), and akle (refs.
2-14 and 2-15). An example of the parallel wavy pat-
terns occurs near Ghat in the Libyan Desert (fig.
2-3(b)).

A compound form of the parallel wavy dune type
that has been called giant crescent (ref. 2-16) occurs in
the Empty Quarter of Saudi Arabia (fig. 2-3(c)). The
giant crescentic dune, shown joined in chains in figure
2-3(c), has a single major slipface and many smaller
crescentic dunes on its windward slope. This dune form
occurs in the Algodones Desert of California and Mex-
ico where it has been called megabarchan (ref. 2-17).
The giant Pur-pur dune of Peru (ref. 2-18) and dunes
around the Pinacate Mountains of northern Sonora,
Mexico (fig. 2-4(d)), are other examples of giant cres-
cent dunes.
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FIGURE 2-2.—Parallel straight dune patterns. (a) Simple, Simpson Desert (S14-143-4637). (b) Compound, Empty Quarter, Saudi Arabia
(SL4-143-4643). (c) Widely spaced, Sahara, northern Africa (SL3-28-365). (d) Complex, Namib Desert, South West Africa (SL4-137-3693).
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FIGURE 2-2.—Continued.
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FIGURE 2-2.—Continued.
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FIGURE 2-2.—Concluded.

Oblique-angle photographs were taken by the Skylab
4 crew of a variety of the parallel wavy dune pattern
that has only been observed in the Takla Makan Desert
of northern China (fig. 2-3(d)). In the Takla Makan
Desert, rows of dune ridges and interdune areas are
offset and form a chevron or herringbone pattern first
described by Hedin (ref. 2-19). Because it is both
physically remote and politically inaccessible, the Takla
Makan Desert is known to western geologists scarcely
better now than in Hedin’s time. Thus, photographs and
images from space are especially valuable.

12 SKYLAB EXPLORES THE EARTH

Star dunes (fig. 2-4) have segments or arms that radi-
ate from the high center part of the dune complex in
pinwheel or starlike fashion and constitute mountains
of sand. These huge features have been called rhourds
or polypyramids (ref. 2-20); mastodons (ref. 2-21);
oghurds (refs. 2-4 and 2-22); khurds (ref. 2-7); pyrami-
dal dunes (ref. 2-16); draa peaks or stellate roses (ref.
2-23); and star dunes (ref. 2-10). Different patterns are
formed by random scattered star dunes and star dunes
alined in chains. Scattered star dunes, most of them
more than 200 m high (ref. 2-24, p. 99), occur in the Erg
Oriental of Algeria (fig. 2-4(a)).

In South West Africa, scattered star dunes near the
dry river valleys of the northern Namib Desert were
photographed by the Skylab 4 crewmen and are shown
in figure 2-4(b); star dunes in this desert are reportedly
as high as 270 m (ref. 2-25, p. 133).

Star dunes on linear ridges and alined in chains in the
southwestern part of the Erg Oriental, Algeria (fig.
2-4(c)), were observed by the Skylab crew. The highest
dune in this part of the erg is 320 m, according to
Wilson (ref. 2-24, p. 93).

Star dunes in chains that are smaller than the
Algerian star dunes but identical to them in form can be
discerned in Skylab photographs of the Sonoran Desert
approximately 100 km west of the Pinacate Mountains
in northern Mexico (fig. 2-4(d)). The previously de-
scribed giant crescent dunes are also shown in figure
2-4(d). Linear distribution of star dunes was identified
in northern Sonora early in 1973. These are the only star
dunes observed to date in space imagery of North
American deserts and are, therefore, prime targets for
field studies of the internal structure of star dunes.
Preliminary studies of structures in star dunes near
Zalim, Saudi Arabia, were made by McKee (ref. 2-10).

Parabolic dunes (fig. 2-5) are U- or V-shaped dunes
(called upsiloidal dunes by Smith in ref. 2-13) that are
greatly elongated in plan view. Although not implicit in
the definition of parabolic dunes, the arms of most of
these dunes are partly anchored by vegetation and ex-
tend upwind. Simple parabolic dunes that developed
along the downwind margins of White Sands National
Monument, New Mexico (fig. 2-5(a)), were studied in
the field by McKee and others during the years 1964 to
1967 and 1972 to 1973.



Compound parabolic dunes in which multiple ex-
tended arms form complexes as long as 40 km occur in
the Thar Desert of India and Pakistan (ref. 2-26, p. 210,
and ref. 2-27). The parabolic dune patterns of this
region, shown in a Landsat image (fig. 2-5(b), upper
right), probably contain the largest individual dunes of
this type in the world. However, no Skylab photographs
of this desert were taken, and no parabolic dunes were

~~<Pardllelwavy barchanoid
dune ridges

I

Dark interdune. areas

observed by the crew in any of the deserts over which
they orbited.

Sheets and stringers of sand as seen on space imagery
are relatively flat-appearing deposits that have well-
defined geographic boundaries. An example of sheets
and stringers of sand in the northwestern part of the
Sahara in Africa is shown in figure 2-6(a). The relation-
ship of the sand streaks in this photograph to the wind

White Sands

FIGURE 2-3.—Parallel wavy dune patterns. (a) Simple, White Sands, New Mexico (aerial photograph). (b) Simple with full enclosure of in-
terdune areas, Marziiq Sand Sea, Libya (S14-141-4354). (c) Giant crescent, Empty Quarter, Saudi Arabia (SL4-141-4255). (d) Chevron, Takla

Makan Desert, China (SL4-136-3389).
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FIGURE 2-3.—Continued.

SKYLAB EXPLORES THE EARTH

14



Simple barchanoid dunes in
parallel wavy pattern

FIGURE 2-3.—Continued.
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FIGURE 2-4.—Star dune patterns. (a) Scattered, Erg Oriental, Algeria (S1.4-139-3900). (b) Scattered, Namib Desert, South West Africa
(S1.4-207-8074). (c) Star dunes in chains, Erg Oriental, Algeria (S1.4-138-3885). (d) Star dunes in chains, Sonora, Mexico (S1.4-140-4131).
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FIGURE 2-4.—Continued.

regime of northwestern Africa is discussed in the sec-
tion entitled “Relationship of Sand Distribution to Sur-
face Wind Regimes.”

Sheets and stringers of sand may include eolian
forms that are too small to be resolved on space photo-
graphs or imagery. Sand stringers in Landsat imagery of
northern Arizona are shown in figure 2-6(b). These
sand stringers were examined in the field and found to
consist of elongate sheets of sand on which many small
dunes (domes and barchans) had formed.

The classification summarized herein was confirmed
and refined by the work of the Skylab 4 crewmen,
whose observations and photographs of eolian sand
bodies were accommodated by the outlined classifica-
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tion. A field examination of some of the basic dune
types conducted by the senior author is summarized
elsewhere in this section. Some field work remains to be
done to test hypothetical relationships among types of
dune patterns seen from space, the internal structures
of specific dune types, and the relationship of these
depositional features to surface wind regimes. Areas in
which hypotheses might readily be field tested include
the area in southern California and northern Sonora
near Yuma, Arizona, where two of the major eolian
sand dune patterns (parallel wavy and star alined on
parallel straight ridges) have been identified both in
Skylab photographs and in Landsat imagery.
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Compound parabolic dunes

FIGURE 2-5.—Parabolic dune patterns. (a) Simple parabolic, White Sands, New Mexico (aerial photograph). (b) Compound parabolic, Thar

Desert, Pakistan (Landsat image E1173-05211).

DEPOSITIONAL ENVIRONMENTS OF EOLIAN
SAND BODIES: SAND-DISTRIBUTION MAPPING

Skylab high-resolution color photographs, especially
those near-vertical views obtained with the 300- or 100-
mm lenses, permit detailed mapping of desert sand
deposits. Sand surfaces are easily discerned on the
Skylab photographs because of their characteristic
brightness, texture, color, and patterns. The locations of
sand deposits of various types and the positions of these
deposits relative to each other; to vegetation patterns; to
natural barriers such as rivers, hills, and shorelines; and
to climatic factors such as surface winds and rainfall
regimes can be studied best from the regional viewpoint
provided by space photographs and imagery. The
following two examples illustrate the kinds of studies
that can be made by combining Skylab photographs and
visual observations data with Landsat imagery and with
various kinds of ground-based data.

Eolian Sand Deposits in the Sahelian Zone of Northern
Africa

A map prepared by Frances Lennartz from two
Skylab photographs (fig. 2-7) shows the area between
Tombouctou and Mopti around the Inland Delta of the
middle Niger River in Mali. The size and spatial rela-
tionships of eolian sand deposits are shown on this
map. The area lies within the climatic zone known as
the Sahel, between the Sahara and the Sudanese savan-
na zone of northern Africa. The Sahel is a region on the
desert margin in which human survival is currently a
matter of much concern. Increasing aridity and severe
drought, in the Sahelian Zone and in other parts of the
world adjacent to major deserts, are thought by some in-
vestigators to result from poor agricultural and grazing
practices and thus to be amenable to corrective
measures. Others attribute increasing drought condi-
tions to general climatic change. The Skylab photo-
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graphs, together with other evidence (ref. 2-28), may in-
dicate several changes of climate in this region during
geologically recent time.

More than one period of aridity greater than the pres-
ent period seems to be indicated in the middle Niger
River basin by the relationships of sand bodies seen in
Skylab photographs. Two sets of sand dunes that differ
from each other in size, color, and orientation can be
discerned easily. Previous maps of sand deposits in this
area, drawn from conventional aerial photographs (ref.
2-14, p. 27; ref. 2-15, p. 286; refs. 2-29 and 2-30; and ref.
2-31, p. 200), have shown all dunes with a single general
orientation to belong to the same category and thus,
presumably, to represent uniform conditions of sand
deposition.

Skylab photographs have provided cloud-free pic-
tures of the dune shapes and sand distribution (as seen
in fig. 2-7(a)) in true Earth colors; Landsat images have
provided definitive evidence of bedrock surfaces,
vegetation patterns, and surface water in relation to the
sand deposits. When considered together, the Skylab
photographs and Landsat images reveal at least two
generations of major linear dunes and a pattern of sand
sheets or stringers that obliterates much of the underly-
ing topography.

The most obvious landforms on the map are large
linear dunes in a parallel straight pattern oriented east-
west across the course of the Niger River. The grayish
tone, the rough surface texture, and the blurred outlines
of these Niger dune ridges on the Skylab photographs
are attributed to their modification by erosion and to
the presence of vegetation, although the crests of the
dunes may be composed of free sand. The dune ridges
have an average width of approximately 2 km and are
separated by interdune spaces averaging approximately
1.5 km in width. The area covered by this dune field is
approximately 16 500 km’. These fixed and eroded
dunes are similar in form and size to active dunes in the
Sahara to the north. Development of dunes of this mag-
nitude may indicate a period of extreme aridity,
although that assumption is questioned by some
workers (ref. 2-31, pp. 201 and 202).

Many of the spaces between dune ridges shown on
figures 2-7(b) and 2-7(c) are occupied by interdune
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FIGURE 2-6.—Sheets and stringers of sand. (a) Large sand
stringers and sheets, Sahara, northern Africa (SL4-138-3756). (b)
Small sand stringers, Painted Desert, Arizona (Landsat image
E1193-17324).

lakes and tributaries of the Niger River. The adjustment
of the Niger and its tributary streams to the positions of
the dune ridges has resulted in a trellis drainage pattern.
Thus, the adaptation of the course of the Niger and its
tributaries to the pattern of dunes occurred after
emplacement of a sizable sand sea composed of large,
probably linear dunes.

The stabilization of the dunes by vegetation and the
presence of numerous lakes in the interdune spaces
would seem to indicate a present period of lesser aridity
than existed during the time of dune emplacement.
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Sand symbols

Sand desert with forms below size
resolvable on Skylab photographs

Paralle! straight dunes (first set)
Parallel straight dunes (second set)
[(AX] Parallel wavy dunes

o B Sand stringers or sheets
s . ) - Water and vegetation symbols
Permanent lake and stream
| Dry lake bed and intermittent stream
Vegetation
Swamp

Other symbols
Bedrock outcrop

Lake Niangaye . - .- A

(a)

FIGURE 2-7.—FEolian sand deposits in the middle Niger River basin, Mali. (a) Map of eolian sand deposits derived from figures 2-7(b) and
2-7(c). (b) Skylab photograph S1.4-141-4361. (¢) Skylab photograph SI14-136-3381.
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FIGURE 2-7.—Concluded.
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The second set represents the parallel straight dune
pattern and appears bright pink on the Skylab photo-
graphs. The dunes of the second set trend northeast-
southwest and cross parts of the first (east-west trend-
ing) set of large dunes. In the area near Lake Niangaye,
which is south of Tombouctou, the second set of dunes
crosses some of the tributary drainage to the Niger
River. Such a relationship seems to indicate that the
second set of parallel straight dunes formed in this area
after development of the larger (first) set and after ad-
justment of the Niger River drainage to the first set.
During emplacement of the second set of dunes, condi-
tions apparently were favorable for the movement of
differently oriented, small linear sand dunes into the
area. The dunes and the interdune spaces of the second
set each have an average width of approximately 1 km,
half the width of the dunes of the first set.

Another type of eolian sand deposit in the middle
Niger region forms subparallel broad stringers that ex-
tend for hundreds of kilometers in a northeast-
southwest direction. These deposits, which seem to be
sand sheets, are light pink in Skylab photographs and
seem to lack vegetative cover. No surface drainage oc-
curs on the sand bodies; however, bedrock, vegetated
surfaces, and remnants of intermittent drainage
systems can be seen between the broad patches of sand-
covered terrain. Similar stringers of sand have been
seen (on Landsat imagery) in several parts of sub-
Saharan northern Africa; the relationship of these
stringers of sand to other sand deposits and to surface
wind regimes needs further study with the aid of higher
resolution photography and field examination.

These tentative conclusions indicate that the Skylab
photographs and Landsat imagery of the Sahelian Zone
should provide sufficient coverage to complete a com-
prehensive regional study of eolian sand deposits along
the southern margin of the Sahara. The results of this
study should be directly applicable to problems of land
use in the region.

Eolian Sand Deposits in the Namib Desert in South
West Africa

Skylab photographs of the Namib Desert illustrate
barriers to sand deposition, dune and pattern types, col-
or distribution, and postulated relative ages of eolian
sand deposits. Data concerning this desert are especially
valuable because much of the Namib is not accessible
by conventional air or ground survey.

Many types of dunes occur in the Namib Desert. A
map of the various dune patterns (fig. 2-8) has been
derived from analysis of Landsat imagery (ref. 2-27). A
part of the interior of the Namib Desert is shown in
detail in a Skylab photograph (fig. 2-9). The significant
effect of various physical barriers on the distribution of
sand deposits is illustrated in figures 2-4(b) and 2-9.

An area to the north of that shown in figure 2-4(b) is
shown in figure 2-9. Disrupted dunes occur around the
Sossus Vlei, a playa into which the Tsauchab River in-
termittently flows westward from the Great Western
Escarpment. The dunes in this area range from com-
plex linear forms (fig. 2-9) to randomly scattered star
dunes near the Sossus Vlei, where the dune pattern
ends abruptly. Observations and photographs confirm
that the trough formed by the dry Tsauchab River
Valley has a significant effect on sand-transporting
winds in this vicinity.

The most widespread dune pattern in the Namib (fig.
2-2(d)) is parallel straight composed of complex forms
which are attributed by Logan (ref. 2-25, p. 136) to the
combined effects of an onshore wind blowing north-
eastward and a “berg” (east) wind blowing westward
from the interior highlands. The funneling and deflect-
ing of winds by troughs and topographic highs may be a
major cause of the peculiar distribution of the complex
linear dunes and the star dunes in this desert, as indi-
cated by examination of the effects of the vleie (playas)
and other barriers seen in Skylab photographs and
Landsat imagery.

Wind as a controlling factor in sand distribution is
discussed in the section entitled “Relationship of Sand
Distribution to Surface Wind Regimes.” Although sur-
face wind data for areas within the main body of the
Namib Desert are not available, data for some periph-
eral areas have been summarized recently (ref. 2-27)
and apply to this discussion.

At Aus, which lies south of the area shown in figure
2-4(b), winds capable of transporting sand blow in any
of three directions, depending on the time of day. The
trimodal wind regime measured at this locality is in
agreement with McKee’s hypothesis of a shifting wind
direction in the formation of star dunes (ref. 2-10).
Figure 2-4(b) shows numerous star dunes. The distribu-
tion of the star dunes seems to be affected by the posi-
tions of mountain barriers, which are numerous along
the inland boundary of the Namib.

A second effect of the barriers shown in figure 2-4(b)
is the association of relatively sand-free “shadows” be-
tween the mountains and the sand deposits hundreds of
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FIGURE 2-9.—Skylab vertical photograph taken with a 300-mm lens on the Nikon camera, showing disrupted dune pattern around the Sossus

Vlei, Namib Desert (S1.4-207-8073).

meters high that begin abruptly at a given distance from
the barriers. Examination is needed to test the relation-
ships of size, shape, and orientation of barriers to cor-
responding features of the sand-free shadows.

Sand deposits in most of the world’s middle-latitude
deserts have a distinctly reddish hue on Skylab photo-
graphs. Within each such red desert, particular hues and
intensities of red seem to correlate with the occurrence

of particular dune types and their geographic position
relative to boundaries of the dune field. This
phenomenon is well illustrated by the color distribution
in photographs of the Namib (fig. 2-2(d)). Simple dunes
that make the parallel wavy pattern near the Atlantic
coast are pale pink; dunes of the parallel straight pattern
farther inland are mostly red, and complex dunes of the
parallel straight pattern and star dunes farthest inland
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are deep red. These observations seem to apply to the
entire Namib sand sea and concur with the observation
by Logan (ref. 2-25, p. 136) that “the farther inland a
dune is located, the redder is its color . . . . This
difference in color is believed to be the result of the
greater age of the inland dunes which has allowed
greater oxidation of the iron components within the
sand.”

The significance of reddening of dune sands is prob-
lematical. If relative redness within an erg can be used
as a measure of relative age of eolian accumulation of
dune sands, then the observations from space of the
large-scale distribution of red coloration could be useful
in tracing the growth and movement of sand within a
sand sea. Degrees of redness could be used in dis-
tinguishing areas of relative stability from areas of
change and interpreting the controls on sand transport,
deposition, and erosion within a desert.

RELATIONSHIP OF SAND DISTRIBUTION TO
SURFACE WIND REGIMES

Surface Wind Data

Sources of information.—Information concerning sur-
face winds was acquired from three principal sources:
(1) N-Summaries of surface winds from the National
Climatic Center in Asheville, North Carolina, (2)
general works describing the climate of certain deserts,
and (3) the literature concerning sand dunes.

The N-Summaries were used as the data base for the
computations of sand-moving winds, and the literature
concerning climate and dunes contributed descriptions
and interpretations from previous studies.

Computation of sand roses—The sand-moving poten-
tial of winds of differing velocities, from any number of
directions, may be computed (egs. (2-5) to (2-8) of the
appendix to this section) if the percentage occurrence
both by velocity and by direction is known.
Numerically, the magnitude of the vector that repre-
sents the sand-moving potential of wind from a given
direction is the sum of the several products of weighted
values for wind velocity categories and percentage oc-
currence within those categories. The construction of
circular histograms that represent the potential of the
wind to move sand at a given station and that are called
sand roses or sand-movement roses (by analogy with
wind roses) consists of the following steps.
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1. Wind velocity groups are weighted to express
sand-movement potential. This factor is expressed
numerically by v — v; in equation (2-7) in the appen-
dix and is figured by averaging the limits of the velocity
group, subtracting from this average the value of v;
(4.63 m/sec for first calculations in this section), and
cubing the result.

2. The percentage occurrence of winds in a given
velocity group from a given direction is multiplied by
the weighted value for the velocity group calculated in
step 1. This gives the value of

e 3
Z: (v(i)— vt) tp
i=1

of equation (2-7) when the resulting products are added
and yields a magnitude for that vector which represents
the potential amount of sand transported across the sta-
tion from a given direction, relative to that transported
from other directions.

3. The amount of energy available for sand move-
ment within a sand sea varies widely from station to
station. Numerical values for vector totals computed by
the method described above range from 5 X 10° to
5 x 10° units, although most stations will show in-
dividual directional totals in the low thousands and
multidirectional totals from 7000 to 10 000. The vector
totals may be divided by a suitable power of 10 to ex-
press the values for length of sand-rose arms in
millimeters to facilitate the plotting of sand roses.

Arms of sand roses were plotted extending in the
direction from which sand would drift (in keeping with
a similar practice in the plotting of wind roses), but
resultants (representing the net effect of drift from
different directions) were plotted pointing downdrift.

