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Foreword

On July 4, 1976, the United States of America cele-
brated its Bicentennial. This report summarizes the
progress made by the U.S. Geological Survey during
the last year of the Bicentennial in collecting, ana-
lyzing, and publishing information about the Nation’s
mineral, water, and land resources and in supervising
mineral operations authorized by lease and permit
on the Federal lands.

As the Nation reflects on its first 200 years of his-
tory, the Geological Survey would like to call atten-
tion to the years ahead. Perhaps a quarter of a cen-

tury from now this country will mark the passage of

yet another milestone, namely the completion of the
building of a Second America.

What this means is that, if one were to add up the
resource production, construction, and consumption
that has taken place until now as the First America,
the equivalent accomplishment will likely be com-
pleted by the end of the 20th Century. Thus we shall
have to grow, mine, transport, build, manufacture,
and distribute as much in the way of material goods
as has been done in all previous American history. It
has taken us more than 400 years to build the First
America. We will build the Second in 25.

What exactly will this entail? To meet the needs
of an estimated population of 270 million people by
the year 2000, major urban areas will have to be ex-
panded. They are already increasing at the rate of
2,590 square kilometers (1,000 square miles) an-
nually, which is like adding a new Boston or Wash-
ington, D.C., each year. The areas coming under the
economic, planning, and development influence of
these metropolitan centers is expanding at 10 times
this rate—25,900 square kilometers (10,000 square
miles) a year—an area larger than the State of New
Hampshire. It is projected that the land areas ex-
pected to undergo development, coupled with those
needed for highways and surface mining, will amount
to more than 233,000 square kilometers (90,000
square miles) during this time period—nearly equiva-
lent to the State of Wyoming.

Building this Second America will require prodi-
gious amounts of resources, including energy, mate-
rials, water, and land. Just to maintain the present
levels of consumption of oil and gas, for example,
will require about 150 billion barrels of oil and more
than 500 trillion cubic feet of gas—substantially more
than we have produced and used throughout our
history.

The task of finding and producing the increased
volume of materials that will be needed in the next
quarter of a century will be a formidable assign-
ment. Some of these materials will be purchased
from sources abroad, but most of them will have to
come from our own soil. The Nation will have to
produce them within the context of rising costs and
increasing difficulty in finding and extracting the
necessary materials with minimal damage to the
environment. If the Second America is not built in-
telligently, the Nation could do as much environ-
mental damage as was done in building the First
America; however, we are much closer to the limits
of tolerance than ever before, and the risk of such
environmental damage is much more serious than in
the past.

To build and sustain the Second America, and do
it right, will be a challenge to all—politicians, scien-
tists, engineers, economists, businessmen, the labor
force, and the public at large.

The Geological Survey is ready to do its part in
meeting the challenge of the future. For the past 98
years the Agency has been accumulating the data
necessary to assess and inventory the Nation’s miner-
al and energy resources. During the years ahead,
efforts will continue to improve these estimates, fill in
the gaps in the data banks, and pinpoint new poten-
tial sources and deposits. New thrusts will be made in
mapping, assessing water resources, conservation,
and in providing other earth-science data for public
use. . .

To understand how the Geological Survey will re-

spond to the challenge of the future, it is useful to

look at the national trends which currently influence
the direction and content of the Survey’s activities.

Some of these are:

® Continued population and urban growth, increas-
ing the human use of the land and water, increas-
ing the natural hazard risk to the population, and
increasing concern for land-use and zoning
information.

® Economic growth, increasing the demand for min-
erals and fuels.

e Continued withdrawal of public lands from mineral
entry, resulting in an increasing need for areal
resource appraisal.

® Growth in the development and use of toxic and
hazardous materials (including nuclear energy),
increasing problems of waste disposal.



® The opening up and exploration of new domains
and frontiers, such as the subsea, the arctic, the
deep crust, and other planets.

® Deterioration of environmental quality and in-
creased public interest in environmental protec-
tion.

The Geological Survey’s primary missions have not
been affected very much by these trends because of
the way the 1879 Organic Act, under which the Survey
operates, was written. Broadly read, the Act is as
descriptive of the Survey’s principal missions now as
it was in the 1800’s. Many of the secondary missions
of the Geological Survey, however, have been influ-
enced by these national trends. Some examples are:

® Growth of the Conservation Division’s lease-man-
agement activity and inception and growth of
its tract-evaluation function.