Computation of resultants—The theoretical sand-
movement potentials included in the sand-rose com-
putations are resolved trigonometrically into a resultant
for the time period of all the measurements. All the vec-
tors are resolved into their X and Y components on a
pair of Cartesian coordinate axes, and these compo-
nents are added to obtain the coordinates of the re-
sultant. The magnitude of the resultant is equal to the
square root of the sum of the squares of the X and
Y components.

Assumptions of the wind data analysis—The following
four assumptions were used in processing the data.

1. The surface of the ground was the same at all sta-
tions, which would mean that the surface roughness



factor K’ (also defined as turbulent flow; see appendix
to this section), the average grain size, and the grading
of the sand surface are uniform throughout the study
area. In addition, the factor K’includes the assumptions
that no vegetation interferes with the surface windflow
and that the flow is over a flat surface. These factors are
more important when stations are compared than when
resultants for different directions at a single station are
compared.

2. The wind sample compiled by the National
Climatic Center is representative of the wind regime at
the locality.

3. Anemometer heights above the surface are the
same at all stations. National Climatic Center data are
derived from World Meteorological Organization
(WMO) stations that, according to instructions in
“Guide to Meteorological Observing Practices” (WMO
No. 8 TP-3), should have anemometers mounted at a
standard height of 10 m.

4. A particular value was assumed for threshold
velocity v, for initiation of sand movement by prevail-
ing winds at all stations.

An important factor that may affect the results of
computations, and particularly the directions of result-
ants, is the value assigned to v, the threshold velocity
of wind at which sand grains of a given diameter are set
in motion. This factor is especially important in com-
puting sand roses for stations at which relatively strong
winds come from quarters different from those of
relatively moderate winds.

Although wind threshold velocity values for a height
of measurement of 1 m or less have been measured in
laboratory studies, little work has been done in the field
to evaluate threshold velocities under various wind and
surface conditions. Therefore, even for a known grain
size, the threshold velocity is difficult to predict in a
field situation.

The application of equation (2-1) to experimental
data gathered in both the laboratory and the field by
Bagnold (ref. 2-9, pp. 60 and 82) indicates a v; of 61.2
and 79.7 m/sec at a 10-m height for sand grains of
“average” diameter 0.25 and 0.33 mm, respectively. The
range of these values places v, within the 57- to 87-
m/sec velocity group of the National Climatic Center
data. Brookfield (ref. 2-32) and other writers, however,
have used 46 m/sec as the threshold velocity for a 10-m
height of measurement. This value was chosen as the
assumed threshold velocity.

Values derived from the equation represent only po-
tential sand movement at a station. If there is no sizable

sand source upwind, there will be little sand movement
from that direction. Moreover, regional rates of mass
transport may vary depending on the barrier effect of
the dunes themselves. Rivers and other barriers may
permit flow past a particular point only during certain
seasons or only in one direction.

Finally, whereas monthly changes in wind direction
are evident, the diurnal and very-long-term fluctuations
(more than 10 years) are not explicitly evident in the
data.

Interpretation of Skylab Photographs in Relation to
Measured Surface Winds

Sand sheets and stringers in the northwestern Sahara.—
The northwestern coast of Africa, including parts of
Mauritania and Spanish Sahara, is shown in figure
2-6(a). Pink areas that are highly reflective are in-
terpreted as eolian sand deposits and are distributed in
the following manner.

Near the top center of the photograph, grayish-pink
linear features extend from Cape d’Arguin northward
beyond the image area. The orientation of these
features is approximately N 7° E.

In the center of the photograph are three broad bands
containing subparallel pink sand stringers that are
alined N 45° E to N 50° E. Within the sand stringers are
groups of closely spaced linear dunes that trend approx-
imately N 25° E to N 30° E, so that the trend of the
dunes intersects that of the sand stringers at angles of
15° to 20°. The dunes within the sand stringers in the
center part of the desert have an unvegetated
appearance.

Other closely spaced dunes extend from the coast at
Cape Timiris inland approximately 100 km. These
dunes are oriented approximately N 22° E. The dark
tone indicates that the dunes are probably covered by
vegetation.

At the bottom center of the photograph, both the
sand stringers and the linear dunes within the sand
stringers swing southward to an orientation of approx-
imately N 60° E to N 65° E.

Little background information about this part of the
Sahara has been found in the literature, although some
information is available about the dune areas south of
Nouakchott and around the Sénégal River (refs. 2-30
and 2-33).

Sand roses and annual wind resultants were con-
structed, by using the methods described earlier in this
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section, from N-Summaries of surface winds measured
at stations in and around the area shown in figure
2-6(a). The sand roses and annual wind resultants, and
the lines of postulated sand drift calculated from them,
are plotted on the map in figure 2-10. As a corollary to
these efforts, the lines of postulated sand “flow” from
Wilson’s map of “Sand Flow in the Sahara™ (fig. 5 of
ref. 2-34) were added to figure 2-10, as were Wilson’s
wind resultants, which were derived from an earlier
study by Dubief (ref. 2-35).

A formula for calculating wind results used by
Dubief (ref. 2-35, p. 143) is similar in principle to that
used in this section, although he set the threshold
velocity slightly higher to make it equivalent to 5.7
m/sec at a 10-m height. Dubief’s raw wind data,
however, were composed of observations in the
Beaufort scale. The Beaufort scale consists of 12 levels
of wind force, but the Beaufort value assigned to a wind
depends on a subjective estimate by the observer. The
wind measurements supplied to this project by the N-
Summaries of the National Climatic Center are based
on readouts from equipment that must meet the
relatively strict standards of the WMO. Therefore,
some of the differences in interpretations of wind
regimes in the Sahara by Dubief and Wilson and in this
section may be due to differences in basic data. The use
in this section of direct measurements of wind
velocities from WMO stations is believed to represent
considerable progress in the study of surface winds in
deserts, although WMO stations are still sparsely lo-
cated in sand-sea areas.

The sand-moving potential of the measured surface
wind is depicted on the map (fig. 2-10) from which the
following interpretations are drawn.

1. In the northern coastal part of the area (north of
20°30" N and west of 16° W), sand drift is from approx-
imately N 7° E.

2. At Atar and at Fort Gouraud in the eastern part of
the area, sand drift is from approximately N 65° E.

3. Near the coast at Cape Timiris, a southward cur-
vature in the postulated sand drift becomes noticeable,
and this southward curvature becomes more pro-
nounced in the areas east and south of the cape.

Comparison of the observed orientation of features
in the Skylab photograph (fig. 2-6(a)) with the postu-
lated orientations derived from wind data (fig. 2-10)
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shows the following:

1. Parallel linear features in the area from Cape
d’Arguin northward are alined N 7° E, exactly the
postulated direction of sand drift there.

2. Alinement of the broad bands of northeast-
trending, subparallel sand stringers in the center part of
the photograph agrees with the winter resultant direc-
tion of postulated sand drift in that part of the desert.
However, the alinement of groups of closely spaced
linear dunes within the sand stringers generally agrees
with the annual resultant direction of postulated sand
drift.

3. The observed southward curvature of the sand
stringers and linear dunes in the southernmost band
shown in figure 2-6(a) agrees closely with the south-
ward curvature shown clearly on the map (fig. 2-10) by
the measured wind data. Curvature shown by these
calculations differs considerably from the more west-
ward direction of sand “flow” shown by Wilson in
figure 5 of reference 2-34 and illustrated in figure 2-10 in
this section.

The apparent conclusion that all the observable sand
features on the Skylab photograph except the very
prominent large stringers parallel the resultant effect of
present-day sand-moving winds in the northwestern
Sahara raises some interesting questions.

The reason why sand stringers alone, among all the
sand features observed, do not entirely follow the trend
of present-day winds can only be speculated without
field data. Several possible explanations might be
tested.

One hypothesis is that sand stringers were deposited
by winds of an earlier (Pleistocene?) regime, and now
the sand of the stringers is a source for the formation of
dunes, which parallel the resultants of present-day
winds. One test of this idea would be to observe the
areas of stringers at long intervals to see if and where
sand movement is occurring.

A second hypothesis is that the orientation of the
stringers corresponds only to the direction of the high-
speed components of the present wind regime. To test
this idea, some calculations were made that, by
theoretically raising the threshold windspeed in the an-
nual resultants to 7.7 m/sec, in effect eliminated from
the resultants all winds in the lower category of sand-
moving effectiveness. Recalculation of the annual

FIGURE 2-10.—Map of the northwestern Sahara showing sand
roses, annual wind resultants, and postulated sand drift. —»
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resultants at Boutilimit and at Akjoujt by this method
changed resultants by only approximately 4°. Present-
day high-speed winds thus do not seem to account for
the difference between the orientation of sand streaks
and that of the annual wind resultant.

A third hypothesis is that the orientation of the sand
stringers corresponds to a seasonal component of the
wind regime. Analysis of wind data for Akjoujt suggests
that the orientation of the stringers is controlled by the
winter and spring winds. Dunes within the stringers, on
the other hand, may have developed their orientation in
response to the total wind regime.

A fourth possible explanation for the anomalous
orientation of sand stringers is grain size distribution,
the method by which Wilson (ref. 2-24, p. 105) and
Warren (ref. 2-6, pp. 165 and 166) explain the variations
among sand features of different sizes and orientations
within an erg. Assemblages of sand of a certain grain
size would be affected by winds of a certain speed range,
whereas other assemblages of sand of different grain
sizes would be affected by other components of the
wind regime. Sand samples from a number of different
types of eolian sand deposits must be systematically
collected and analyzed to test whether certain sand
features are indeed formed of sand grains of a certain
size range.

Results of the Skylab experiment, though not com-
plete, indicate that observations and photographs from
space, together with ground-based data such as wind
measurements and laboratory work with sand samples,
provide a regional view from which it can be deter-
mined whether the actual patterns of sand deposition
seen from space agree with the hypothetical determina-
tions of sand movement in remote, poorly known
desert regions.

Star dunes in chains and in “random " patterns in the Erg
Oriental, Algeria—Isolated star dunes are seen in
seemingly random distribution in the eastern part of the
Erg Oriental (fig. 2-4(a)) and alined in chains on sand
ridges in the western part (fig. 2-4(c)). In particular,
chains of star dunes were observed by the Skylab 4 crew
because color and texture contrasts between brick-red
sand deposits and gray bedrock and gravel interdune
surfaces give a bizarre appearance to this part of the
Sahara.

Little information is available on scattered star dune
patterns in the eastern part of the erg, although a recon-
naissance by Capot-Rey (ref. 2-7) gives a general
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description of the area. More recent work by Wilson
(refs. 2-24, 2-34, and 2-36), mostly in the northern and
central parts of the erg, provides some measurements of
dune size and distribution, presumed grain size distribu-
tion, depths to bedrock at selected points, etc. However,
for many of his measurements, Wilson (ref. 2-24, p. 90)
relied on topographic maps and aerial photographs. He
did not have the advantage of the view from Skylab,
which, together with the measured wind data subse-
quently presented in this section, provides new in-
terpretations of sand drift that differ considerably from
results of earlier work in this area.

The following features are shown in figure 2-4(c).

1. In the main erg, chains of star dunes are alined on
sand ridges that are subparallel and that have a roughly
north-south trend; these ridges end abruptly at the
Hamada [plateau] de Tinrhert. Another smaller group
of star dunes in chains forms the Erg Megraoun Insokki
(fig. 2-11). Southward in the main erg, chains are
progressively wider and farther apart, and the star
dunes gradually increase in size. The southern sand
deposits are darker and redder than the northern sand
deposits. These color, size, and spacing changes are not
effects of perspective but are true changes with distance
from north to south and are confirmed by Landsat im-
ages (vertical views) of the same area.

2. Light-gray to white subparallel stringers are visible
among areas of dark bedrock in the lower right corner
of the photograph. The white stringers extend approx-
imately 50 km and trend northeast. These stringers are
believed to be eolian erosional features.

3. A light reddish haze, presumably a thin cover of
sand, in the left third of the photograph, crosses the gap
between the dunes of the main erg and those of the Erg
Megraoun Insokki.

4. Four (possibly five) dark smoke plumes are visi-
ble near the upper part of the photograph and indicate
that a surface wind was blowing generally from north to
south when the photograph was made.

Sand roses and annual wind resultants for the north-
eastern Sahara were calculated using the methods de-
scribed earlier in this section and are plotted in figure
2-11. The postulated sand drift directions are based on
surface wind measurements from the stations shown.
Analysis of these data suggests the following.

1. Sand drift in the western part of the Erg Oriental
is from the north and northwest, with sand being
deposited along the southwestern margin of the Erg
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Oriental, or drifting into the Erg Megraoun Insokki, and
then to the southwest.

2. Sand drift in the eastern part of the Erg Oriental
differs from that in the western part. The sand drift
resultant at Ghudamis near the southern margin of the
dunes approaches zero but favors a net transport toward
the northeast. The most significant aspect of wind
regime in this part of the Sahara may be that sand drift
into this part of the Erg Oriental seems to exceed the
drift leaving; therefore, sand would tend to accumulate
in a kind of sand trap.

As with the northwestern Sahara wind data, a test
was conducted to determine whether considering high-
speed winds in calculations of the annual resultants
would produce a different direction of sand drift in the
area. In the northeastern Sahara test, raising threshold
windspeed theoretically to 7.7 m/sec resulted in a swing
of annual resultants for the northern stations coun-
terclockwise approximately 10°, emphasizing the east-
ward sand drift direction, and, at Ghudamis in the
eastern part of the field, emphasizing the northeastward
sand drift trend.

Interpretation of the Skylab photograph relative to
measured wind data gives the following results. Sub-
parallel straight dune ridges along which star dunes are
alined are parallel to the postulated direction of sand
drift resultants. These sand drift directions and their
relationships to dune orientations contradict some
earlier work in the Sahara (refs. 2-24 and 2-34). Postu-
lated directions of sand drift derived from the WMO
wind measurements used in this section differ from
postulated sand “flow” directions derived by Wilson
(fig. 3 of ref. 2-34) from Dubief’s “formula” resultants
and “sandstorm” resultant (ref. 2-35) and are shown in
figure 2-11. Dubief’s data (ref. 2-35, p. 144) for the
western part of the Erg Oriental agree well with
measured wind data from this work, but the map of
sand “flow” that Wilson derived from Dubief’s data
does not agree (as fig. 2-10 shows). Wilson apparently
based his conclusions not only on Dubief’s wind data
but also on his own ideas (refs. 2-23, 2-24, and 2-34)
about the relationship of “bed form™ (dune) distribu-
tion to size distribution of sand grains within a sand sea.
Furthermore, Wilson obtained the orientation of slip-
faces on several large dune features that he called “sym-
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metrical transverse bed forms” from maps and aerial
photographs (ref. 2-34, p. 185) and used these orienta-
tions in his analysis of sand flow.

Various hazards are inherent in a genetic classifica-
tion of dune forms, such as used by Wilson, particularly
if the assignment is based on a rendition of dune forms
on topographic maps (ref. 2-34, p. 185). This study indi-
cates that many maps (U.S. Air Force Operational
Navigation Charts J-2, J-3, J-4, and Army Map Service
series 1301, NH32, NH31) of various parts of the Sahara
show dune forms that are fanciful. Use of aerial and
ground photographs to obtain slipface orientations may
be valid for learning the effects of various components
of the wind regime on sand distribution locally, but the
view from space provided by Skylab photographs and
Landsat images provides a regional frame of reference
essential in seeing the entire pattern of slipface orienta-
tions over an entire sand sea and in determining the
relationships, if any, of these patterns to regional wind
regimes.

The Skylab 4 crew observed smoke and dust plume
wind indicators in the north African region that agree
with the measured wind data. Furthermore, the elon-
gate areas of high reflectance within the area of reddish
haze (left side of fig. 2-4(c)) parallel the sand drift direc-
tion there. The extension of the area of high reflectance
to the southwest of the eastern edge of the Erg
Megraoun Insokki seems to be a downwind sand drift
from that erg, because no body of sand occurs directly
to the southwest that might have supplied the sand
from that direction.

From the foregoing evidence, the major sand
features of this region (ridges that are subparallel and
along which star dunes are alined) clearly are not
“transverse” features but rather lie parallel to the re-
sultant direction of net sand drift in the northeastern
part of the Sahara. Furthermore, the concentration of
very large dunes along the southern margin of the Erg
Oriental is probably a result of accumulation of sand
over a long span of time. Downwind increase in size and
spacing of ridges and of star dunes alined on the ridges
may be related to changes in wind with distance and to
relative ages of sand accumulations. These factors were
discounted in the earlier work by Wilson (ref. 2-24,
p. 94).




Skylab photographs and visual observations of the
northeastern Sahara have been very useful; the need
now is for high-resolution vertical color photographs of
specific parts of this erg to be acquired, preferably as
stereopairs, so that accurate measurements of dune size
distribution and slipface orientation within the entire
erg can be made.

APPLICATION OF SAND STUDIESTO
INTERPRETATION OF EOLIAN SANDSTONES
Relationship of Dune Type to Internal Structures

The principal types of dunes that coalesce to form
patterns as recognized in this study are represented by

distinctive and characteristic internal structures,
especially cross-stratification. Investigations of these
structures must necessarily be made on the ground by
trenching or digging test pits. Initial trenching studies
have been conducted with the examination and analysis
of four dune forms at White Sands National Monu-
ment, New Mexico (ref. 2-10), an isolated barchan dune
in Arizona (ref. 2-3), a reversing dune at Great Sand
Dunes, Colorado (ref. 2-10, p. 61), a seif dune in Libya
(ref. 2-37),and a star dune in Saudi Arabia (ref. 2-10, pp.
65 to 68).

The major varieties of stratification represented in
dune sections have been recorded for a few areas, and
some representative samples are illustrated in figures
2-12 to 2-15. Major differences can be seen between
each of the dune types, but much more field work must

79.2m

1 6

Structureless sand

Explanation

Near-vertical laminae
between slip planes

Scale for inset boxes, m: 0 1.52

FIGURE 2-12.—Internal structures of seif dune: parallel straight dune pattern, Sebhah, Libya (modified from fig. 6 of ref. 2-37).
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precede a meaningful worldwide comparison of struc-
tures. Ultimately, data of this kind should permit an ac-
curate interpretation of dune forms as found in ancient
rocks and an understanding of the relationship of pri-
mary structures to permeability, porosity, and fluid
movement in the rocks under consideration.

Significance of Interdune Areas
An especially important contribution by the Skylab 4

mission consists of information, accumulated both
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through handheld-camera photography and by direct
observation, on the nature and extent of interdune
areas. These areas appear as conspicuous features
among dunes in most sand-sea patterns and differ from
sand masses in several significant respects.

Interdune deposits are generally darker than dune
sands and thereby are readily recognized and delineated
from the air. Furthermore, interdune deposits differ
from dunes in texture in that they usually contain a
large percentage of fine, dust-sized material; thus, they
are usually much more poorly sorted than dunes. In
most deserts, interdune areas consist of unconsolidated



sediment, but, in some areas, bedrock is exposed or in-
terdune areas contain bodies of water or scattered
vegetation.

Recent ground studies at White Sands, New Mexico
(ref. 2-38), have demonstrated through core drilling and
trenching that interdune surfaces are actually parting
planes that separate sets of dune strata and therefore
have important stratigraphic significance. While one
part of a thin sheet or layer of sediment is being
developed on an interdune surface, another part of the
same layer is being buried by an advancing dune; even-
tually, a gently dipping plane surface or a thin layer of
sediment is formed within the sand body across an en-
tire area.

Because dunes of different patterns represent various
types of movement or migration, characteristics of in-
terdune surfaces differ greatly from one region to
another. Clearly, surfaces surrounding star dunes, in
which movement varies widely and growth is more ver-
tical than horizontal, are very different from surfaces
formed by the forward migration of barchanoid dunes.
Thus, the nature of interdune surfaces and their rela-
tionship to the overall structure of an extensive sand
body is complex and poorly understood, even though
economic implications demand an understanding of the
relationship.

Economic Benefits of Research on Structures of Eolian
Sandstones

A long-term objective of this study is to obtain an un-
derstanding of the overall structures in sand seas and
thereby to differentiate among various types of dunes.
Field documentation, in conjunction with the Skylab 4
project on sand-sea studies, has revealed some basic
principles related to dune structures or cross-
stratification that tend to modify earlier concepts
regarding accumulation of desert sand bodies. In the
past, dunes were thought to be the result of sand migra-
tion by the processes of saltation and avalanching under
the influence of “prevailing” wind. After a study of
sand patterns derived from Landsat imagery and
further analysis using Skylab and aerial photographs, it
seems clear that in many regions unimodal and bimodal
regimes of effective wind result in forward migration of
sand in crescentic or linear dunes, which are grouped in
characteristic patterns that are usually parallel. In other
places, however, more complex wind regimes (involv-
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FIGURE 2-14.—Plan view of high star dune illustrating nature of
internal structure in star pattern, Zalim, Saudi Arabia (modified
from fig. 10 of ref. 2-10).

ing rotation, reversal, and other motions) result in other
dune types and often highly complex dune patterns.
The resultant internal structures differ very much from
one dune type to another, and recognition of such
differences should assist greatly in understanding struc-
tures that control fluid migration and reservoir quality
in ancient rocks.

Some quartz sandstones of the type commonly in-
terpreted by geologists as eolian have large-scale, high-
angle cross-stratification and fine-grained, well-sorted
sand with no matrix. In contrast, interdune deposits
generally are poorly sorted, horizontally bedded, and
variable in matrix content, all of which probably have a
deleterious effect on the potential reservoir quality of
eolian deposits. Well-known examples of ancient dune
sands are the Coconino sandstone of Permian age in
Arizona, the Navajo sandstone of Triassic(?) and
Jurassic age in Arizona and Utah, and the Lyons
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FIGURE 2-15.—Internal structures of parabolic dune, White Sands, New Mexico (modified from fig. 9 of ref. 2-10).

sandstone of Permian age in Colorado. Additional ex-
amples of eolian-type sandstones are in England, Ger-
many, and other parts of the world.

In general, the aforementioned sandstones are highly
permeable aquifers. Both the Coconino and the Navajo
sandstones are important sources of ground water in
Arizona, and the Navajo sandstone locally contains
copper deposits, apparently accumulated from percolat-
ing waters. The large-scale, southward-dipping foresets
in both the Coconino and the Navajo formations ob-
viously are major factors in determining the direction
and rate of movement of water, oil, and other gases and
liquids. These foresets are believed to be the slipfaces of
ancient wind-formed dunes.
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ECONOMIC BENEFITS AND APPLICATIONS OF
SAND-SEA RESEARCH

Application to Land Use in Deserts

Agricultural and pastoral land use—Erosion and
deposition of sand and dust by wind have economic im-
pact wherever arid regions are used for growing crops or
grazing animals. Inappropriate agricultural practices
and the overgrazing of animals in areas of fixed dunes
may disrupt a stabilizing cover of vegetation. Sand thus
freed is transported by wind; it may choke water-
courses, encroach on fertile land, or threaten the
existence of villages. Problems of this nature are cur-




rently being experienced in the Sahelian Zone of north-
ern Africa and in the Rajasthan-Thar Desert settle-
ments of India and Pakistan. In Punjab and western
Uttar Pradesh, India, windblown sand is encroaching on
fertile, cultivated land at an annual rate of as much as
130 km” (refs. 2-39 and 2-40).

Urban and industrial land use.—Invasive sand
threatens land use in the oil-producing countries of
northern Africa and the Arabian Peninsula where sand
seas commonly surround towns, oil wells and refin-
eries, and transportation facilities. Eolian sand move-
ment and deposition may be controlled around these in-
stallations (ref. 2-41). Regional-scale analysis of the
relationship of sand distribution and movement to sand
source areas, topographic barriers, and wind regimes is
made possible by observations and photography from
space.

Surface winds can be used as a power energy source,
a development of great importance to the energy-
deficient desert areas. Surface wind regimes of the more
remote areas under study in this project—such as the
Arabian Peninsula, southwestern Africa, much of
northern Africa, and the deserts of northern China and
eastern Russia—have not been systematically studied
by meteorologists. Meteorological studies have concen-
trated on higher level winds (at least 1000 m above the
surface). The N-Summaries of the National Climatic
Center provide a data base that is the first comprehen-
sive compilation of surface wind regimes for many of
the deserts where sand seas are being studied. From
these data, information on regional surface wind dis-
tribution patterns is being developed.

Application to the Exploration of Mars

Martian bright and dark albedo markings, which
change both seasonally and secularly, are generally at-
tributed to sand and dust transported by wind. The con-
cept of eolian transport as a dominant process on Mars
was pioneered by McLaughlin in the mid-1950’s and
confirmed by observations from Mariner 9 (refs. 2-42 to
2-44). The global study of sand seas on Earth, based on
observations and photographs from space, results in a
definitive survey of eolian deposits that, by analogy,
may aid in the interpretation of morphologically similar
deposits on Mars.

Dunes are suspected components of several parts of
the Martian landscape, and, almost certainly, dunes

form an 1800-km’ mass on the floor of a crater at 331°,
47.5° S, in the Hellespontus region (refs. 2-43 and 2-45).
The Hellespontus dunes are comparable in size and
wavelength to dunes which form many of the parallel
wavy patterns seen in Landsat images and Skylab
photographs of several deserts on Earth. Martian dune
patterns are markedly similar to those of terrestrial
dune fields whose margins, like those of the Hellespon-
tus dune field, are probably topographically controlled.
In such terrestrial dune fields, the positions of the
topographic boundaries seem to control the locations of
dunes of different types and sizes.

A streaked pattern of light and dark material extends
from topographic protuberances on the Martian surface
(ref. 2-43). The Martian streaks strongly resemble
streaks and sheets of sand that are seen in Landsat im-
ages and Skylab photographs to extend outward several
kilometers from rock outcrops such as ridges and
volcanic craters, particularly in deserts where effective
winds are dominantly unidirectional (fig. 2-6(a)).

USEFULNESS OF SPACE OBSERVATIONS AND
HANDHELD-CAMERA PHOTOGRAPHS FOR
DESERT SAND-SEA STUDIES

Visual Observations

Types of useful visual data—The practical use of a
viewpoint from space for pinpointing areas of wind ero-
sion caused by inappropriate land use has recently been
demonstrated (ref. 2-46). The Landsat imagery was
used to locate sources in the Mojave Desert from which
plumes of blowing dust were moving across southern
California. Duststorms cause considerable economic
damage to crops and property during the Santa Ana
wind season. However, fixed automated sensors, such
as Landsat, do not have the capabilities of human ob-
servers in space to search for sources of moving sand or
to relate evidence of eolian transport to changes on the
land surface.

The Skylab 4 crew demonstrated the ability to ob-
serve blowing dust in the Sahara, to estimate the size of
dust clouds, and to record the precise location and direc-
tion of dust cloud movement relative to the deserts and
water bodies. Figure 2-16 shows dust moving from the
northwest Sahara outward over the Atlantic Ocean. The
dust cloud is 300 km wide, from Cape Timiris to the
Sénégal River. Such dust clouds have been suggested as
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FIGURE 2-16.—Photograph showing duststorm over the northwestern Sahara and the Atlantic Ocean (S1.4-140-4227).
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a cause of the 10- to 15-percent reduction in the solar
energy that reaches the surface in the tropical Atlantic.
Saharan duststorms are being studied in the Global
Atlantic Tropical Experiment (GATE) of the Global
Atmospheric Research Program (GARP) (ref. 2-47).

The human eye may be more sensitive to differences
of color than aerial film, as suggested by the crew’s
postmission comments concerning the colors recorded
on their photographs. Although certain color
differences on handheld-camera photographs of deserts
could be presumed to be real and significant, confirma-
tion of the true range of color and intensity came from
the visual observations of the crew.

Suggested training and equipment for future visual ob-
servations.—The Skylab 4 crew made many good obser-
vations of desert phenomena, but they did not always
know what they were observing, why they were observ-
ing it, or how best to describe the features. Familiariza-
tion with Earth features from orbit required time but
was necessary before specific observations could be
made. Skills should be acquired in training that would
enable the crew to become thoroughly familiar with and
able to describe Earth features as they appear from
space.

Familiarity with the orbital view of Earth geography
could be accomplished in training by having the crew
examine and describe strips of space photographs or im-
agery in a context of scale and time sequence that would
closely simulate the view from orbit. Excellent Landsat
imagery is now available for nearly all parts of the Earth
and could be viewed in proper geographical sequence.
The crew would then be ready to examine in detail in-
dividual photographs of specific areas and to learn the
necessary vocabulary for describing relevant features
during the lecture and discussion periods with
investigators.

If visual observations are to be recorded, an onboard
set of color standards, such as a color wheel showing
Earth colors as seen from space, is needed. The Munsell
system is an almost universal color-description system
and forms the basis for the Universal Color Language,
Inter-Society Color Council/National Bureau of Stand-
ards (ISCC/NBS) method of describing colors. A set of

250 color chips calibrated to the ISCC/NBS system of
color designations is available in the American Society
of Photogrammetry ‘“Manual of Color Aerial Photogra-
phy.” Twenty-four colors could be chosen that would
adequately represent the colors of both land and water
features as they appear from orbit.

A size and distance scale should also be readily
available to quantify visual observations. Verbal
descriptions of features need to be quickly quantified
for later comparison with other observations and photo-
graphs. Before lift-off, practice might be devised to aid
crewmen in observing and quickly describing features
flashed on a screen for a few seconds.

Handheld Cameras

Handheld-camera photography is a necessary com-
plement to visual observations from space. Handheld-
camera photographs document the phenomena that the
human observer judges to be worth recording; as such,
the photographs are not substitutes for systematic, ob-
jective, uniform photographic coverage from an auto-
mated satellite such as Landsat. However, handheld-
camera photography permits the deliberate acquisition
of certain types of photographs, such as stereopairs,
which the observer deems best for recording and
measuring specific objects.

Stereophotographic pairs with 25° separation are
needed for automatic stereoplotting of the features
under study. The distribution of dune heights (re-
portedly as much as 320 m in some desert areas) may be
significantly related to distance from sources of sand,
topographic barriers, boundaries, and time.

Vertical true-color photographs from which areal
and linear measurements of sand features can be ob-
tained are valuable, particularly for analyzing regional
distribution of dunes of different types. Oblique photo-
graphs are useful as general illustrations of the regional
settings in which deposition of eolian sand occurs.
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CONCLUDING REMARKS AND
RECOMMENDATIONS

Data furnished by the Skylab crewmen, both from
the verbal descriptions and from the handheld-camera
photographs, constitute an essential ingredient for the
global study of sand seas. The information is intermedi-
ate in scale between that furnished by Landsat images
from an altitude of approximately 900 km and that
derived from detailed ground studies, including trench-
ing, coring, and laboratory analysis.

Skylab photographs of sand seas are essential to in-
terpretation of various depositional forms observed in
the patterns of Landsat images. Many details that blend
together and lose their identity at the scale of Landsat
images can be visually distinguished and recognized in

Appendix

the Skylab photographs; thus, components of each pat-
tern can be separated into discrete objects subject to
classification and analysis.

Advancing the investigation of sand structures still
further, including the interpretation of genesis, requires
a supporting program of ground studies. Systematic
sampling to determine characteristics of texture and
composition can be accomplished readily, but essential
studies of structure based on trenching and drilling are
more difficult.

Methods of determining structural patterns by sec-
tioning dune deposits with pits or trenches are well
known but involve many physical difficulties.
Nevertheless, a program is needed to systematically test
principal dune types if further progress is to be made in
understanding sand-sea environments.

Summary of Equations Used to Compute Sand Roses

Wind velocity during sand driving increases as the
logarithm of increasing height above the ground (ref.
2-9, p. 58). Regardless of how great a velocity is
measured at any given height z, a level of zero velocity
will exist at some small height above the surface.

During sand driving across a given surface, and at an
exact height K’, which Bagnold (ref. 2-9, p. 68) named
the “focus,” all lines that depict vertical velocity gra-
dients converge on a graph of velocity plotted against
the logarithm of the height. This point also corresponds
to the threshold velocity v; described subsequently.

The rate of velocity increase with the logarithm of
height above height K’ is called the drag velocity V7.
This value is numerically equal to the increase in wind
velocity between any two measurement levels differing
by 0.174 in logarithms of height (ref. 2-9, p. 53).

If the wind velocity as measured at height zis known
and if a height between 0.3 and 0.8 cm (for uniform and
mixed sand, respectively) for K’ may be assumed from
experience, then the velocity v at any height z can be
found from the following equation (ref. 2-9, p. 61).

Y4
v =575V, log Fo e’ (2-1)
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In this equation, v; is the minimum wind velocity
(usually in centimeters per second) as measured at
height K’ required to maintain sand movement. This
value approximates 360 cm/sec at K’ Because of the
logarithmic distribution of wind velocity with height,
the definition of v; may be extended to include that
wind velocity as measured at a given height necessary to
maintain sand flow.

The rate ¢ at which sand is driven by the wind when
the threshold velocity for a given height of measure-
ment is surpassed is shown (ref. 2-9, p. 67) to be equal

to
a=C \/g% @) 22

where d is the average diameter of surface sand at the
locality, D is the average diameter of most desert sands
(0.25 mm), and ¢/g is the ratio of the density of air to
the gravitational constant and is equal to 1.25 X 10" in
the cgs system. The constant C takes into account the
effect of the degree of sand sorting and is empirically
determined to be between 1.5 and 2.8 (ref. 2-9, p. 82).




The rate at which sand is driven by the wind, once
the threshold velocity for a given height of measure-
ment has been surpassed, is shown (ref. 2-9, p. 69) to be

equal to
_ /49 —y ¥
g=aC Dg(v v') (2-3)

where v — v, is the difference between wind velocity as
measured at height z and threshold velocity for that
height, and « is an empirical constant resulting from
replacement of ¥V, by v — v; and is equal to

0.174 .

Z
=8

Equation (2-3) represents the substitution of v — v, for
V.. A similar substitution for computing the sand-
movement vectors is described subsequently. The pre-
ceding equations make it possible to substitute measure-
ments of wind velocity made at a known height for V7, ;
substitution is desirable because wind sum-
maries are published with wind velocities measured at
some fixed height, usually 10 m.

The total sand movement m across a given small area
from a given direction is shown (ref. 2-9, p. 184) to be
equal to

m=bV!t (2-4)

where b is an empirical constant and ¢is the time during
which wind blows steadily. If wind velocity is measured
at a given height, then the expression v — v; may be
substituted for V', (ref. 2-9, p. 67) in equation (2-4) as
follows:

m=b(v --vt)3 t (2-5)

The common meteorological practice is to divide the
wind velocity as measured at a fixed height into velocity
categories for purposes of summarizing observations.

Most, if not all, of the original observations at the sta-
tions used for this report were recorded to the nearest
10° direction and nearest knot (l-minute average)
following the standard procedure of the WMO. The N-
Summaries contain these original data condensed into
16 categories of direction corresponding to the 16 points
of the nautical compass and into 10 velocity categories
as follows: calms, 0.5 to 1.5 m/sec (1 to 3 knots); 2.1 to
3.1 m/sec (4 to 6 knots); 3.6 to 5.1 m/sec (7 to 11 knots);
5.7t0 8.2 m/sec (11 to 16 knots); 8.7 to 10.8 m/sec (17 to
21 knots); 11.3 to 13.9 m/sec (22 to 27 knots); 144 to 17
m/sec (28 to 33 knots); 17.5 to 20.6 m/sec (34 to 40
knots); and greater than 20.6 m/sec (40 knots).

Assuming the compartments of the N-Summary are
small enough, then the average of the two velocities
defining the compartment may be taken as the average
wind velocity of all occurrences in the compartment
and

n

m =Eb (v(i) -~ vt)3 t (2-6)

i=1

where V(i) is the average velocity of the (/)th velocity
category.

If the percent occurrence of observations falling
within a certain velocity category for a certain direction
may be considered approximately proportional to the
actual occurrence of winds of the given velocity group
from the given direction at the station (assuming obser-
vations are frequent enough and well distributed in a 24-
hour time period and the period of record is sufficiently
long), then

n
3
mOEE (v(i) vt) tp 2-7)
i=1

where t, is the time during which wind in a given
velocity category blew, as represented by percent occur-
rence in observations. Equation (2-7) was used to evalu-
ate the relative power of the wind from a given
direction.
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It follows that the total sand transport potential of
wind from all directions M is the sum of all the poten-
tials from the individual directions

n
M= -
Zm(j) (29
j=1

where m ;) is the transport potential of wind from the
(/) th direction. Equation (2-8) was used to evaluate the
power of winds from all directions at a station. If the
height above the ground at which the wind was
measured may be assumed to be equal for all stations,
then the expression for sand movement potential may
also be thought of as an approximate indication of the
amount of energy available at the site for the movement
of sand, whether or not this movement occurred.
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Global Tectonics: Some Geologic
Analyses of Observations and
Photographs From Skylab
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T{E PRESENT model of mountain building involves
the interaction of rigid plates of the Earth’s crust as
they move relative to one another. The major mountain
chains of the world are the result of complex
interactions of these moving plates with deformation
concentrated near the plate boundaries. The three
principal types of deformation caused by relative plate
movement are described in the following paragraphs.

Spreading zones generally correspond to midocean
ridges. These areas are (1) above sea level in Iceland
(too far north for observation by the Skylab crewmen)
and (2) the length of Africa as long, linear, fault-
bounded valleys from Mozambique in the south
through the East African rift valleys and up the Red Sea
to the Gulf of Suez.

Transform faults are formed when plates slide
horizontally past each other, as illustrated by the San
Andreas Fault of California, the Alpine Fault of New
Zealand, and the Dead Sea rift zone.

Subduction occurs when one tectonic plate is thrust
under an adjacent plate. Subduction zones are
associated with ocean deeps, chains of volcanoes, and
complex fault patterns, such as those in Central
America and, more complexly, by the Atacama Fault of
Chile and the Philippine Fault of the Philippine Islands.

3The University of Texas at Austin.
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Skylab crew observations and handheld-camera
photographs of the regional patterns of fault traces and
related branch faults, together with synoptic
photographs from space, should assist in evaluating
present analyses as well as in integrating the results of
ground observations in widely separated areas.

In repeated passes over the same regions, even
though at S5-day intervals, the crew remembered
previous observations and were able to integrate this
knowledge and improve on earlier observations and
photographs. In addition, the crew identified and
commented on major fault zones and anomalous-
appearing regions that had not been discussed during
briefings or during the missions, such as faults parallel
to the Brazilian coast north of Sdo Paulo and Rio de
Janeiro, faults bounding the Deccan Plateau of west-
central India, and a circular feature in southern
Wisconsin.

This section contains the results of the authors’
geologic studies of Skylab photographs to date. Most of
the work has centered around Skylab 4 handheld-
camera photographs and crew observations. A
premission briefing of global tectonic features and
patterns focused the crew’s attention on some tectonic
problems of worldwide interest and significance. This
section includes both expansions of observations
reported in the “Skylab 4 Visual Observations Project
Report™ (ref. 3-1) and new studies.
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NEAR AND MIDDLE EAST

According to plate-tectonics theory, the juncture of
three radially symmetrical rift systems is interpreted as
an early stage in crustal separation (ref. 3-2). The Afar
triple junction, or Afar depression, is an example of this
relationship and occurs at the junction of the Red Sea,
the Gulf of Aden, and the East African rift systems (fig.
3-1). The spreading associated with this triple junction
has been most active in the Red Sea and the Gulf of
Aden arms and has resulted in the separation and
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northeastward translation of the Arabian plate from
Africa. Movement of the Arabian plate is associated
with the opening of the Red Sea and Gulf of Aden, left-
lateral strike-slip faulting along the Dead Sea rift, and
the convergence of the Arabian plate with Eurasia,
which leads to the development of complex structures
in Iran and Turkey.

TABLE 3-1.—Index of Near and Middle East Photographs
[See figure 3-2]

Area Area no. Skylab photograph no.