® Inception of the Environmental Impact Analysis
program and growth in environmental studies.

® Inception of a national land-use and land-cover
mapping and analysis program.

® Growth of natural hazard studies and inception of
research for developing a prediction capability
for these phenomena.

® Inception of automation in data storage and han-
dling.

® Increasing activities in the coastal zone and the
identification of this area as a critical one for
topographic mapping, land-use mapping, study-
ing the onshore impact of offshore activities,
and for water, estuarine, and geologic studies.

® Inception and growth of the Earth Resources Ob-
servation Systems (EROS) program, the EROS
Data Center and planetary, subsea, and antarctic
studies and exploration.

® Inception of wilderness and native-land mineral
resource evaluations.

® Growth in energy and mineral resource assess-
ments and new responsibilities for exploration
and environmental protection on the Federal
lands. '

These are some of the new programs and activities
that the Geological Survey has recently implemented
in response to national trends and issues. In addition
to creating new programs and influencing the sec-
ondary missions of the Geological Survey, national
trends have also changed the character of the or-
ganization in terms of its methods of operation. Some
examples include:

® A shift to carrying out an increasing percentage of
the operation through grants and contracts.

® Replacement of professionals by highly trained and
skilled technicians and subprofessionals.

e Establishment of basic research and factfinding
"studies that are more diverse and becoming
more multidisciplinary in character.

® The initiation of a shift to the metric system.

The reader will find that throughout this report all
measurements are in metric units followed by the
English-system equivalents in parentheses. The use of
this measurement system is part of an effort by the
Survey to help the Nation shift to the metric system,
as called for by Public Law 94-168. The impact of the
conversion on Geological Survey programs is illus-
trated by an essay in the ‘“Perspectives’” section en-
titled ‘“Metrication—What It Means to Mapping.”

Probably the most difficult problem and greatest
challenge that the Geological Survey will face in the
future is how to communicate its information more
effectively to the public, the States, other Federal
agencies, the Congress, and the Administration. One
way is through the publication of an annua! report.
This year’s report for fiscal year 1976 consists of five
parts:

® The Year in Review—a review of the major issues,
events, achievéements, and program accomplish-
ments of the Geological Survey.

® Perspectives—a series of short essays covering ac-
tivities related to national issues, interdivisional
programs and recent advances in the earth sci-
ences.

® Missions, Organizations, and Budget—a descrip-
tion of the major roles of the Geological Survey
and the organization and budget it takes to
carry out these missions.

e A description of significant activities and program
highlights for each of the eight operating divi-
sions and offices.

® A set of statistical tables and related information
which documents workloads, production, and
accomplishments.

Supplemented by Professional Paper 1000, “‘Geo-
logical Survey Research 1976,” the latest in a series
of annual reviews of technical results of the Geolog-
ical Survey’s research programs, this Annual Report
provides a comprehensive description of the activities
of the Federal Government’s largest earth-science
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Two new USGS facilities: Top, Mid-Continent Mapping Center in Rolla, Missouri; bottom, National Water Quality Laboratory
in Denver, Colorado.




The Year in Review

INTRODUCTION

During fiscal year 1976, the Geological Survey was
involved in many critical issues of national significance
such as the identification and assessment of potential
energy and mineral sources, appraisal of the magni-
tude and quality of water resources, the reduction of
hazards from earthquakes and other geologic proc-
esses, land-use mapping, and the supervision of
lease operations on the Federal lands. The Survey was
also involved in assessing the Nation’s geothermal po-
tential, in developing a reliable earthquake-prediction
capability, collecting and analyzing water data, and
producing topographic, geologic, and hydrologic
maps in support of energy and mineral programs.

Statistics for fiscal year 1976 indicate that 10,000
maps of all types were produced, that 3,400 reports
were approved for publication, and that 158,000
water-quality analyses were made. Additional ground-
and surface-water measurements were made at 33,820
stations throughout the United States. The Geological
Survey also supervised 2,557 leases on the public
lands covering 3.7 million hectares (9.1 million acres)
and collected $950,000,000 in royalties and rentals.
During fiscal year 1976 and the transition quarter, the
library acquired 142,000 new publications. In addi-
tion, more than 407,000 photographs and digital tapes
were ordered from the EROS Data Center, and
398,965 inquiries for data and information were
handled by the Public Inquiries Offices.