SL4-139-3904
SL4-138-3871
SL4-138-3870
SL4-138-3872
SL4-138-3873
SL4-139-3905
SL4-138-3817
SL4-138-3819
SL4-138-3818
SL4-194-7262
SL4-194-7261
SL4-194-7256
SL4-194-7259
SL4-194-7254
SL4-194-7257
SL4-194-7260
SL4-190-6993
SL4-138-3749
SL4-138-3750
SL4-138-3751
12 SL3-46-209

Caucasus (C)

Sinai, Red Sea, Dead Sea,
and western Saudi
Arabia (S)

0
N0 NN EWN =[O0~ W HE WK -

—
—

Afar (A) 1 SL4-137-3586
SL4-137-3719

3 SL4-137-3718
4 SL4-137-3697
5 SL4-141-4294
6 SL4-141-4295
7 SL4-141-4296
8 SL4-141-4297
9 SL4-137-3708
10 SL4-137-3709
11 SL4-137-3585
12 SL4-137-3584
13 SL4-191-7059
14 SL4-191-7056
15 SL4-191-7057
16 SL4-191-7055
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Longitude, deg E

FIGURE 3-1.—Afro-Arabian rift system. Continental depressions
are shaded. The Afar triangie is the shaded area west of the junction
of the Red Sea and the Gulf of Aden (modified from ref. 3-3).
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Iran and Oman (I) 1 SL4-141-4252
SL4-141-4251
SL4-141-4278
SL4-141-4257
SL4-141-4257
SL4-141-4276

[= SN P )

The following photographs were also taken in the area of SL4-190-6993: SL4-190-6994,
SL4-194-7219, SL4-194-7220, SL4-194-7221, SL4-138-3815, SL4-138-3771, SL4-138-3772,
SL4-138-3773, SL4-138-3790, SL4-138-3815, SL4-138-3869.
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FIGURE 3-2.—Location of the Skylab 4 photographs of the Near and Middle East that were studied. Numbered areas are indexed

in table 3-1.
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Geologic studies of these areas are often too detailed
in a small region to recognize a rigid plate character or,
conversely, unknown over a sufficiently large area to
show the internal and external features of plate interac-
tion. Space photographs provide an excellent means of
investigating the relationships between structures and
analyzing the regional significance. The Skylab 4 crew
photographed areas of the Near and Middle East that
represent each of the main types of relative plate mo-
tion. Zones of divergence, or pull-apart areas, are repre-
sented by the Afar depression, the Red Sea, and the
Gulf of Aden; a zone of transform motion is repre-
sented by the Dead Sea rift; and a zone of convergence
is represented by the belt of the Zagros Mountains of
southeastern Iran. The Skylab 4 photographs of these
areas are indicated in figure 3-2 and indexed in table 3-1.

The African rift system, one of the few major rift
systems above sea level, extends the length of the
eastern side of Africa from Mozambique to the Red Sea.
At approximately latitude 10° N, the main Ethiopian
rift widens northward to form the Afar depression.

The Afar depression is structurally complex. An ex-
cellent discussion of the geology of this region is con-
tained in “Geology of the Eastern Rift System of
Africa” (ref. 3-3), and the following summary is taken
largely from this work.

In the Afar depression, Late Mesozoic to Early Terti-
ary downwarping, accompanied by the emplacement of
the Trap Series basalts, was followed by local upwarping
in the Late Tertiary period. The first major period of rift
faulting appears to have begun in the mid-Miocene.
Strong graben faulting occurred in late Pliocene/early
Pleistocene and was followed by intense faulting during
the mid-Pleistocene. Each of these periods of faulting
was accompanied by volcanic activity. Evidence that
the tectonic activity has continued into the Holocene is
found in seismic data, the occurrence of Quaternary
volcanic activity, and zones of Recent faulting.

The tectonic history of Afar is dominated by graben
faulting and volcanic activity. The deformation has
been intermittent since its initiation approximately 80
million years ago and has continued to the present.
Published fault maps of Afar (fig. 3-3) indicate the
northern half is dominated by northward trends,
whereas, in the southern half, northwestward and
north-northeastward trends are more apparent. All the
Skylab photographs of the Afar area show these
features. Figure 3-4 is one example of the Skylab 4
photography of the Afar depression. Bannert (ref. 3-4)
used Apollo 9 photographs to supplement earlier
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FIGURE 3-3.—Major faults of the Afar triangle (modified from
ref. 3-3).

FIGURE 3-4.—View west across the Afar triangle. (a) Mosaic of
photographs SL4-137-3584 and SI1.4-137-3585. (These two photo-
graphs also make a useful stereopair.) (b) Sketch map to locate ma-
jor structural and topographic features. The Danakil horst is a base-
ment block apparently separated from the Ethiopian Plateau during
the opening of the Red Sea. The complex character of the western
scarp and the continuation of the north-northeastward trend (Wonji
Fault belt) as discontinuous segments from Lake Zeway to the Red
Sea near the Dubbi Volcano are noteworthy. ——
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FIGURE 3-5.—Seismicity of the eastern rift and the Gulf of Aden
(from ref. 3-3).

ground and photographic studies. Although he could
distinguish in the space photographs between two basalt
units that could not be divided on conventional photo-
graphs, the small scale of the space photographs elimi-
nated some critical details visible on the lower level
aerial photographs. An additional advantage of space
photographs, Bannert noted, was the synoptic view of
large areas.

Some controversy has arisen over the relationship of
the East African rift system with the Afar depression.
Tazieff et al. (ref. 3-5) argue that the continuation of the
African rift system represented by the Wonji Fault belt
cannot be traced north of Lake Abbe (figs. 3-3 and 3-4).
The offset of the Red Sea rift at approximately 15° N
latitude and the deformation observed in northwestern
Afar are related according to Tazieff et al. to the rota-
tion of the Danakil horst away from the Ethiopian
Plateau along the southern continuation of the Red Sea
rift that turns eastward and merges with the Gulf of
Aden rift (fig. 3-3). Seismic data (fig. 3-5) do not sup-
port these concepts but suggest a north-northeastward
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continuation of the African rift trend along the same
zone suggested by Baker et al. (ref. 3-3) from geologic
data. Moveover, figure 3-4(b) indicates the presence of
discontinuous linears along this trend.

As previously mentioned, rifting and spreading have
been more active along the Gulf of Aden and the Red
Sea arms of the Afar triple junction. Spreading of these
two areas was accompanied by the northward transla-
tion and counterclockwise rotation of the Arabian plate.
Much of the relative displacement was accomplished by
left-lateral strike-slip faulting along the Dead Sea rift.
Geological and geophysical data suggest considerable
overlap of Yemen (fig. 3-3) into the Afar depression in
pre-Miocene time (ref. 3-6). Laughton (ref. 3-7) sug-
gests that, since the Miocene epoch, Arabia has drifted
away from Africa in a counterclockwise direction ap-
proximately 250 km at 15° N latitude consequent to the
opening of the Gulf of Aden. He further states that a
large part of the crust beneath Afar has formed since
this drifting. Because Red Sea trends can be traced
directly from Arabia into Africa in pre-Miocene
reconstructions, Laughton’s theory represents a late
stage in the opening of the Red Sea. This interpretation
is partly supported by the following model for the open-
ing of the Red Sea. Girdler (ref. 3-8) suggests a separa-
tion of approximately 240 km at 15° N latitude with the
amount of separation decreasing to the north. The
model is based on a northward translation of Arabia of
100 km and a counterclockwise rotation of 7°. The 100-
km northward translation at the north end of the Red
Sea is interpreted from the left-lateral offset along the
Dead Sea rift, which Freund et al. (ref. 3-9) have docu-
mented as 105 km since the Cretaceous. The article by
Freund et al. contains an excellent geologic review of
the Dead Sea rift and is summarized in part in the
following paragraphs.

Although there is some controversy concerning the
exact nature of the Dead Sea rift, the argument for 105
km of left-lateral shear is convincing. Restoration of the
suggested displacement places more than 20 equivalent
features in adjacent positions without creating a single
anomaly, which thereby provides a single explanation
for the observed features. All pre-Tertiary marker
horizons resume a reasonable paleogeographic con-
figuration when restored, which implies that the shear
is post-Cretaceous. The offset of Miocene rocks, 40 to
45 km, leaves approximately 60 km to pre-Miocene dis-
placement. Quennell (ref. 3-10) had earlier (1956)
assigned 45- and 62-km displacements, respectively, to
the two stages of movement.




The Dead Sea rift fault is not a single fault but, like
many large transcurrent faults, is a complex fault zone.
Freund (ref. 3-11) suggests that much of the complexity
is due to secondary adjustment of an originally non-
linear fault. Some complex fault patterns associated
with this shear in the southern part of the Dead Sea rift
are shown in figure 3-6 for comparison with figure 3-7, a
published fault map of this area. Skylab 4 photographs
did not include the northern part of the Dead Sea riftin
Israel except in highly oblique photographs. Part of this
area was photographed during the Skylab 3 mission, and
the interesting features of this part of the fault zone are
illustrated in figure 3-8. North of the Sea of Galilee, the
fault begins splaying into several pronounced arcuate
faults. The features observed in figure 3-8 suggest that
some of the displacement along the Dead Sea rift fault
might be accounted for by deformation in this zone.
Freund et al. (ref. 3-9) report that, north of Lebanon, 80
km of displacement can be attributed to the Dead Sea
rift fault; furthermore, they suggest a 20- to 25-km over-
lap in the area north of the Sea of Galilee. Freund (ref.
3-11) interprets the Dead Sea rift fault as a transform
fault that extends from the extensional zone of the Red
Sea rift to the compressional zone of the Taurus-Zagros
trend of Turkey and Iran.

The Skylab 4 crew was asked to photograph any
anomalous features on either side of the Red Sea that
might suggest deformation of Saudi Arabia other than
that paralleling the Red Sea opening. The crew iden-
tified and photographed an area along the northern Red
Sea margin of the Arabian Peninsula (fig. 3-9) that is
broken by a complex network of faults, both parallel
and oblique to the coast. Many of the linears in figure
3-10 are part of a coastal fault system that extends for
some distance along the western Arabian margin. Many
of the faults have been mapped as Precambrian (refs.
3-12 to 3-16), but the presence of lines of Late Cenozoic
fissure basalts and the prominence of some of the linear
elements indicate the strong possibility that some of
these faults have been reactivated. The continuation of
some of the linears with mapped faults well into the
Arabian platform suggests that perhaps not all the dis-
placement of the Arabian plate is represented along the
Dead Sea rift. Thus, much deformation may have been
absorbed internally along fault systems such as these.

Several authors have interpreted much of the struc-
tural complexity of Iran as resulting from the collision
and subduction of the Arabian plate beneath Eurasia
(refs. 3-17 to 3-19). Iran can be divided into many dis-
tinct geologic structural zones (ref. 3-17). Takin (ref.

3-18) has suggested that the structure of many of these
zones is related to the closing of the Tethyan Sea by the
northeastward translation of Africa and Arabia. Of par-
ticular interest in this discussion are the folded belt of
the Zagros Mountains, the Zagros thrust zone, and the
southern side of the Sanandaj-Sirjan ranges. The loca-
tion of these zones is shown schematically in figure
3-11. The following summary is taken mostly from
Stocklin (ref. 3-17) and Haynes and McQuillan (ref.
3-19).

The folded belt of the Zagros Mountains extends
along the southwestern border of Iran. From the In-
fracambrian to mid-Triassic, this area was a relatively
stable platform. In the Triassic, the character of the area
changed to that of a trough, the axis of which has grad-
ually shifted southwestward to its present position in
the Persian Gulf. The Infracambrian Hormuz salt is
present in this folded belt and appears to be restricted to
the Zagros fold belt (fig. 3-11, region 2). Deformation in
this zone appears restricted to the Plio-Pleistocene.

The Zagros thrust zone is a narrow zone in which
Paleozoic to Early Cenozoic rocks were thrust south-
westward over the folded belt. Although there is evi-
dence for some deformation as early as Infracambrian,
the main period of deformation appears to have been
Late Cretaceous to Plio-Pleistocene.

Both the Zagros fold belt and the Zagros thrust are
interpreted to be part of the Arabian plate. The main
Zagros thrust is interpreted to separate the Arabian
plate to the southwest from the Iranian platform to the
northeast. The Sanandaj-Sirjan ranges are thought to
represent the southwest edge of the Iranian platform.

The Skylab 4 photographs of Iran that were studied
were mostly of the Zagros fold belt. The compressional
features and salt structures in this area are illustrated in
figure 3-12.

The question of the amount of deformation internal
to plates is also illustrated in the Skylab 4 photographs
of the Caucasus Mountains. Photographs of this area
(such as fig. 3-13) show a set of previously unrecog-
nized north-northwestward-trending linears transverse
to the range. The greater abundance and closer spacing
of the linears at the bends in the Caucasus system and
the almost right-angle relationship to the length of the
range are similar to the transverse faults crossing the
bend of a single fold but on a much larger scale. Such
features were expected but had never been photo-
graphed or documented before. The snow and cloud
cover in the photographs prohibits an interpretation of
the regional significance of these features.
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FIGURE 3-6.—The region between the Gulf of Aqaba and the Dead Sea. (a) Photograph (S1.4-194-7259). (b) Sketch map. Solid lines are promi-
nent linears, probably faults; dashed lines are other linears, possibly faults. See figure 3-7 for comparable features and scale. (Figure 3-6(a) was

taken at an oblique angle; therefore, the scale is variable.)

The Skylab 4 photographs of the Near East and Mid-
dle East provide excellent examples of the types of
deformation associated with extensional, transform,
and compressional plate boundaries. The photographs
also illustrate deformation internal to the plates. Thus,
they can be used both for illustrative and teaching aids
and as a basis for understanding relationships between
deformed zones in the Earth’s crust. More specifically,
the style of deformation of each zone is distinct and
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complex. In places, plate boundaries appear to overlap
(African rift against the Red Sea trend in the Afar area),
or some deformation may be distributed to the “rigid”
plate in areas not considered in a strict sense to be a
plate boundary (Dead Sea rift fault north of the Sea of
Galilee). In addition, whereas lithospheric plates may
be rigid with respect to the plate boundaries, deforma-
tion internal to the plate related to plate motion is not
unexpected.




FIGURE 3-7.—Strike-slip faults
associated with the southern part
of the Dead Sea rift (from ref.
3-11). (a) Fault pattern as pres-
ently observed. (b) Restored pat-
tern eliminating the strike-slip
displacement.
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FIGURE 3-8.—Sea of Galilee region. (a) Color frame taken with multispectral S190A camera system (S1.3-46-209). (b) Sketch map showing

photolinears. Solid lines are probable faults; dashed lines are possible faults; circles northeast of the Sea of Galilee are volcanoes along the
Golan Heights.
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FIGURE 3-9.—Al Wajh region, Saudi Arabia. The Skylab 4 crewmen recognized this area as having anomalous trends compared with struc-
tures paralleling both sides of the Red Sea. (a) Photograph (SL.4-138-3751). (b) Sketch map. Heavy lines are prominent photolinears (faults),
and photolinears (faults?) are shown with light lines.
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FIGURE 3-10.—Tectonic sketch map of part of Arabian Peninsula

showing distribution of mapped faults (from ref. 3-16).
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FIGURE 3-11.—Sketch map showing generalized tectonic provinces
of Iran as follows: Arabian platform (1); Zagros fold belt (2);
Zagros thrust belt (3); Sanandaj-Sirjan ranges (4); central Iran (5);
Lut block (6); East Iran-Makrin Ranges (7); Elburz Mountains (8);

Kopet-Dag Mountains (9) (modified from ref. 3-17).
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FIGURE 3-12.—Zagros Mountains fold belt, southwest Iran. (a)
Photograph (SL4-141-4251). (b) Sketch map. Solid lines are fold
axes; dashed lines are possible faults; and *‘X’’ indicates possible
salt diapirs.




FlG.L'RE 3-13.—A portion of the eastern Caucasus Mountains, U.S.S.R. (a) Oblique view (SL4-138-3872). (b) Sketch map. Prominent linears
are interpreted as cross faults; heavy dashed line is a linear that corresponds to a mapped fault shown on the *‘Geologic Map of the Russian Plat-

s |

form and Its Surrounding Areas,” scale 1:1 500 000, Moscow, 1970.
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ATACAMA FAULT, CHILE

The Atacama Fault is a poorly understood linear
feature that parallels the coast of northern Chile for
more than 1000 km (fig. 3-14). On the western margin
of South America, the Pacific Ocean floor is being
thrust under South America along the Peru-Chile
trench. Before the beginning of underthrusting approx-
imately 200 million years ago, the western coast of
South America was the site of accumulation of sedi-
mentary rocks. Subduction (underthrusting) began and
folded the older rocks and produced magmas that
formed a volcanic arc and associated batholiths. Later, a
second volcanic arc began to form east of the first arc.
Rising magma produced the volcanic and intrusive
rocks that form the foundation of the western cordillera
of the Andes. Approximately 15 million years ago, ex-
plosive volcanic activity began, followed closely by the
eruption of andesitic lavas, which form the volcanoes
(some still active) that dominate the Andes (refs. 3-20
and 3-21).

In southern Chile, the central valley is an actively
subsiding graben that separates the low coastal ranges to
the west from the high Andes to the east. In northern
Chile, the tectonic setting west of the Andes is not as
simple. A poorly defined topographic depression, the
Pampa del Tamarugal, is oblique to the coast and
reaches the Pacific Ocean at Arica. This depression may
be a northern analog of the central valley to the south
(ref. 3-22). The coastal ranges are separated to the west
of this valley by the presently active Atacama Fault.

Historically, the Atacama Fault has been considered
to be a right-lateral strike-slip fault, an analog to the
well-known San Andreas Fault of California. Field evi-
dence for the strike-slip nature of the Atacama Fault in-
cludes (1) the linearity of the fault for hundreds of
kilometers, (2) rift topography with no consistent
differential elevation across the fault, (3) dextral stream
offsets near Salar Grande, and (4) widespread horizon-
tal slickensides with rakes averaging 29° (ref. 3-23).
However, the most recent activity along the Atacama
Fault has been normal, as indicated by small fault
scarps in recent alluvium. Conjugate northeast-trending
left-lateral strike-slip faults break the Atacama Fault at
several locations, most notably along the Camarones
Fault and associated faults between Arica and Iquique.
A left-lateral offset of the Atacama Fault also occurs
along the northwest-trending Taltal Fault farther south
(fig. 3-14). The largest demonstrable recent lateral
offsets are on the northeast cross faults: 0.4 km of
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FIGURE 3-14.—Principal geographic features of northern Chile.

sinistral stream offset along the Camarones Fault and
1.5 km along a parallel fault 10 km to the east (ref. 3-23).

The Skylab 4 crewmen observed the Atacama Fault
to determine the exact nature of the fault; that is, to
map its position, direction and amount of movement,
and interrelationships with other faults. Examination
of the Skylab 4 photographs has revealed the following
information concerning the Atacama Fault.

1. Possible Andean frontal faults (figs. 3-15 and
3-16), previously unknown in northern Chile, can be
seen on the photographs and were very conspicuous to
the crewmen. Such Andean frontal faults, possibly nor-
mal, may represent the eastern side of a central-valley-
type graben in northern Chile similar to the Central
Valley graben of central and southern Chile. The
western side of the graben may be marked by either the
Atacama Fault or by the northeast-trending photo-
linears between the frontal faults and the Atacama
Fault (fig. 3-16).




2. In the area immediately north of Antofagasta (fig.
3-16), the Atacama Fault appears to be discontinuous;
that is, comprised of a series of en echelon segments.
Such discontinuity makes large-scale recent lateral
movement on the fault unlikely.

3. Photolinears where no linear features had pre-
viously been mapped can be seen crosscutting or trend-
ing such that the extensions would crosscut the
Atacama Fault in the vicinity of Taltal. These photo-
linears may be additional cross faults displacing the
Atacama trend. Analysis of the attitude of these
features and their offsets should facilitate an analysis of
the stress patterns of northern Chile.

4. Some of these observations independently con-
firm the results of extensive field work done by Arabasz
(ref. 3-24). The interpretation of the Skylab 4 photo-
graphs agrees with the locations of many of the faults in
the vicinity of Paposo (fig. 3-15), such as the Sierra el
Jote Fault.

5. The crewmen were unable to identify the Taltal
Fault, even though they specifically and repeatedly
searched for it. However, the approximate location of
this important cross fault can be inferred from figure
3-15 in which the Atacama Fault trace is bent to the
northwest near the town of Taltal.

6. The crewmen had difficulty recognizing and
photographing the Atacama Fault. However, consider-
ing their observations and recent knowledge concerning
this fault zone (ref. 3-24), it can be said that this fault is
not a simple, continuous strike-slip fault zone such as
the San Andreas Fault of California. On the contrary,
the Atacama Fault is today being fragmented by other
faults of different trends and displacements.

ALPINE FAULT ZONE, NEW ZEALAND

One of the primary sites for geologic observations by
the Skylab 4 crewmen was the Alpine Fault of New
Zealand, regarded as one of the great strike-slip faults of
the world (refs. 3-25 to 3-29). It was expected that a
fault of this magnitude would be visible from orbit and
that the Skylab 4 crewmen would be able to photograph
and observe it. The crew described the fault and also ob-
tained coverage of the entire area of North and South Is-
lands with approximately 60 photographs with varying
Sun angles, viewing angles, and cloud cover.

The locations of the vertical or near-vertical Skylab 4
photographs of New Zealand that are almost cloud free
are shown in figure 3-17. A location map of vertical or

near-vertical photographs that are mostly clear but con-
tain some cloud cover is given in figure 3-18. Many
other photographs were taken of New Zealand on all
the Skylab missions but most are too oblique or contain
too much cloud cover to be of geologic value. However,
some of these photographs are extremely useful for
specific areas.

The Alpine Fault has a demonstrable 480-km right-
lateral strike-slip displacement (ref. 3-26). With the
development of plate-tectonics concepts, the Alpine
Fault is now considered to be a portion of the Indian-
Pacific Plate boundary. The fault is believed to be a
transform fault between the westward-dipping Tonga
subduction zone to the north and the eastward-dipping
Macquarie subduction zone to the south (refs. 3-30 and
3-31). Recent field studies have not entirely supported
such a simple explanation but reveal a more compli-
cated picture of rapid vertical motion along the Alpine
Fault where it bounds the Southern Alps and coun-
terclockwise rotation of fault blocks in northern South
Island (refs. 3-11, 3-32, and 3-33). The latest interpreta-
tion (ref. 3-33) describes tectonic patterns in South Is-
land as evolving in response to a rotation of the Indian-
Pacific slip vector from parallel to the Alpine Fault to
the present position approximately parallel to the Hope
Fault (fig. 3-19). This rotation produced a series of
faults splaying from the Alpine Fault to the northeast.
Initial movement along the northeast-trending faults
was strike-slip, but an increasing component of dip-slip
motion occurred as the slip vector changed. The change
to dip-slip motion is evident in the recent rapid uplift of
the Southern Alps.

Skylab photographs generally support the interpreta-
tion of Scholz et al. (ref. 3-33). A photograph of the
central portion of South Island is shown in figure 3-19.
The scene was described by the Skylab 4 commander
from orbit as follows.

The Sun angle was quite low; it was shortly
after sunrise. I would estimate the Sun angle to be
maybe 20°. The Alpine Fault down New Zealand
was very, very easy to see — quite clear . .. . We
were crossing the northern end of South Island
looking to the south, and you could see a fault line
all the way from the very northern end of South
Island until it disappeared under the clouds. The
weather is just perfect, and the Sun angle is per-
fect.

This remarkable photograph shows many significant
features which indicate that motion along the Alpine
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FIGURE 3-15.—Taltal region, Chile. (a) Photograph (S1.4-138-3794). (b) Sketch map of photolinears and correlation with faults in the Taltal
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GLOBAL TECTONICS 67







Salar de Atacama

Andean f,m[m

“Ie §>

BAHIA COMANCHE

PACIFIC OCEAN

BLANCO
ENCALADA

i

':

i
ANTOFAGASTA
(b)

FIGURE 3-16.—Antofagasta region, Chile. (a) Photograph (SL.4-137-3711). (b) Sketch map of photolinears and correlation with faults in the
region, showing the Atacama and related faults. Dashed lines are poorly defined photolinears.
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FIGURE 3-17.—Location map of vertical or near-vertical (almost
cloud-free) Skylab 4 photographs of New Zealand.

Fault has not been entirely strike-slip movement.
Traced northward, the Alpine Fault can be seen to be
offset or bent to the right in several localities. Some of
these offsets coincide with the termination of the north-
east-trending fault valleys that are presently the promi-
nent strike-slip faults of South Island. At the top of the
photograph, the Alpine Fault appears to terminate; the
fault actually bends sharply northwest before it con-
tinues its northeasterly trend to the north end of the is-
land. This sharp bend shows that strike-slip motion
along the Alpine Fault is sharply inhibited and that dip-
slip motions are now dominant. The uplift of the east
side results in the spectacular Southern Alps.

The fault splays extending northeastward are the
principal linear trend in north-central South Island.
These faults are well displayed in other oblique views.
However, north-trending cross faults subdivide the
region into a mosaic of large rhombs and parallelograms
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the angles of which are the common 60° to 120° conju-
gate fault set of structural analysis. The northeast-
trending faults have demonstrable right-lateral slip
(refs. 3-34 to 3-36), a slip sense consistent with coun-
terclockwise rotation of the whole region; the twisting is
shown by the sharp left bend of the Alpine Fault near
the top of figure 3-19. (For a smaller scale version of the
same type structure, see figure 3-8, immediately north
of the Sea of Galilee where the prominent strike-slip
faults are bent.) The coincidence of known faults with
the photolinears suggests that many of these linears are
indeed faults. The abundance of linears seen from
Skylab indicates that many more faults exist in this part
of New Zealand than have been mapped. Photoin-
terpretive studies combined with field work should pro-
duce rapid advances in the knowledge of the structure
of New Zealand.

The Skylab 4 crewmen also commented on linear
features diverging at a low angle from the southern end
of the Alpine Fault (fig. 3-20). The scientist pilot de-
scribed the southern portion of the fault as follows.

The rivers and water-erosion areas are very dis-
cernible on the west side and on the east, and
there does appear to be a preferred orientation of
these relative to the fault line . . . . However, as
far as identifying these as other faults, that’s hard
to say . . .. You can identify these features—
they’re linear—but to call them a fault is—I find
from observations from here—very difficult.

The scientist pilot also was able to contrast the broad
coastal valleys from those east of the Alpine Fault
where valleys are deeply incised into the Southern Alps
(fig. 3-19).

I counted rather quickly up to around 50 [that]
I'd call fairly major ravines or river channels lead-
ing out to the ocean, running from the fault zone
itself, and their orientation could be very clearly
delineated. I could not see where these picked up
on the other side of the fault zone at all.

Although part of the main Alpine Fault zone was
partly covered by clouds, figure 3-21 shows the mag-
nitude of strike-slip displacement as shown by the
ultramafic belts, one of several offset units used to dem-
onstrate the 480 km of right slip along the fault zone.
Kingma in a well-illustrated book shows (ref. 3-37, fig.
12) all Lower Permian igneous rocks of South Island in
their present geographic distribution. The Red Hills, a
large mass of ultramafic rocks, are prominent in the left




foreground because of the reddish color and lack of
vegetation in a heavily vegetated area. The ultramafic
rocks extend in discontinuous masses (including Dun
Mountain, under clouds, the type locality of dunite)
onto the island at the clouds near the lower left of the
photograph. The Wairau River marks the northern con-
tinuation of the Alpine Fault (Wairau Fault). The right-
slip offset is shown by the ultramafic mass comprising
Red Mountain at the upper right. The Red Mountain
region is shown from a better vantage point in figure
3-20.

The Skylab 4 crew observations and photographs of
the Alpine Fault zone demonstrate that the ability to
recognize both probable extensions of faults and rela-
tionships between major crustal blocks in an already ex-
tensively studied area can be significantly improved.
This technique should be of even more value in remote,
unfamiliar regions.

SIERRA MADRE OCCIDENTAL, MEXICO

The Sierra Madre Occidental is an elevated plateau of
Tertiary volcanic rock that forms the western portion of
the central upland of Mexico. This province contains
one of the most extensive volcanic fields of the Earth
and has been an important source of precious and base
metals for hundreds of years. Despite the economic im-
portance of the area, the vastness and inaccessibility of
the area have impeded detailed mapping. Skylab photo-
graphs are valuable for reconnaissance mapping and for
deriving regional interpretations from small areas
mapped m detail. Two areas covering approximately
50 000 km’ of the Sierra Madre Occidental (fig. 3-22)
will be discussed in this section. The Durango area (fig.
3-23) is crossed by Federal Highway 40, along which
students at the University of Texas at Austin have
mapped. The general geology of the Durango area is
known from these studies. The Chihuahua area (fig.
3-24) was mapped by photointerpretation followed by
field checking in June 1974 by Swanson (ref. 3-38).

Basement rock in the Durango area is largely com-
posed of andesite of Late Cretaceous to Early Tertiary
age, which has been introduced by a batholithic com-
plex with major pulses at 90, 70, and 50 million years
ago. The andesite is unconformably overlain by as
much as 1 km of ash-flow tuff of Late Oligocene to
Early Miocene age (refs. 3-38 to 3-40). In places, alkali
basalt of Late Miocene age unconformably overlies the
ash-flow tuff (refs. 3-38 and 3-39).
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FIGURE 3-18.—Location map of vertical or near-vertical Skylab 4
photographs of New Zealand that contain a small amount of cloud
cover.

Calderas related to ash-flow volcanism are undoubt-
edly numerous, but only one such caldera has been
recognized by field geologic studies (refs. 3-38 and
3-39). This caldera, which contains the city of Durango,
is associated with economically important iron and tin
mineralization and is the source of several major ash-
flow units. The curved lineaments west of Durango (fig.
3-23) are faults related to the collapse of the caldera.
West of the city of Mezquital, tributaries of the Rio San
Pedro have eroded headward forming a moat around a
large domal structure. The dome, approximately 35 km
in diameter, may be a resurgent caldera. Two smaller,
less dissected topographic domes that also may be
resurgent calderas can be seen in the northern part of
the photograph. Volcanic rock units in the vicinity of El
Salto are extremely thick and contain abundant
epiclastic rock suggesting infilling of a topographic low.
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ico. Patterns indicate areas mapped by University of Texas graduate
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3-39.)

Arcuate lineaments suggest that this low may be a large
caldera or caldera complex that became a trap for eolian
and fluvial sediments. The circular features seen in the
Skylab photographs are prime areas for further study.

In the western part of the photograph (fig. 3-23(a))
(under clouds), normal faults trending generally north-
ward cut the deep canyon country. Displacement on
many of these faults is at least 1 km. Geologic mapping
along Highway 40 and on this Skylab photograph
reveals that faulting in the high plateau near Durango is
relatively minor. The photograph shows, however, that
faulting along the western margin of the plateau has
been more extreme. Faults over the entire region trend
generally northward except where affected by local
structures.

Alkali basalt, capping the ash-flow tuff, crops out in
several places along Highway 40 between Durango and
El Salto. The alkali basalt, which appears reddish
brown in the photographs (figs. 3-23(a) and 3-24(a)),
was erupted approximately 12 million years ago con-
temporaneously with faulting of the area (refs. 3-38 and
3-39). Similar-appearing areas form the caps of much of
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the Sierra Madre Occidental northwest of Durango and
beyond the areas studied in the field. The Skylab photo-
graphs provide the first indication that alkali-basaltic
volcanism may have been an event of regional signifi-
cance late in the volcanic history of the Sierra Madre
Occidental.

A handheld-camera photograph of part of western
Chihuahua (fig. 3-24; see fig. 3-22 for location) shows
the extent to which Skylab photographs can aid the
researcher interested in a remote area. Figure 3-24 is a
photograph of a transitional area between the high
plateau area to the south and the basin and range region
that extends northward into the western United States.
The large basins generally conform with normal faults
that trend northwestward, the dominant structural
direction in the area. Of particular interest is a group of
remarkably straight valleys northwest of La Junta.
These lineaments, interpreted as fault valleys, conform
with the regional fault pattern but curve anomalously
eastward west of La Junta. South of this faulted area is
a dark topographic dome with a surrounding moat. The
dark area is a latite porphyry intrusive body. Streams
have eroded along the contact between the porphyry
and surrounding ash flow and epiclastic rock, producing
a topographic dome. A similar porphyry crops out in
many other places, which suggests that this intrusive
body underlies a large region. Fault trends in the
vicinity may have been influenced by this large in-
trusive mass. The abundance of intrusive rock, the ir-
regular volcanic stratigraphy, and the abundance of
large granitic and andesitic lithic fragments in the tuff
suggest that this area was a major eruptive center
(possibly a caldera). This photograph (fig. 3-24) and
subsequent field reconnaissance permitted rapid
delineation of the major geologic problems and problem
areas not possible with conventional techniques
because of the extreme relief, limited access, and exten-
sive forest cover.

In addition to these local structural and stratigraphic
problems, Skylab photographs have made it possible to
pinpoint areas of regional stratigraphic importance. Ex-
isting geologic maps of western Chihuahua show the
area (fig. 3-24) to be covered by Tertiary volcanic rock.
Although Tertiary igneous rock does appear to cover
the entire area, the outcrop can be divided into two ma-
jor sequences. Several relatively undissected dark areas
are in contrast to their surroundings. Field investigation
of two of the largest areas has confirmed that they are
basalt fields. Similar basalts were noted by Weed (ref.
3-41) capping rhyolite in southern Chihuahua. These




basalts lack any fresh volcanic landforms but uncon-
formably overlie the ash-flow tuff. The petrographic
similarity of these basalts to basalt in West Texas (ref.
3-42) and to the basalts in the Sierra Madre Occidental
near Durango suggests that they are part of a major
basin-range basaltic event.

In summary, study of figures 3-23 and 3-24 together
with reconnaissance field checking has greatly facili-
tated the initiation of detailed ground study in the Sierra
Madre Occidental area. A possible eruptive center and a
structural anomaly have been pinpointed west of La
Junta, and large areas of basaltic volcanic rock have
been delineated for the first time. These important
areas, which may have remained unnoticed for many
years, are now being studied in detail.

CARIBBEAN/AMERICAS PLATE BOUNDARY,
GUATEMALA AND SOUTHERN MEXICO

A major fault zone the name of which changes from
west to east, the Cuilco-Chixoy-Polochic Fault, crosses
Guatemala and extends into southern Mexico (fig.
3-25). The parallel Motagua Fault immediately to the
south is easily identifiable in central and eastern
Guatemala. Both these faults have been projected into
the Caribbean to become faults of the Bartlett or Cay-
man Trough (ref. 3-43).

The currently accepted interpretation of plate bound-
aries and motions as presented by Molnar and Sykes
(ref. 3-44) is given in figure 3-25. This interpretation in-
dicates that the Cocos plate is moving northeastward
from the spreading center of the eastern Pacific rise and
is being subducted under the Americas and Caribbean
plates along the Middle America Trench. The Carib-
bean plate is moving eastward, sliding past the
Americas plate on the north along the left-lateral
Bartlett Trough and the Motagua/Polochic Fault system
and on the south along a series of right-lateral faults in
northern Venezuela and Colombia. On the eastern
margin, the Caribbean plate is overriding the Americas
plate.

Kesler (ref. 3-45) proposed that the Cuilco-Chixoy-
Polochic Fault is the Cenozoic plate boundary and that
the left-lateral offset along this zone is less than 150 km.
If this hypothesis is correct, this offset severely limits
proposed plate motions (e.g., ref. 3-46) and makes un-
derstanding the complex wedge-shaped region of the
Caribbean plate between the Americas and Cocos plates

(southern Guatemala, western Honduras, and El
Salvador) even more important.

Donnelly (ref. 3-47) and his coworkers find little evi-
dence for strike-slip displacement along the Motagua
Fault but, instead, find much evidence for north-south
compression that has generated a number of imbricate
thrust sheets rooted in the Motagua Fault zone. A
Skylab 4 photomosaic (fig. 3-26) shows prominent
linears crossing Guatemala; the most prominent of
these is the Cuilco-Chixoy-Polochic Fault, which ex-
tends nearly due east from southernmost Mexico across
Guatemala to the southwestern corner of Lago de [zabal
(Lake Izabal). This lake is bounded by a pair of N 60° E
striking faults that abut the eastern end of the Polochic
Fault (fig. 3-27). The angular intersection seen on the
photographs is in contrast to earlier reconnaissance
studies (refs. 3-48 to 3-50), which show one fault curv-
ing into the trend of the other. The northeast-trending
valley (Izabal graben; see ref. 3-48) containing Lake
Izabal might be a zone of extension similar to that pro-
posed by Dillon and Vedder (ref. 3-51) for the deep
troughs offshore from Belize (formerly British Hon-
duras). In this scheme, th2 Polochic is still assumed to
be left-lateral, and the northeast-trending faults bound-
ing Lake Izabal are assumed to have oblique offsets
with the valley being a downdropped block. Similar
parallelogram-shaped depressions can be interpreted for
the Motagua Valley south and east of Lake Izabal.

The Cuilco Fault forks at its western end in Mexico,
and a prominent branch, possibly a transform fault, ex-
tends southwestward to the coastal plain. The existence
of a faint set of linears in the coastal plain suggests that
the fault might extend southwestward to the coastline;
if so, the fault could then be projected toward a promi-
nent submarine canyon on the inner wall of the Middle
America Trench (ref. 3-52). The other branch of the
Cuilco Fault extends westward as a series of en echelon
left segments that are also traceable to the inner margin
of the coastal plain. North of this area to the Gulf of
Tehuantepec, the inner edge of the coastal plain is bor-
dered by escarpments that appear to be the result of
down-to-the-west fault movement. The landward
margin of the coastal plain is a remarkably straight line
on these photographs. Farther inland, the lower moun-
tains appear to be separated from the high plateau in
long, angular segments, which suggests that the bound-
ary is fault controlled.

The Motagua Fault is prominent from the Caribbean
coast westward to northeast of Lake Atitlin (approx-
imately 91°00" W). West of this point, faint linears in
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FIGURE 3-23.—Region west of Durango, Mexico. (a) Photograph (SL2-04-155). (b) Sketch map showing interpretation of Durango region.

Heavy dashed lines indicate the location of circular structures, possibly calderas; heavy solid lines are photolinears interpreted as faults; light

solid lines are interpreted as outcrops of alkali basalt.
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tive to a fixed Americas plate (adapted from ref. 3-44).

the Cenozoic volcanic cover suggest that the fault con-
tinues westward to the inner margin of the coastal plain.
A northwest-trending linear extends from this latitude
to the Cuilco Fault.

These data together with published geologic maps
suggest a succession of plate boundary faults from
south to north. The sequence is (1) the Jocotan-
Chamelecon-La Ceiba Fault (not visible on these
photographs), which is parallel to and south of the
Motagua Fault and extends from Guatemala City across
northwestern Honduras and which is now offset by
north-trending faults (i.e., the Guatemala City graben
and the Ulua graben of Honduras); (2) the Motagua
Fault, which may now be inactive in its western por-
tion; and (3) the Cuilco-Chixoy-Polochic Fault, the
presently active plate boundary. The western end of the
Cuilco-Chixoy-Polochic Fault apparently forks into a
southwest-trending fault and a northwest-trending fault
to separate the coastal plain from the mountains of
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southern Mexico; the eastern end of the fault termi-
nates against a N 60° E zone of extension.

The Jalpatagua Fault (a prominent linear on the
Skylab 4 photographs) extends from south of
Guatemala City to northwest El Salvador. No active
volcanoes are present along the Jalpatagua Fault trace,
but, at the northern termination, Volcan Fuego is pres-
ently active. Volcan Fuego is at the junction of three
geologic features: the southern end of the Guatemala
City graben, the northwestern end of the Jalpatagua
Fault, and the southeastern end of the line of volcanoes
that extends northwest to the Mexican border. On the
ground, the Jalpatagua Fault appears to be a high-angle,

FIGURE 3-26.—Major fault zones (valleys) that cross Guatemala
are centered in this photographic mosaic. Figure 3-27 shows the ma-
jor features of these photographs on an orthogonal geographic base.
(Mosaic of (left to right) SL4-201-7666, SI1.4-201-7667, and
S1.4-201-7668.) -
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strike-slip fault because of the linearity, freshness, and
rift topography. The valleys and lines of volcanoes in El
Salvador trend more westerly and are not straight lines
(fig. 3-27) as the corresponding features in both
Guatemala and Nicaragua are. The recent volcanic belt
of El Salvador opens northward into Guatemala to in-
clude much of the triangular wedge east of Guatemala
City and north of Lake Guija.

The splintering of this region can be better under-
stood by noting that the wedge-shaped region of the
Caribbean plate is at the junction of the Americas and
Cocos plates (fig. 3-25), each of which has different
amounts and directions of movement. To judge from
the fault pattern, the wedge is extending along an east-
west line, and each block, at least along the southern
part (El Salvador), is twisting in a counterclockwise
direction.

SUMMARY

The examples in this section illustrate some of the
uses of Skylab handheld-camera photographs in the
analysis of major regional geologic features. Oblique
views from many directions emphasize large-scale
linear trends not easily recognizable on conventional
vertical photographs (taken from either aircraft or
spacecraft). These photographs also display the inter-
relationships between small, well-known areas within a
generally poorly known area and thus rapidly guide the
reconnaissance geologist to the major areas that need to
be analyzed to understand the region. Furthermore,
these photographs provide a synoptic view that can im-
prove or suggest alternative syntheses of structural
provinces.

These data are extremely important as teaching aids.
These photographs have already made a significant im-
pact and will continue to make major revisions both in
teaching format and in student understanding of
regional structural patterns and their significance.
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Geological Features of
Southwestern North America

L. T.SILVERT. H. ANDERSON,“ C. M. CONWAY,4
J.D. MURRAY,“ ANDR. E. POWELL?

TlE SKYLAB 4 crewmen conducted visual observa-
tions of seven designated geological target areas and
other targets of opportunity in parts of southwestern
United States and northwestern Mexico. The experi-
ments were designed to determine how effectively
geologic features could be observed from orbit and what
research information could be obtained from the obser-
vations when supported by ground studies. For the
limited preparation they received, the crewmen demon-
strated exceptional observational ability and produced
outstanding photographic studies. They also formu-
lated cogent opinions on how to improve future obser-
vational and photodocumentation techniques.