FACILITIES

The Geological Survey operates three major field
centers in Rolla, Mo., Menlo Park, Calif., and Denver,
Colo. During fiscal year 1976, the facilities at each of
these centers were expanded.

On May 19, 1976, a new center was dedicated at
Rolla. The $2 million facility was built on a 2.8-hectare
(7-acre) tract and provides a gross area of over 8,825
square meters (95,000 square feet).

The new center allows the consolidation under one
roof of a number of functions that were previously
performed in several separate facilities in the Rolla
area. The facility houses about 340 scientists, hydrol-

ogists, engineers, cartographers, technicians, and
administrative personnel from the Survey’s Adminis-
trative, Computer Center, Conservation, Topographic,
and Water Resources Divisions. The center will also
serve as a headquarters for about 110 field employees.
Additionally, the General Services Administration
maintains a small force at the center, and a Health
Unit affords emergency medical treatment and con-
ducts routine health services for all personnel.

In June 1976, construction was completed on the
Geological Survey’s National Water Quality Laboratory
in Denver. The new 4,600-square-meter (49,000-
square-foot) building will house 150 people and
bring together 5 water-quality analytical and research
laboratories that were previously scattered around the
Denver area. The facility will enhance the Survey’s
capability to handle the growing load of chemical
analyses of water, sediment, and related substances
from projects ranging from the analysis of water-
quality effects of mining to the measurement of pes-
ticide concentrations in the hydraulic environment.

Also in Denver, the Geological Survey Library and
several geology laboratories were moved into the
Stevenson Building adjacent to the Denver Federal
Center. Remodeling efforts were also begun in Build-
ing 85 at the Federal Center to ready 5,600 square
meters (60,000 square feet) of space for the Conserva-
tion Division.

Denver was also the scene of an unfortunate event
of major consequences. On Friday, March 19, 1976,
a fire occurred during the night in Building 25 at the
Denver Federal Center. This building houses the Cen-
tral Region Headquarters of the Geological Survey.
The areas burned included approximately 2,700 square
meters (29,000 square feet) on the second floor, in-
cluding one major Water Resources Division labora-
tory, five major Geologic Division laboratories, and
nine two-man geologic laboratories and supporting
office space. Heat, smoke, and water caused damage
to more than 11,600 square meters (125,000 square
feet) of the two-story building. The cost of re-
constructing the building was estimated at $4.5 mil-
lion, and the repair and replacement cost of equip-
ment totaled $2.4 million.



In California, the Geological Survey leased the 7,500-
square-meter (81,000-square-foot) Shell Building ad-
jacent to the main Survey complex in Menlo Park. The
building will house offices of the Geologic and Com-
puter Center Divisions. Occupancy began in Septem-
ber 1976.

ENERGY, MINERALS, AND GEOLOGY

The task of assessing and developing the energy
resources of the Nation’s lands continued to shape
and direct many of the activities of the Geological
Survey.

During 1976, the Geologic Division made available
- to the public 68,000 records of the Petroleum Data
System and 35,000 records of the Computerized Re-
source Information Base (CRIB) System and, in addi-
tion, either developed or expanded 14 other data
bases, including those for isotopic ages, geologic map
indexes, United Nations seabeds data, oil shale, geo-
thermal energy, and uranium and thorium. The first
phase of the National Coal Resource Data System, in-
volving regional coal-resource information, became
operational, with the capability of data manipulation
and retrieval.

The Geological Survey continued to produce gen-
eral reports on topics of broad national earth-science
interest. During fiscal year 1976, the Survey published,
among others, reports on the probablistic estimates of
maximum earthquake accelerations, on paleotectonic
investigations of the Pennsylvanian System, and on
landslide occurrence and landslide susceptibility.

A new map of the United States showing equal
lines of magnetic declination was published in August
1975. 1t is the first declination map issued since 1970.
Magnetic declination, also referred to as “variation of
the compass,” is the angle between true north and
magnetic north. Because the Earth’s magnetic field is
constantly changing, new measurements must be
made at regular intervals. From these measurements,
magnetic lines are depicted on periodically updated
maps which are used extensively by marine and air-
craft navigators, civil engineers, surveyors, cartog-
raphers, and earth scientists.