Significant research contributions to ongoing field in-
vestigations were obtained from the photographs and
observations. These contributions were integrated into
other aspects of the ground investigations to (1) iden-
tify and evaluate zones of major faulting in south-
eastern California, Baja California, and northwestern
Sonora; (2) develop a new key to the regional stratigra-
phy of the prebatholithic rocks of northern Baja
California; (3) discover the most southwesterly known
occurrence of Precambrian crystalline rocks in North
America; (4) discover a previously unmapped section
of Mesozoic (?) volcanic rocks in southeastern Califor-
nia; and (5) contribute important overview perspectives
to many regional geologic problems.

3California Institute of Technology.
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The experimental data and the demonstrated crew
capabilities justify planning future geology visual obser-
vation experiments for manned Earth-orbiting pro-
grams such as the Space Shuttle. Both professional
scientist-observers and astronaut-observers can make
contributions if properly prepared and equipped. The
experiments should be closely coordinated with active
surface research investigations. The emphasis should be
on selecting important problems and objectives and in-
tegrating orbital observations and ground studies, not
on prospecting for isolated spectacular discoveries.

INTRODUCTION

Man’s role as a direct and discriminating observer of
geologic features on the Earth’s surface as seen from the
vantage point of an orbiting platform was tested for-
mally for the first time during the third manned visit to
Skylab. The great value of unmanned Earth-orbital
photographic and other remote-sensing techniques in
Earth science studies had been clearly established
before the Skylab missions. However, the potential of
man in real-time, dedicated, terrestrial geological obser-
vation activities had not been previously investigated.
With the obvious future requirement for a better
geological understanding of the Earth, man’s capability
to meet these needs in various space-flight applications
deserves thorough consideration and evaluation.

To provide relevance, there are two general concep-
tual areas in which the objectives and implementation



of the Skylab geology observation experiments should
be considered.

1. What are man’s inherent capabilities as a geologi-
cal observer from a satellite? What orbital conditions,
equipment, and techniques and what ground-based ac-
tivities can provide the most effective use of these
capabilities?

2. What are the types of geologic problems and
scientific questions to which man in orbit can make
superior or unique observational contributions? Are the
problems and his contributions of sufficient scientific
value to justify the use of man in this space activity as
compared to other functions he can perform? As com-
pared to other approaches to the same problems?

The Skylab visual observations experiments provided
useful data and experience pertaining to these ques-
tions. In addition, photographic and visual observations
data that are valuable to geological research in a number
of areas in southwestern North America were obtained.

Approximately a month before the Skylab 4 mission,
the senior author participated in the preparation of a
visual observations program in which the crewmen
would examine and photograph selected geological
areas in southwestern North America (fig. 4-1). A series
of seven operational exercises and study areas in the
southwestern United States and northwestern Mexico
was discussed during a 1-hour briefing for the astro-
nauts. For each exercise, a photograph from Apollo or
earlier Skylab missions illustrated the feature to be
studied. These photographs were included in the on-
board data package for use by the astronauts.

During the mission, the crew made extensive visual
observations in almost all the geological study areas of
southwestern North America and collected a com-
prehensive photographic record of their observational
opportunities. The results of these efforts are contained
in table 4-I and figure 4-2.

On March 12, 1974, the crew participated in a 4-hour
geology debriefing conducted by the principal investiga-
tors of the geology experiments. Included in the debrief-
ing were a brief review of the available handheld-
camera photographs and discussions of the observa-
tional opportunities, conditions, and equipment and of
the construction of the exercises. The transcript of this
debriefing was used in the preparation of this report.
Photographic transparencies and a limited number of
photographs of the experiment sites and nearby areas
were analyzed. Field studies to verify the photogeologic
interpretations were carried out from April to Decem-
ber 1974. Field work and photointerpretation were done
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by the various authors: Arizona, C. M. Conway and L.
T. Silver; southern California, R. E. Powell and L. T.
Silver, Baja California, J. D. Murray and L. T. Silver;
and Sonora, Mexico, T. H. Anderson and L. T. Silver.
Dayna Salter assisted in the study of structural linea-
ments in southern California.

PLANNED GEOLOGY VISUAL OBSERVATION
EXPERIMENTS

The geology experiments were designed with dual
objectives: to determine how effective an orbiting ob-
server could be in the context of the Skylab flightpath,
flight time, and facilities and to determine the type of
scientific yield that could be obtained from analysis of
the crewmen’s observations and photographic products
when supported by ground studies.

The assigned exercises are shown in figure 4-1.
Because of time constraints, the preflight briefing was
minimal, and the crewmen’s understanding of the ex-
periment objectives was obtained only from discussions
with the senior author. The general orbital tracks shown
in figure 4-1 show the types of northeast and southeast
passes during which the crewmen made their observa-
tions.

Each exercise was designed around a geological prob-
lem or group of problems with which the senior author
and his colleagues were concerned. In each area, ex-
tended field work had been carried out before the
Skylab 4 mission and considerable familiarity with
ground truth had been established. Therefore, some
questions were designed to test the crewmen’s observa-
tions of known phenomena. Nevertheless, substantial
scientific questions remained in each area for which it
was hoped that the astronauts’ observations would
make significant contributions. Further ground-
verification activities were intended to be a part of these
studies.

DATA PRODUCED BY THE EXPERIMENTS

The direct results of the observational experiments
take three forms.

1. The in-flight verbal commentary by crewmem-
bers as they conducted their observations was recorded
and subsequently transcribed.

2. Crewmembers used a handheld Hasselblad 70-
mm camera with a 100-mm lens and a Nikon 35-mm



camera with 55- and 300-mm lenses to photograph sites
and features. Both cameras were used for all sites desig-
nated for this study under a variety of observing posi-
tions and lighting conditions. Also photographed were
“targets of opportunity” (i.e., geological features that
the astronauts believed to be noteworthy but that had
not been included in the assigned exercise). A total of

more than 400 photographs was taken during the mis-
sion as part of these experiments. A tabulation of the
photographs according to geographical area is given in
table 4-1. A geographical map index showing photo-
graphic coverage and photographic orientation is pre-
sented in figure 4-2.

3. Postmission crew debriefing and individual crew-

&5 :

K

Las Vegas

4

1_@ Los Angeles '
Phoenix ®
\ 5
o \‘Q l——-

; \
ZNN N\
e\’
Géneral area of \

geology visual observations
experiments in southwestern
North America

San Diego @

Latitude, deg N
e
A
A fﬂ.
7
2=

15

Longitude, deg W

FIGURE 4-1.—Skylab 4 orbital track map showing the general region and the seven study areas involved in this experiment.
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TABLE 4-1.— Index of Skylab 4 Handheld-Camera Photographs
of Southwestern North America

Area

Photograph no.

Nikon 35-mm camera

Hasselblad 70-mm camera

Baja California and Gulf of

California

SL4-152-5186

SL4-156-5294 and 5295
SL4-191-7036 to 7040
SL4-193-7187 to 7190
SL4-194-7234, 7235, and 7238
SL4-195-7325

SL4-196-7371 and 7372
SL4-197-7426, 7428, and 7429
SL4-199-7552 and 7553
SL4-202-7718, 7725, and 7732
SL4-203-7807 to 7813 and 7816 to 7819
SL4-204-7870 and 7882 to 7885
SL4-206-7967 and 7970

SL4-136-3385, 3409, 3410, 3437 to 3439, and 3479 to 3481

SL4-137-3727

SL4-138-3807 to 3810, 3827 to 3829, 3860, 3861, 3880, and 3881

SL4-140-4126 10 4140, 4154 to 4156, 4197, and 4198

SL4-142-4486 10 4489, 4544 10 4550, 4552 10 4554, 4562 10 4565,
and 4581

SL4-143-4603 10 4607

Sonora, Mexico

SL4-156-5294 and 5295
SL4-193-7154 and 7155
SL4-194-7236, 7237, 7239, and 7240
SL4-196-7355, 7356, 7363, 7371, and 7372
SL4-197-7429 to 7431

SL4-199-7558 to 7580
SL4-200-7619 to 7622

SL4-202-7725 to 7745
SL4-203-7807 to 7825
SL4-204-7870

SL4-206-7970 and 7989
SL4-207-8034 to 8056
SL4-209-8199 to 8201

SL4-136-3409 and 3410

SL4-139-3983 and 4062 to 4064

SL4-140-4130104141,4154 10 4156, 4186 t0 4188, 4197, and 4198
SL4-141-4390 to 4401

SL4-142-4547 10 4554

SL4-143-4603 10 4607 and 4616 to 4622

Arizona

SL4-156-5294 to 5297

SL4-191-7008, 7009, and 7019
SL4-193-7192

SL4-194-7216 and 7217

SL4-196-7371

SL4-197-7429

SL4-199-7552 to 7557

SL4-202-7719 to 7724, 7726, and 7730
SL4-203-7800, 7806, 7812 to 7815, and 7820

SL4-138-3808 to 3812, 3860, 3861, and 3881

SL4-139-4034 10 4037

SL4-140-4132, 4134, 4135, 4137 to 4141, 4157, and 4185
SL4-141-4385, 4386, 4390, and 4391

SL4-142-4435 10 4440, 4474, 4477, 4564, 4565, 4580, and 4581

San Andreas and related
faults

SL4-156-5294 and 5295

SL4-193-7191

SL4-194-7212 to 7214

SL4-196-7354, 7361, and 7362
SL4-197-7426 1o 7431

SL4-199-7552 to 7557

SL4-203-7784 to 7825

SL4-204-7879 to 7885

SL4-206-7961 to 7972 and 8009 to 8019
SL4-207-8026 to 8033 and 8086
SL4-208-8116 to 8120 and 8123 to 8126
SL4-209-8192 to 8196

SL4-136-3406 1o 3408 and 3437 to 3439

SL4-138-3807 to 3810, 3828, 3829, 3843, 3860, and 3861

S1.4-139-4033

SL4-140-4130 10 4141

SL4-141-4377, 4378, 4381 to 4384, and 4387 to 4389

SL4-142-4482 to 4487, 4520 10 4523. 4530 t0 4547, 4551, and 4558
to 4565

SL4-143-4615

California, Nevada, Utah,

Colorado, and New
Mexico

SL4-156-5296 and 5297
SL4-191-7004 and 7019
SL4-192-7091
SL4-193-7151 and 7197
SL4-199-7552 to 7557
SL4-202-7716 to 7726
SL4-204-7870

SL4-206-7961 to 7969, 7972, and 8009 to 8019

SL4-207-8081 and 8082

SL4-138-3811, 3812, 3844, 3845, 3875, and 3881

SL4-139-4034 1o 4040 and 4047 to 4049

SL4-140-4086. 4157 10 4159, 4167, 4168, 4185, 4211, 4231, and
4232

SL4-141-4258, 4259, 4371 to 4376, and 4379 to 4386

S14-142-4430 10 4437, 4580, and 4581
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man communications provided opportunities for the
crewmen to synthesize and summarize their impres-
sions of the actual observing conditions, of the art of ob-
servation, and of the scientific subjects explored by
them and to offer their reccommendations for future im-
provements. The discussions with the Skylab 4 crew
have been useful in completing this report.

CREW EFFECTIVENESS

Our preliminary assessment of crew effectiveness in
conducting geology experiments from space (ref. 4-1)
has been reinforced during the completion of the report.
The effectiveness of a visual observations program de-
pends on many key factors, such as the interest, scien-
tific training, observational powers, and preflight prep-
aration of the personnel involved. The Skylab 4 crew
demonstrated a high degree of interest in the general
visual observations program and in the specific geologic
questions that concerned the related sites. This interest
and an obvious enjoyment of Earth observation were
manifested both during and after the mission. The
scientific background of the crewmen indicated that
they clearly understood the nature of observational
techniques and the associated inductive logic. The crew-
men did not receive extensive familiarization with
geologic phenomena, and they recognized that a longer
geological training program would have been beneficial.

The observational powers of the crewmen were ex-
ceptional. Combined with their interest and
enthusiasm, these capabilities have produced some out-
standing photographs of geologic phenomena. The con-
tribution of the verbal commentary is subordinate to
these photographs because of the general tendency of
the crew to depend on their photographic documenta-
tion. This tendency may reflect a lack of confidence in
their command of the diverse scientific subject matter.
The fact that the crewmembers quickly recognized and
identified the geological features in the designated sites
reinforces the belief that more extensive preflight prep-
aration would have enhanced the total scientific yield of

the visual observations.
The crew developed many new and significant im-

pressions of visual observation and photographic tech-
niques. For example, they have stressed one important
factor: no photograph can match the effectiveness of
the human eye in perception of color, texture, and form
of surface phenomena. During the debriefing session,
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the commander made the following comment:

I think there is one fallacy we fell to, and that
was the tendency to depend on the photographs.
We’ve gotten back and we've looked at this pho-
tography now. It doesn’t capture everything that’s
there and I think you guys understand that. I don’t
think we understood it as well as we should have
before we left. Some of the stuff we have looked at
just does not hold a candle to what you can really
see with the old MK-VIII eyeball. And this is
something we are going to have to do in future
programs, and that is either to get better photogra-
phy or start training a little bit more towards being
able to get verbal descriptions of what you're look-
ing at, because these pictures just don’t have all of
it at all.

In summary, the observational performance of the
crew was outstanding. On the basis of the photographic
documentation and results from discussions with them,
we believe that they have made a convincing argument
for future geological visual observations experiments
from Earth orbit. Such experiments should continue to
test and compare the effectiveness of manned visual ob-
servations with other approaches. They should be
designed, however, as part of ongoing research pro-
grams with the orbiting observer (astronaut or scientist)
as an active participant in the research. The criteria for
effectiveness should include measures of steady
research contribution as well as the opportunities for
unexpected discovery.

DISCUSSION

The observations made by the astronauts, particularly
their photographic record, were deliberately directed to
areas where regional research investigations were being
actively pursued by various members of this team. Our
studies have shown that the selective photography is a
rich reservoir of new information and insight.

Totally new, unsuspected major geologic features
have rarely been found although there are innumerable
new data points. Invariably, it has been found that space
photography has given a new perspective to each
research problem in which the geography and geometry
of the diverse geologic elements of a region hundreds of
kilometers in dimension fall into obvious spatial rela-
tion. This is not simply a result of having a new




horizontal map base; it demonstrates that space photo-
graphs help to establish the color, texture, structure, and
form of surface features on a scale and with an orienta-
tion that was not previously available.

From previous work and postmission field studies,
we have learned to be cautious of oversimplifying the
significance of many apparent photographic relations.
At the same time, several large-scale relationships that
were suspect but that had not been properly integrated
into the regional framework because of the lack of a
documented overview have been confirmed.

For a region as geologically well known as southern
California, the photographs from the Skylab 4 handheld
camera appear to make their greatest research contribu-
tion when used in conjunction with other diverse ap-
proaches in developing a more complete understanding
of large-scale features. In this application, the useful-
ness of the photographs is more steady and pervasive if
less spectacular.

In more unfamiliar regions such as northwestern
Mexico, there is a greater potential for exciting discov-
eries, and it is believed that some of the results from the
Skylab 4 experiments will help achieve this result.
However, it is in precisely this type of situation that pre-
mature generalization without adequate ground studies
for confirmation can obscure the potential. The extent
of our efforts has not been such as to provide thorough
testing of most of the important possibilities inferred
from the studies of the Skylab photographs and crew
commentary.

This section contains some of the many promising
(and sometimes enigmatic) research results that have
been derived and will continue to be derived from the
visual observation efforts of the Skylab 4 crew.

San Andreas Fault System and the Architecture of
Southern California

The remarkable control exerted by the San Andreas
Fault system on the topographic character of southern
California was explicitly documented by the Skylab 4
astronauts. From a striking series of oblique handheld-
camera photographs, a photomosaic (fig. 4-3(a)) has
been constructed that captures the continuity and the
relationship of the principal active faults of this system
and the Gulf of California. The principal elements of
this fault system are identified in figure 4-3(b).

Most of the fault structures are well known and have

been intensively studied. The crew’s attention was
directed to them as perhaps the best examples of fault-
line features from which they could establish their obser-
vational criteria for fault recognition. The Skylab 4
photographic record has provided, in turn, an un-
paralleled overview of the fault system. From a signifi-
cant number of relevant applications to southern Califor-
nia geology, three diverse examples that illustrate the
great potential of the Skylab 4 handheld-camera photo-
graphs are presented.

East-west lineaments.—A profound geologic and
physiographic break in the general northwest-southeast
trends of California and Baja California is formed by
the east-west structural grain of the Transverse Ranges.
The tectonic significance of this unique transverse
province in western North America is not fully under-
stood in terms of the timing of structural events and the
definition of structural elements. Skylab 4 handheld-
camera photographs have provided an excellent over-
view of the Transverse Ranges province (fig. 4-3) and an
opportunity to further delineate some of its structural
elements.

The eastern Transverse Ranges are distinguished by
several east-west faults along which left-lateral displace-
ment has been documented (refs. 4-2 and 4-3). These
faults, including the Pinto Mountain, Blue Cut, and
Chiriaco Faults (fig. 4-4), define prominent linears on
Skylab 4 handheld-camera photographs. The Pinto
Mountain, Blue Cut, and a few smaller faults were
known to have left-lateral displacement before the
Skylab 4 mission.

Based on ground verification of the in-flight observa-
tions of the Skylab 4 crewmen, 11.3 km of left-lateral
movement has been demonstrated along the eastern
half of the Chiriaco Fault (fig. 4-5(b) and ref. 4-4). The
offset lithologic units cannot be resolved on the
Hasselblad photographs, but areas for comparison and
possible correlation are suggested and are detectable on
the Nikon 300-mm photograph (fig. 4-5(a)).

The study of Skylab 4 handheld-camera photographs
has resulted in the recognition of additional east-west
linears south of the Chiriaco Fault. Left-lateral displace-
ment has been established on two of these linears. An
important goal for continued research is to determine
whether the remaining linears are controlled by left-
lateral faults. Recognition of the distribution of east-
west linears on Skylab 4 photographs, followed by docu-
mentation of fault control and timing of fault motion,
will increase understanding of the mechanical evolution
of the Transverse Ranges structural province.
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FIGURE 4-3.—Overview of major fault systems in southern California and northwestern Mexico. (a) Photomosaic. (b) Sketch map.
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FIGURE 4-4.—Major linear features in southern California. (a) Photograph (S14-142-4545). (b) Sketch map showing major east-west and
northwest-southeast linears. Arrows indicate the direction of relative motion on opposite sides of faults. (c) Prominent conjugate linears in the
northern Peninsular Ranges.
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FIGURE 4-5.—The area northeast of the Salton Sea. (a) Photograph (S1.4-203-7804). (b) Sketch map showing prominent east-west linears
northeast of the Salton Sea. Distance from A to A’ indicates 11.3 km left-lateral displacement on the Chiriaco Fault. (¢) Geologic map based on
combined photointerpretation-and field reconnaissance. Regions indicated as alluvium contain clastic debris derived from the bedrock units

shown.

Conjugate fracture systems in the Peninsular Ranges.—
Two prominent sets of linears are recognized in the
Peninsular Ranges of southern California and Baja
California in the Skylab 4 handheld-camera photo-
graphs. Southwest of the Elsinore Fault, these sets
strike N 15° to 35° E and N 70° to 80° W (figs. 4-4(a),
4-4(c), and 4-6). Northeast of the Elsinore Fault, the
linear sets strike N 20° to 30° E and N 60° to 70° E. The
geometric pattern of the linears suggests that they may
be conjugate fracture sets that have been superimposed
on the batholithic terrane, transgressing but not con-
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fined to individual plutons. The fractures have been
identified throughout the length of the Peninsular
Ranges covered by the Skylab 4 photographs (see sec-
tion entitled “Northern Baja California™). Other struc-
tural linears are present but are considered as separate
phenomena.

If the conjugate fracture system is interpreted as a
conjugate shear system, then the axis of maximum
principal (compressional) stress is oriented approx-
imately N 65° E or roughly perpendicular to the main
structural, petrologic, geochemical, and geophysical
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FIGURE 4-5.—Continued.

trends of southern California and Baja California. The
slightly different orientation of the fracture pattern
northeast of the Elsinore Fault may reflect a variation
in local stress field across one of the major faults of the
Peninsular Ranges or a superimposed rotational effect
produced by later movements on the Elsinore and San
Jacinto Faults. The conjugate fracture pattern may
represent a response of the peninsula to compressional
stresses imposed on the peninsular block during the
opening of the Gulf of California or to regional stresses
developed on a more extensive area of southwestern
North America shortly before the rifting of the Gulf. It
does not appear to be related directly to the San

Andreas stress system. A similar pattern of fracturing
appears to be present in the southern Sierra Nevada, as
shown faintly in figure 4-3(a) and very distinctly in
figure 4-7, centered on Lake Isabella, California.

The overview of these regional fracture patterns pro-
vided by the Skylab photographs suggests the possibility
of an integrated crustal response to tectonic strain on a
scale that has not previously been observed and appreci-
ated. It appears that within the inventory of Skylab
mapping and handheld-camera photographs are the
resources for an extended investigation of these
phenomena and their broad geologic implications.
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A test of color values for lithologic correlations.—The
value of Skylab handheld-camera color photographs for
identifying and correlating lithologic units on a regional
scale is potentially great, although reliable use requires a
thorough understanding of color values and the factors
that influence them. Color differences between rock
types of varying lithologic composition are modified by
such parameters as Sun angle, desert varnish, surface
texture of bedrock and debris, and vegetation. Am-
biguity in photointerpretation arises when some or all
of these factors combine to give different lithologies
similar color values. Resolution of the ambiguity re-
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quires an interplay of photointerpretation and field
work. A cross-check of this type was conducted in an
area northeast of the Salton Sea (figs. 4-5(a) and 4-5(¢)).

Existing field and photointerpretive maps represent
the eastern Eagle and Pinto Mountains as granitic in-
trusive rocks and the southern Coxcomb and Palen
Mountains as volcanic-derived metasedimentary rocks.
However, the color values of the eastern Pinto,
southern Coxcomb, and Palen Mountains in figure
4-5(a) are very nearly the same, which suggests the
possibility that existing maps are inaccurate and that
the dark color values are reflected from equivalent




lithologies. On the basis of these color values, a possible
right-lateral offset of approximately 32 km along the
dashed line in figure 4-5(c) was postulated. This line
represents the eastern physiographic limit of the
Transverse Ranges as well as a consistent local geologic
discontinuity. In the use of Skylab 4 handheld-camera
photographs for photogeologic interpretation, a correla-
tion of dark-color-valued units intersecting the queried
line at points A and B with those at A" and B’ was
postulated. Field reconnaissance has indicated that
there is in fact a significant area of unmapped volcanic
rocks in the eastern Pinto Mountains, although it is
subordinate to the granite intrusives (fig. 4-5(c)).
However, the dark color values do not represent
equivalent lithologic units, so the suspected fault dis-
placement was not confirmed. The dark units in the
eastern Pinto Mountains are metavolcanic and granitic
intrusive rocks, whereas volcanic-derived metasedi-
mentary rocks comprise the southern Coxcomb and
Palen Mountains.

There are several points to note in figure 4-5(a) with
respect to photointerpretation of the dark color values.
First, this particular granitic rock in the Pinto and Eagle
Mountains is deeply colored by desert varnish; thus, its
color value in the eastern Pinto Mountains is difficult to
distinguish from that of the lithologically darker
metasedimentary and metavolcanic rocks. Second, the
texture and the color of the alluvial material derived
from the granitic unit are distinct from those derived
from the sedimentary and volcanic units. In particular,
the freshly broken stream material is lighter colored in
granitic-derived fans than in fans derived from
metavolcanic or metasedimentary rocks. This contrast
probably reflects primary lithologic color differences
unbiased by desert varnish. Third, metasedimentary
and metavolcanic rocks are indistinguishable on the
basis of color value. Fourth, the texture and the color of
the alluvium derived from metasedimentary and
metavolcanic sources are indistinguishable.

The geologic usefulness of the Skylab photographs of
southeastern California is constrained by the overlap of
color value contributed by lithology and that con-
tributed by desert varnish. The usefulness may,
however, be enhanced by coordinating photointerpreta-
tion and field study. Comparison of photographs taken
of a single area with visible and infrared film and at
different Sun angles might further help to distinguish
lithologic units.

Northern Baja California

Northern Baja California was divided into five
specific sites (fig. 4-8(b)) and objectives, and the detail
of photography, visual observations, and commentary
varied greatly among these sites. The crew focused par-
ticularly on the Agua Blanca Fault zone (site 3) but also
addressed themselves directly to the other sites. A total
of 58 Hasselblad and 44 Nikon 55- or 300-mm photo-
graphs of the test area was obtained.

The geology of Baja California has not been studied
in great detail, and the potential yield from satellite-
based observations and photographs in terms of
geologic reconnaissance is therefore high. The overall
objective of the experiment was to identify (1) major
patterns in the folded strata, (2) the occurrence of gran-
ite plutons, and (3) the location of major faults and con-
spicuous recent geological features. The photographs
provide an overview of large areas of the peninsula that
cannot be obtained from conventional aerial photo-
graphs; they are therefore especially useful for observa-
tion and integration of large-scale structural
patterns.

The results are discussed under four major topics:
(1) observation and interpretation of the significance of
a 200-km-long light-colored stripe (site 1) and associ-
ated linear features, (2) recognition and mapping of ig-
neous intrusive bodies (plutons), (3) observations of
the Agua Blanca Fault zone and related features, and
(4) photogeologic mapping of major fracture patterns in
the northern part of the peninsula. The crewmen also
photographed and discussed the young volcanic
features at San Quintin and farther south (site 5). Ap-
parently, the cinder cones were more clearly visible to
the naked eye than they are in the photographs. Little
detail of the volcanic construction is visible in the
photographs, despite the fact that the photographs are
of as good quality as any of the others.

The light-colored stripe and associated linear
features.—The objectives of the Skylab 4 crewmen for
sites 1 and 4 were to photograph and trace the extension
of two major linear features (A and B in figs. 4-8(a) and
4-8(b)). The goal was to map these features, to identify
patterns or differences in the rocks or vegetation on
either side of these features, and to search for evidence
relating to their geologic nature.

Numerous photographs show both features clearly,
especially the light-colored stripe (A). The crewmen
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were able to recognize this stripe for a distance of ap-
proximately 45 km southward from a point just south
of the San José pluton. In figure 4-8(a), the stripe can
be traced much farther, for a distance of nearly 100 km
southeastward from Arroyo Calentura. North of the
San José pluton, the stripe is less well defined than it is
farther south, and it may, in fact, consist of two sub-
parallel stripes that possibly combine near the northern
end of the pluton. Near B in figure 4-8(b), the light-
colored stripe merges with a region of arcuate patterns.
Because it is generally exposed on westward- or

southward-facing slopes, the stripe is most clearly visi-
ble when illuminated by midday or afternoon Sun.
Field studies at four localities (fig. 4-8(b)) indicate
that the light-colored stripe is principally the expression
of a specific stratigraphic zone in the prebatholithic sec-
tion, at least along a 15-km-long segment north and east
of the San José pluton. The light color is due to (1) the
paucity of brush and the smoothness of the ground sur-
face underlain by this unit, (2) the light color (tan) of
the rock and its derivative soil, and (3) the fissile (platy
and chippy) nature of the rock that partially covers the

FIGURE 4-6.—Conjugate linear fractures in the north-central Peninsular Ranges. (a) Photograph (SL.4-203-7802). (b) Sketch map.
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slope with small reflective platy chips lying parallel to
the ground surface. However, for a 2-km distance be-
tween the two northernmost field sites, the stripe coin-
cides with a steep southward-facing reflective slope in
the southern margin of a light-colored granitic (tonalite)
pluton. Farther south, a 15-km portion of the stripe
(near A on fig. 4-8(b)) appears on the photographs to
coincide with the western escarpment of the Sierra San
Pedro Martir. In the latter area, the light-colored stripe
may be a manifestation of the same stratigraphic zone,
or it may be due to reflection off a steep westward-

facing slope that possibly coincides with the western
margin of a large mass of granitic rock underlying much
of the sierra (the largest stippled area in fig. 4-8(d)).
Thus, although evidence suggests that the light-colored
stripe defines the distribution of a single stratigraphic
zone, it is not known that this condition exists along its
entire length. Field studies at additional localities along
the stripe are required to resolve this question.

The recognition that the stripe is related to a
stratigraphic unit provides new and extremely valuable
information on the regional stratigraphy and structure

N
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in the prebatholithic rocks. For the first time, it appears
that a single stratigraphic zone can be traced from a
region west and northwest of the San José pluton,
where the age and general structural characteristics are
fairly well known, into a little-explored area southeast
of the pluton. Northwest of the pluton, the light-colored
stripe is part of a section known from the work of Silver

£
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et al. (ref. 4-5) to be part of the Alisitos formation of up-
per Lower Cretaceous age. In reference 4-5, it was
shown that this section can be traced from the Pacific
coast just south of the Agua Blanca Fault zone south-
eastward for 110 km to the San José pluton. Little infor-
mation exists for the area southeast of this point. The
trace of the light-colored stripe now suggests that, east

FIGURE 4-7.—Fracture patterns in the granitic rocks of southern Sierra Nevada around Lake Isabella (S1.4-203-7787).
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FIGURE 4-8.—Northern Baja California. (a) Photograph (S1.4-197-7428). (b) Trace of linear features A (light-colored stripe) and B and the in-
tervening region of arcuate patterns. Small X's denote locations of ground study. (c) Overview of the Agua Blanca Fault zone and associated
fractures. (d) Principal sharp linear features and several prominent plutons (stippled). Lines are dashed where defined only by vague color
change or where continuity is probable but uncertain.

and southeast of the pluton, the Alisitos formation tir. This projection, however, should be tested by more
swings abruptly to a more southerly trend and can be extensive ground observations, particularly concerning
projected with reasonable confidence for another 55 to the validity of the identification of the light-colored
60 km parallel to the trend of the Sierra San Pedro Mar- stripe as the trace of a single stratigraphic zone.
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Near the San José pluton and in much of the area to
the west and northwest, the Alisitos strata are known to
be tightly folded, but the structure of this region has not
been mapped. Near Arroyo Calentura, the occurrence
of two light-colored stripes may be a manifestation of
this folding. Folding may also account for the apparent
discontinuity of the stripe east of the San José pluton.
Recognition of the stripe has thus provided a geologic
feature that can be mapped and used to decipher the
complex structures of the region.

At feature B on figure 4-8(b) is the northernmost and
least well defined portion of a major linear feature.
Although the trend of this linear is parallel to and along

108 SKYLAB EXPLORES THE EARTH

the projected extension of the light-colored stripe (A),
it is separated from the stripe by a 25-km-long area
dominated by complex arcuate rather than linear pat-
terns. The photographic coverage of the linear feature at
B did not result in new information on the nature or the
structural or stratigraphic relationship of the feature to
the light-colored stripe.

Recognition and mapping of igneous intrusive bodies.—
The crewmen were asked to describe and photograph ig-
neous intrusive masses (plutons) with particular
emphasis on their size and distribution and their rela-
tionship to layering in the surrounding rocks. The San
José pluton (figs. 4-8(a), 4-8(b), and 4-8(d)) served as a
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readily visible and identifiable reference. Other plutons
are also visible on many photographs, yet compar-
atively few of the plutons known to exist are actually
recognizable. However, the crewmembers have
emphasized that the plutons, especially the San José
pluton, were much more clearly visible to the naked eye
than they are in the photographs.

The identification of plutons on Skylab photographs
appears to be dependent on Sun angle, density of
vegetative cover, and atmospheric clarity. An oblique
view of an area also may aid or hinder the identification
of plutons. Arcuate patterns associated with known or
possible plutons are shown in figure 4-9(a), a Nikon

300-mm oblique photograph taken in the early morning.
These patterns have been traced on the sketch map in
figure 4-9(b). The plutons are revealed principally by
their topographic expression enhanced by the low Sun
angle. The color and the albedo contrast between the
plutons and their surrounding rocks are subdued, partly
because illumination is not uniform at a low Sun angle
and partly because, under these lighting and viewing
conditions, vegetation is especially effective in masking
color variations.

Contrast figure 4-9(a) with figure 4-8(a), which is a
near-vertical Nikon 55-mm photograph taken at a high
Sun angle (about 11:30 a.m. local time). Color and
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albedo contrast are enhanced in the latter photograph,
but topographic expression is less pronounced. Several
prominent plutons recognized in figure 4-8(a) have
been outlined in figure 4-8(d). The San José pluton and
a smaller pluton several kilometers to the southeast are
strikingly visible in figure 4-8(a), principally because of
their high albedo. Unlike the plutons visible in figure
4.9(a), these two bodies become less visible (although
still distinct) at low Sun angles. Thus, the ideal Sun
angle for satellite observation and photography of
plutonic bodies varies, depending on whether the
bodies are best distinguished by their topographic ex-
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pression or by their color and albedo contrast with adja-
cent rocks.

Many more plutons are known to exist in the area
shown in figure 4-8(a) than are indicated on figure
4-8(d). Some can be distinguished vaguely on the photo-
graph, but many cannot. Although the effect of vegeta-
tion is minimized by the high Sun angle and the near-
vertical view, vegetation still is an important factor in
masking color and albedo contrast between the plutons
and their adjacent rocks. In addition, atmospheric haze
has probably reduced both spatial resolution and color
and albedo contrasts. In the absence of clouds, the




effects of haze are not obvious. The ability of the
crewmembers to see plutons more clearly than they ap-
pear on the photographs is due to an observer’s ability
to mentally compensate to some degree for obscuring
effects such as haze and shadows.

Despite the difficulties in recognizing many plutons
on the Skylab 4 photographs, it is clear from figures
4-8(a), 4-8(d), 4-9(a), and 4-9(b) that a combination of
low- and high-Sun-angle photographs and visual obser-
vations could contribute significantly to reconnaissance
geological mapping in unexplored areas, particularly
where conventional aerial photographic coverage is not
available. For problems requiring maximum color and
albedo contrast, high-Sun-angle vertical-view photo-
graphs are essential.

Agua Blanca Fault zone and associated fractures.—
The greatest part of the crew’s effort in northern Baja
California was directed toward the Agua Blanca Fault
zone (site 3). In addition to general observation and
photography of the fault zone, the investigation of the
site involved two principal questions. How far east can
the fault be traced? Can offset streams or other features
indicative of the relative motion on opposite sides of
the fault be recognized by the crew or on photographs?
The astronauts’ verbal commentary concentrated on (1)
the striking physiographic expression of the fault —
especially the appearance of a “k” shape defined by the
intersection of Arroyo Calentura with a canyon from
the north and a canyon along the fault trace (figs. 4-8(a)
and 4-10(a)); (2) the eastern limit of the fault zone—
whether or not it crosses Valle de San Felipe and
reaches the Gulf; and (3) suggestions of offset along the
fault zone. Twenty photographs with the fault as the
principal target were obtained by the crewmen.

In figures 4-8(c), 4-10(b), and 4-11(b), the known
trace of the fault breaks as mapped by Allen et al. (ref.
4-6) has been drawn, together with some of the more
prominent subparallel lineaments. The correspondence
between the fault trace and the topography is obvious.

The astronauts looked repeatedly but saw no evi-
dence that the fault zone crosses the Valle de San Felipe
to the Gulf of California. Several excellent photographs
(e.g., fig. 4-11(a)) reveal only faint lineaments east of
the end of the mapped trace of the fault zone, and most
of these lineaments stop at the western edge of the
valley. Physiographic evidence of a major fault appears
to terminate at the end of the mapped trace of the fault
zone. Thus, the photographs and crew observations

offer no contradiction to the ground-based interpreta-
tion that the fault zone ends west of the Valle de San
Felipe. The objectives of this aspect of the site 3 study
were very successfully completed.

An important goal at site 3 was to determine whether
or not small-scale fault features such as offset streams
could be recognized from Skylab. The commander (at
18:46:07 GMT, Dec. 7, 1973) interpreted the “k™ pattern
as a “cross-fault” offset in a left-lateral sense by move-
ment on the Agua Blanca Fault zone (fig. 4-10). He also
inferred (02:31:24 GMT, Jan. 20, 1974) a left-lateral
offset of a stream crossing the fault zone just west of the
“k.” However, detailed ground studies of this region by
Allen et al. (ref. 4-6) have shown that the direction of
relative motion on the fault zone is right-lateral. The
suggested left-lateral stream offset described by the
commander is indicated in the rectangular area outlined
in figure 4-10(b). In figure 4-10(a), a drainage (A, fig.
4-10(b)) enters the fault zone from the northeast, ap-
pears to be diverted approximately 4 km southeastward
along the fault zone (B), and then turns abruptly south-
westward away from the fault. Field data have shown
that the drainage is actually diverted approximately 6
km northwestward (C) along the fault zone (fig.
4-10(b)). A low drainage divide (not distinguishable on
the photograph) would not permit the drainage from
northeast of the fault to connect with the drainage that
intersects this fault at B on figure 4-10(b).

Two points should be emphasized concerning the use
of offset streams as evidence of fault motion. First,
such offsets are generally small-scale features. Second,
reliable interpretation of relative motion from such
offsets requires observation of numerous offsets with
consistent direction. Sharp jogs in drainage traces may
result from processes other than fault motion and may
even be in the direction opposite that of the true relative
motion. The true relative fault movement is indicated
only when there is a pattern of many consistent offsets.
Allen et al. (ref. 4-6) observed numerous right-lateral
stream offsets along much of the length of the Agua
Blanca Fault zone, but the offsets are generally on the
order of tens to hundreds of meters. One offset iden-
tified by Allen et al. can be seen, although in a distorted
and unconvincing view, in figures 4-10(a) and 4-10(b)
(the feature labeled “0.S.”). Fault offsets of the mag-
nitude of the Agua Blanca Fault zone can be identified
by crewmen and in satellite-based photographs. The
crew emphasized that the details along this fault zone
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(a)

FIGURE 4-9.—Arcuate features associated with known or possible granitic intrusive bodies in northern Baja California. (a) Photograph

(SI1.4-203-7808). (b) Sketch map.

were more distinct to the naked eye than in the photo-
graphs. The most effective photographs for study of
fault features are those taken as vertical or slightly
oblique views perpendicular to the length of a fault
zone, particularly at low Sun angles.

In summary, the Skylab 4 crew commentary and the
handheld-camera photographs have shown that
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satellite-based observations and photographs have
definite potential for discovery and reconnaissance
mapping of faults of the magnitude of the Agua Blanca
Fault zone and associated small structures.

Fracture patterns in northern Baja California—The
Skylab 4 photographs are particularly useful in provid-
ing the basis for an integrated analysis of the fracture
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systems in northern Baja California. Figure 4-8(d) is a
sketch map of the principal sharp linear features that
are visible in figure 4-8(a), a photograph of most of
northern Baja California. Several prominent plutons
visible in figure 4-8(a) are traced in figure 4-8(d). The
sketch map reveals the principal fault and fracture pat-
terns in the region. With similar photographs of the en-
tire peninsula, a photolineament map could be con-
structed that would be extremely useful in geologic
analysis.

Nearly all the linear features in figure 4-8(d) are part
of three well-defined sets: (1) a set that is subparallel to
the Agua Blanca Fault zone and generally strikes N 70°
to 90° W but extends to N 80° to 90° E; (2) a set that
strikes N 25° to 35° W parallel to the high mountain
ranges and to the axis of the peninsula; and (3) a less
well developed set that strikes N 30° to 55° E. The re-
maining lineaments generally strike N 60° to 80° E.

The linear set that strikes N 70° to 90° W tends to be
concentrated in discrete zones such as those just north
and south of the San José pluton. North of the Agua
Blanca Fault zone, some of the linears have been pre-
viously identified as faults and others are probably ma-
jor fractures or fracture zones without significant offset.
Major faults that parallel this trend have not been recog-
nized south of the Agua Blanca Fault zone.

The N 25° to 35° W set is very strongly developed
along and parallel to the eastern escarpments of the
Sierra Juarez and Sierra San Pedro Martir. East and west
of this zone of maximum development, parallel linea-
ments are sparse. Some of these linears may reflect ma-
jor faulting parallel to the escarpments.

A series of alined short features suggests the
possibility of a major throughgoing linear feature that
extends N 30° W from just east of the largest pluton
across the Agua Blanca Fault zone and to the northern
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edge of the map. This zone is especially striking in the
photograph (fig. 4-8(a)); if it is continuous, it suggests
that no major lateral offset has occurred along the
eastern part of the Agua Blanca Fault zone since the
development of this N 30° W structure.

The N 30° to 55° E set is sparsely developed
throughout the area and is the least consistent in trend
of the three main sets. Neither it nor the N 60° to 80° E
set is parallel to any other obvious geographic or
geologic features in the area. At present, there is no evi-
dence of major faulting parallel to these fractures.

Sierra Mazatan, Sonora, Mexico

The Sierra Mazatan in Sonora was selected as an im-
portant geological subject for study from Skylab
because it is topographically distinctive, geologic infor-
mation is sparse, and detailed topographic maps and
aerial photographs are not available. The small moun-
tain range is composed almost entirely of intensely
deformed granite that can be distinguished chemically
and structurally from adjacent rocks. The crewmen
were asked to consider the possibility that the entire

FIGURE 4-10.—Central and eastern portions of the Agua Blanca Fault zone. Letters in inset are explained in text. (a) Photograph

(S1.4-203-7809). (b) Sketch map.
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mountain range may have been brought to its present
site by profound faulting. They were requested to ob-
serve and photograph linear features that might repre-
sent such fault systems and to search in the moun-
tainous region surrounding Sierra Mazatan for
topographic characteristics similar to those of the range.

The Sierra Mazatan region was thoroughly photo-
graphed, without commentary, by the Skylab 4 crew-
men. Inspection of the photographs (e.g., fig. 4-12(a))
has not revealed features similar to Sierra Mazatan
within a radius of 50 km. In regard to major fault
systems, the Skylab 4 photographs and postmission
field studies have identified a north-trending linear
feature that passes a few kilometers east of Sierra
Mazatan (figs. 4-12(a) and 4-12(b)). This feature may
represent a suture structure and can be traced for more

than 100 km south toward Ciudad Obregon and about
the same distance to the north. Further field studies are
necessary to determine whether this is a significant
structural feature related to the origin of Sierra
Mazatan.

Northwestern Sonoran Coast Fault Zones

The evolution of the continental margin in north-
western Sonora has been investigated by the senior
author for several years. Along the coast between
Puerto Libertad and Bahia Kino (fig. 4-13), northwest-
trending faults that parallel the coast have been
mapped. Associated with the region of faulting is the
termination of the older crust (Precambrian and

(b)

Drainage divide

Known faults
(dashed where inferred)

—— Photolinears

—-— Drainage
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FIGURE 4-11.—Known faults and parallel lineaments at the eastern end of the Agua Blanca Fault zone. (a) Photograph (SL4-193-7190). (b)

Sketch map.

Paleozoic rocks) against younger crust (middle and late
Mesozoic volcanic and granitic rocks). The Skylab 4
crewmen were requested to search for linear trends in

the coastal desert as possible expressions of major fault
zones, both active and inactive, that might have
modified the continental margin.
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An excellent folio of photographs of the Sonoran
coast was obtained. Analyses of these photographs have
confirmed the presence of throughgoing fault zones. In
figure 4-13(b), the general dimensions of the fault zone
are visible from north of Puerto Libertad to south of
Bahia Kino. In figure 4-14, numerous linear features are
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visible in the bedrock that forms the Sierra Seri and
Sierra Bacha.

The photographs and ground studies reveal that, in
general, there is little evidence of recent fault move-
ment and displacement of the surface. Only at a point
just north of Puerto Libertad and east of the tied island
of Punta Tepopa were there possible suggestions of ac-
tive faults. Several major and many minor drainages
cross the fault zone without indication of fault offset.
The principal fracture systems offset middle (?) to late
(?) Tertiary volcanic and nonmarine sedimentary
rocks. It is inferred that movement along the major
fractures of these zones occurred in the Miocene or
Pliocene with perhaps some recent reactivation locally.

The evidence indicates that the coastal structural
zone developed before the establishment of the pres-
ently configured Gulf of California, which is estimated
to be 4 to S million years old. The structural zone may
be related to the development of a protogulf, a series of

elongate marine basins that preceded the throughgoing
Gulf of California rift system (ref. 4-7). The sense and
magnitude of displacement on the structural zone has
not yet been established. As indicated in figure 4-13(b),
the fractures parallel the presently known southwestern
limit of the older continental crust and are approx-
imately 30 km from the nearest Precambrian rock ex-
posures. An important possibility is that the fractures
identified in the Skylab photographs constitute part of a
late Tertiary strike-slip fault zone along which two dis-
similar crustal blocks have been juxtaposed. This would
imply-a possible correlation with early movements on
the larger San Andreas/Gulf of California transform
fault system.

In summary, the visual observations and photo-
graphs have provided an integrated view of the Sonoran
coastal fault system that emphasizes its regional signifi-
cance and that will guide future research programs.
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FIGURE 4-12.—The Sierra Mazatan in northwestern Sonora, Mexico, an anomalous mountain range of deformed granite the structural posi-
tion of which may be related to a possible north-trending fault suture to the east of it. (a) Photograph (SL4-141-4398). (b) Sketch map.
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FIGURE 4-13.—The coastal fracture system of northwestern Sonora revealed in this photograph appears to be related to, but older than, the ac-

tive transform fractures within the present Gulf of California. (a) Photograph (S1.4-140-4155). (b) Sketch map.

GEOLOGICAL FEATURES OF SOUTHWESTERN NORTH AMERICA

121




(a)

FIGURE 4-14.—The coastal fracture zones of Sonora, Mexico. (a) Photograph (SL.4-194-7236). (b) Sketch map showing details of the coastal

fracture zones of northwestern Sonora, Mexico.

Sierra del Alamo, Sonora, Mexico

The color contrasts in the Sonoran desert strikingly
reflect the diversity of geologic formations and rock
types exposed in the region, despite the homogenizing
effects of desert varnish. For this region, the Skylab 4
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crewmen were asked to observe and photograph dis-
tinct color and textural units in the Sierra del Alamo
and adjacent ranges to the south.

Analysis of one of these photographs (fig. 4-15)
revealed the occurrence of previously unrecognized
Precambrian “basement” rocks south of Sierra del
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Alamo in the northern and central region of Sierra Vie-
jo. The dark zone adjacent to the granitic terrain was
found to contain a variety of metamorphic rocks includ-
ing granitic gneisses and metasedimentary schists.
South of the granitic rocks, a complex structural belt of
late Precambrian and early Paleozoic sedimentary rocks
extends to the southern tip of the range. The combina-
tion of Precambrian and Paleozoic formations in the
Sierra Viejo represents the most southwesterly exten-
sion of the North American craton (older crust) iden-
tified thus far (fig. 4-13(b)).

Arizona

The yield of observational data for the Arizona
region, although less extensive than for the other study
areas, included excellent photographs of the Colorado
River system. The erosional features and the principal
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structures of the Grand Canyon and the adjacent
plateaus were captured by the astronaut photographers
in a remarkable demonstration of man’s ability to op-
timize an opportunity for obtaining unique photo-
graphic data of the Earth’s surface. Two areas in
Arizona to which the Skylab 4 handheld-camera photo-
graphs have contributed new geologic insight are dis-
cussed in the following sections.

Central Arizona.—Linear or arcuate features, due pri-
marily to faulting, have been identified in the photo-
graphs of the central Arizona study area. Some of these
features were known faults, some are extensions or con-
nections of known faults, and some were previously
unrecognized.

Of specific interest are the arcuate features. Conway
(ref. 4-8) has mapped a system of northeast-southwest
faults in northern Gila County, some of which swing
around to the north to trend north-south. A very similar
arcuate feature is one of the salient features of the
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FIGURE 4-15.—Sierra Viejo in northwestern Sonora, Mexico. (a) Photograph (S1.4-203-7821). (b) Sketch map showing geologic subdivisions.

northern Mazatzal Mountains (fig. 4-16). A part of this
feature was earlier mapped (ref. 4-9) as an almost
straight fault, the Deadman Fault. This entire arcuate
feature is almost certainly a fault and probably of the
same origin as the arcuate faults first identified only 32
km to the east by Conway. There are much weaker sug-
gestions of other such arcuate features. Recognition in
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the photographs of arcuate faults, and possible arcuate
faults, in a much broader area than that in which similar
features were first mapped is very exciting. Further
search for and confirmation of these features in Skylab
Earth resources experiment package (EREP) photo-
graphs is important; understanding such a distinctive
regional fault system will have significant implications
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for the nature of the tectonic regime in which this old
portion of the Earth’s crust was both formed and subse-
quently modified. Work is proceeding on this project.
In regard to Precambrian structures, the northeast-
southwest grain was noted throughout the Sierra
Ancha-Mazatzal Mountains area (fig. 4-16), thus con-
firming and clarifying what has been noted by many
geologists over the years. The usefulness of the photo-
graphs in this regard is the identification of lineations in
areas where detailed mapping has not yet been done.
This will aid the future determination of the nature and
extent of faulting. There are suggestions of continuation
of faults only partly mapped in earlier studies.
Tertiary faulting in the Sierra Ancha-Mazatzal
Mountains area has extensively modified the Pre-
cambrian terrain. These faults are more difficult to see
in the photographs than the Precambrian structures but
are nevertheless decipherable. One probable Tertiary
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fault is newly identified in figure 4-16. This fault is a
prominent linear feature that runs northwest-southeast
for more than 24 km in the northern Mazatzal Moun-
tains and is on trend with the central Verde Valley to
the northwest. There are numerous other lineations of
similar trend and probably of related Tertiary origin.

The understanding of Tertiary structure in this area
is exceedingly important because it would provide clues
to the nature of the profound transition from the thick,
relatively undeformed Colorado Plateau crustal block to
the much thinner, structurally complex Basin and
Range crustal block. Understanding the nature of this
transition is particularly important in understanding
geologically recent crustal activities that have been (and
still may be) modifying the southwestern North Ameri-
can crust and that have played an important role in the
origin of some metallogenic processes.
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FIGURE 4-16.—The northern Sierra Ancha and the Mazatzal Mountains. (a) Photograph (S1.4-142-4438). (b) Sketch map showing northeast-
southwest structural grain and major northward-curving faults. The straight northeast-southwest segment of the Deadman Fault was mapped by
Wilson (ref. 4-9), but the northward-curving extension is a new suggestion based on figure 4-16(a). Arcuate faults (C) were mapped by Conway
(ref. 4-8), and a probable Tertiary fault (T) is parallel to the projected extension of the central Verde Valley.
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Northern Arizona linear features.—Skylab 4 photo-
graphs of the Grand Canyon area of northern Arizona
(figs. 4-16(a), 4-17, and 4-18(a)) are remarkable in
clarity, resolution, and color contrast. The conditions
that prevailed during photography (early to midafter-
noon winter Sun, excellent visibility, cloudless skies,
and light snow cover at higher elevations (greater than
1525 to 1825 m)) combined to make these photographs
unusually valuable to the geologist. Although the Grand
Canyon was extensively photographed by the Skylab 4
astronauts, the other photographs do not compare in
quality.

The light snow cover is particularly helpful in
enhancing some linear features and in providing con-
trasts both in elevation and in vegetation cover. For ex-
ample, the unforested areas and drainage bottoms are
sharply defined in white. Abundant lineations, which
reflect faulting, jointing, and monoclinal flexing (all
only partly mapped) are spectacularly highlighted on
the photographs. Some structural features, however, are
not visible under the conditions in which these photo-
graphs were taken. In the summer or in morning light,
other lineations might appear and some that are visible
in these photographs would disappear.

All lineations suggestive of jointing, folding, or fault-
ing were determined from analyses of figures 4-16(a),
4-17, and 4-18(a) and were compiled on topographic
maps. As an example, figure 4-18(b) was compiled from
a Skylab 4 photograph (fig. 4-18(a)) and illustrates the
technique and the detail in which throughgoing linea-
tion systems can be seen. Only a few of these features
correlate with structures shown on the geologic map of
Arizona (ref. 4-10). These include a few discontinuous
major north-south faults that are irregular in trend. In a
recent structural study of a central portion of this area
(fig. 4-18(b)), Lucchitta (ref. 4-11) has mapped
numerous north-south faults. The lineaments traced
from the Skylab photograph correspond well with the
faults shown on this map.

Lucchitta hypothesized that the straight portion of
the Grand Canyon from the mouth of Kanab Creek (A,
fig. 4-18(b)) southwest to the first major southward
bend of the river (B) is a structurally controlled seg-
ment. He also noted on a Landsat image a zone of linea-
ments that trend northeast. A major discovery from
analysis of the Skylab photograph (fig. 4-18(a)) is a pro-
nounced set of lineaments along, and particularly on
trend to the southwest of, the straight segment of the
canyon. This documentation supports Lucchitta’s sug-
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gestion of structural control for this segment of the
river.

Shoemaker et al. (ref. 4-12) compiled a structural
map of northern Arizona (fig. 4-19) from published
sources and Landsat imagery. A mosaic of lineaments
from the photographs was prepared from figures
4-16(a), 4-17, and 4-18(a) and generally there is good
agreement between the two maps. As expected, many
faults shown in figure 4-19 were not detected in the
Skylab photographs. Conversely, a surprising number
of Skylab photograph lineaments was found to be with-
out analogs in figure 4-19. Skylab photograph linea-
ments that do not correspond to faults on the map by
Shoemaker et al. are shown in figure 4-20. Most pro-
nounced are the northeast-southwest lineations that are
best shown in the western part of the Grand Canyon.
Numerous faults of this trend are shown by Shoemaker
et al. in the far eastern part of the Grand Canyon in and
near the Bright Angel Fault system and farther south
and east in the Mesa Butte Fault system, but the linea-
tion system seen so clearly to the west in the Skylab
photographs has essentially no fault representation on
their map. The Skylab data show quite clearly a strong
structural trend in near coincidence with, though
perhaps displaced to the north of, a structural zone in-
ferred by Shoemaker et al.

Fault offset has not been demonstrated on the newly
discovered lineaments and, if present, may be very
minor. Fault offset on the Sinyala Fault is only approx-
imately 5 m on the bend of the river (attenuating up-
ward to less than 1.5 m in the highest strata of cuts), but
the fault is continuous for 48 km and profoundly in-
fluences topography (ref. 4-13, p. 331).

Rejuvenation of motion along old Precambrian fault
lines is well documented (refs. 4-12 and 4-13) for faults
cutting Paleozoic strata of the Grand Canyon area. This
is particularly true for those faults trending northeast-
southwest, and Shoemaker et al. suggest that the Mesa
Butte, Bright Angel, and Sinyala systems are developed
on great Precambrian fault zones.

It is well known that the Precambrian basement of
Arizona has a strong northeast-southwest structural
grain. Skylab photograph lineaments strongly support
the suggestion of a Sinyala system and add significantly
to the overall northeast-southwest fault pattern. Ap-
parent concentration of these lineaments in the deeper
portions of the Grand Canyon area may further support
the idea of reactivation on Precambrian faults.



FIGURE 4-17.—The Grand Canyon area of northern Arizona (S1.4-142-4436).
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(b)

FIGURE 4-18.—The northern Arizona area. (a) Photograph (S1.4-142-4435). (b) Sketch map showing linear fractures developed in the surface
strata of the Colorado Plateau in the vicinity of the Grand Canyon as revealed in the photograph.
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FIGURE 4-19.—Map of faults in northwestern Arizona. Most faults shown are normal faults; bar and dot on downthrown side (from ref. 4-12).

SUMMARY OF SIGNIFICANT RESULTS

The Skylab 4 geologic investigations have yielded the
following geologically significant results.

1. Demonstration of an 11-km left-lateral displace-
ment on the Chiriaco Fault zone and of the presence of
other previously unidentified faults of similar orienta-
tion and sense in the Colorado Desert of southern
California

2. Evidence of a previously unrecognized major
northwest-trending shear zone on the northwestern
coast of Sonora, Mexico

3. No evidence that would dispute the abrupt eastern
termination of the Agua Blanca Fault zone in northern
Baja California
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4. Recognition of the extensive nature of conjugate
linear fracture systems in the crystalline rocks of penin-
sular California over a distance of more than 644 km

5. Identification of a continuous stratigraphic
reference zone in the prebatholithic rocks of northern
Baja California

6. Discovery of the most southwesterly known oc-
currence of Precambrian crystalline rocks in the North
American continent

7. Discovery of a previously unmapped section of
Mesozoic (?) volcanic rocks in the Pinto Mountains of
southeastern California
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FIGURE 4-20.—Sketch map showing previously unrecognized fracture systems in northern Arizona revealed by the Skylab 4 handheld-camera

photographs.

RESEARCH VALUE OF SKYLAB 4 GEOLOGICAL
OBSERVATIONS

The research reported herein represents the integra-
tion of the orbital observation data with extensive
ground studies. These studies were supplements to
ongoing long-term research programs, which provided a
background of problem awareness for the recognition of
research potential in the Skylab 4 observations. It is
desirable to establish as clearly as possible the direct
research value of these observations.

The primary contribution is in the form of excellent
photographs that could be applied in photogeologic ap-
praisals of the several regions. As noted previously, ver-
bal commentary by the astronauts was largely limited to

establishing subject, time, and photographic conditions.
However, the debriefing indicated a much greater po-
tential in terms of crew awareness and sensibilities than
was recorded in real time or than was translated and
focused in postmission contacts. It was only in the in-
spection of the eastern terminus of the Agua Blanca
Fault zone that the crew positively verbalized their
research conclusions. Our ground studies supported
their validity.

The great value of the photographs is in the effective
selection of a view of the subject in which lighting and
camera position, as well as other transient conditions,
permit the geologically significant aspects of the subject
to be photographed. This requires a value judgment on
the part of the operator of the handheld camera, which
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distinguishes his work from mapping-camera photogra-
phy. There is a tendency to view geological subject
material as static and therefore automatically captur-
able. This is erroneous. Informative photographs of
geological features are the result of an educated pho-
tographer recognizing an effective opportunity.

The astronaut photography was very effective for the
majority of the designated sites and for the opportunity
sites, which confirms that the astronauts were able to
perceive the spatial and geometric relations under,con-
sideration. The effectiveness of the photography in-
creased as the mission progressed. Even without seeing
their photographic product, the astronauts seemed to
learn to appreciate and document the better perspec-
tives of their subject matter. An outstanding example is
the sequence of oblique photographs of the California
fault systems from which the mosaic in figure 4-3 was
created.

There were several sites (e.g., the plutons of the
peninsular batholith) in which the camera failed to cap-
ture what the astronauts could clearly discriminate.
These discrepancies must reflect our lack of under-
standing of all the factors by which the human eye and
brain exceed the camera and film in perception. It is
clear that the training of the astronauts for handheld-
camera photographic documentation was more or less
perfunctory and that the equipment which they carried
was good but not optimal.

The photographic product that was introduced into
our research, then, was an astronaut-selected view of
the Earth from which an attempt was made to recognize
the important geological patterns bearing on the
research objectives. The scale of the features observed,
the ability to interrelate large features in areas measur-
ing 10 000 to 100 000 kmz, and the unexpected revela-
tions about the organization in the surface patterns are
contributions almost unique to these types of data. The
color values, when the lighting and photographic proc-
essing were optimal, were also unprecedented in our ex-
perience.

Essentially, this visual information has provided a
large-scale framework on which the details derived
from surface studies can be organized. In the best cir-
cumstances, local investigations can be expanded much
more confidently to their proper regional significance.

An appropriate example can be drawn from a recent
research report (ref. 4-14) in which it was tentatively
concluded that an enormous fault zone, active about
150 to 200 million years ago, sliced northwest-southeast
across southwestern North America from California to
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Mexico and displaced the crust at least 800 km. This
was an unsuspected structure the existence of which ex-
plained many first-order plate tectonics problems in
continental evolution. The research leading to this con-
clusion was at least 6 years in progress. In the spring and
summer of 1974, the implications of the research
became apparent, but the regional dimensions seemed
too vast to obtain extensive confirmation easily. By the
spring of 1974, the handheld-camera photographs of
Skylab were available. Although the coverage could not
be complete, it provided many clues to important sur-
face sites for detailed inspection and study in Califor-
nia, Arizona, and Sonora. The additional information
supported our hypothesis, and it was accordingly re-
ported. The Mojave-Sonora megashear has received
much recent attention. If it survives independent
scrutiny, the excellent Skylab 4 photographs must be
recognized as a valuable source of perspective in refin-
ing the final hypothesis. In the studies of coastal Sonora
that are reported herein, the possibility exists that still
other important features related to the growth and
modification of the continental margin can be recog-
nized.

Numerous other observations made by the astro-
nauts or developed from these studies of the photo-
graphs also have the potential for significant research
yield. It is emphasized that the most effective use of the
Skylab 4 data will be made in the course of its continued
incorporation and application in ongoing research at the
ground level. Until new programs of directed visual ob-
servations are initiated, only by additional surface in-
vestigations and by ground-truth tests to follow up the
many interesting implications of the existing photo-
graphs can more of this potential science be realized.

RECOMMENDATIONS

1. The Skylab 4 geology experiment has yielded data
of significant scientific value, and the Skylab 4 crewmen
have shown that there is still greater potential in this ap-
proach. Accordingly, future orbital missions should in-
clude plans for manned visual observations of Earth.

2. To achieve the potential yield, a comprehensive
planning, facility preparation, and training program is
necessary. A basic design for such a program should be
considered sufficiently soon so that the Skylab ex-
periences will not be forgotten.

3. An Earth-orbiting observatory on the Space Shut-
tle may be manned by a professional scientist.




Nevertheless, Shuttle astronaut crews should be given
training in geology and other Earth sciences so that
their natural observational talents can be directed
toward appropriate problems and targets of oppor-
tunity.
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