During fiscal year 1976, the first in a series of Geo-
logical Survey regional assessments that will inventory
the vast and largely unappraised mineral resources of
Alaska was completed and published as an introduc-
tory circular and 12 separate maps. The prototype
assessment area lies in the Nabesna quadrangle about
363 kilometers (225 miles) north of Anchorage and is
the first to be completed under the Geological Sur-
vey’s Alaska Mineral Resources Assessment program
authorized by Congress on July 1, 1974. The mabs
show the surface distribution of copper, lead, gold,

chromium, and cobalt and include three-dimensional
diagrams showing the relative distribution and con-
centrations of these and seven other metals, includ-
ing silver, nickel, and zinc. ‘

Similar regional assessments now underway in other
parts of Alaska are designed to produce a badly,
needed, rapid, yet accurate assessment of Alaska’%
mineral resources. In view of the growing mineral
shortages and the large role that Alaska is expect%
to have in supplying the Nation’s future mineral needs,
the assessment will play an important part in tl}e
planning of a viable long-range national minerals
policy. Assessment began this year on nine quadran-
gles covering 122,247 square kilometers (47,200
square miles) after the completion of five sheets dur-
ing fiscal year 1975. A total of 32 quadrangles will
have been assessed when the project is completed.

The first report for the Minerals for Energy Produc-
tion program was released as Professional Paper 1006.
This program responds to the need to know what non-
fuel minerals will be required to assure that U.S.
energy-material production goals can be met. This
initial report is in two parts: (1) Assessment of de-
mand for nonfuel minerals, 1975-80; and (2) evalua-
tion of available supplies of those materials that will
be stressed. The report states that present production
rates of most of these materials are considerably be-
low estimates of the anticipated need for meeting
energy goals by 1990.

In August 1975, the Geological Survey published,
as Circular 726, the first comprehensive assessment of
geothermal resources of the Nation. The report shows
that huge quantities of heat exist in ““hot spots” in
the Western States and in some geologically favorable
zones of the Gulf coast. The assessment was made
with the support of the Energy Research and Develop-
ment Administration.

Although there are numerous locations where geo-
thermal systems exist, for most of them very little is
known about exact size, temperature, and especially
how much heat can be recovered. While geothermal
energy is not a panacea, it is an extremely important
alternative energy source, and the study shows that
the potential is large enough to justify both explora-
tion and technological research and development.

As part of a small international cooperative pro-
gram, a team of Geological Survey scientists, working
with their counterparts in the Saudi Arabia Directorate
General of Mineral Resources announced in May 1976
that a mine in western Saudi Arabia is now believed to
have been the principal producer of King Solomon’s
gold. Although many mines scattered throughout the
region may have contributed gold to King Solomon’s
treasuries, the principal producer and most likely
candidate to be the fabled Biblical Ophir is the Mahd



adh Dhahab (Cradle of Gold) mine, located about
midway between Mecca and Madinah.

A joint Department of the Interior and ‘Department
of State program that provides on-the-spot informa-
tion about the availability of mineral resources was
begun during the fiscal year. The key new element
was the establishment of a Geological Survey/Bureau
of Mines training program for State Department per-
sonnel that will help people on foreign assignments
acquire resources information overseas. The early suc-
cess of the program has already encouraged the De-
partment of State to expand it.

In February 1976, it was announced that the U.S.
Geological Survey would represent the United States
on the Executive Committee of the recently estab-
lished World Coal Reserves and Resources Service of
the International Energy Agency. The Service, estab-
lished last November, will act as a central clearing
house for the collection and distribution of compu-
terized data on world reserves and resources of coal
for determining the location, amount, quality, min-
ability, and usability of coal resources throughout the
world. The Service will also provide basic information
from which nations can plan fossil-energy production
and consumption, the interplay of energy sources,
future commitments, gas and oil conversion from coal,
and location of industrial complexes.

The International Energy Agency is a group of in-
dustrial Nations—Belgium, West Germany, ltaly, the
United Kingdom, and the United States—joined in an
effort to reduce the impact of oil-price increases
through a variety of measures, including research on
alternate energy sources, especially coal. Members of
the Agency belong to the Organization for Economic
Cooperation and Development. Implementing agree-
ments establishing the World Coal Reserves and Re-
sources Service were signed in Paris on November 20,
1975, by the U.S. Ambassador to the Organization for
Economic Cooperation and Development. Through
the U.S. Geological Survey and the Bureau of Mines,
the United States will provide the computer capabil-
ity for the Service and, with Britain’s National Coal
Board, will jointly run the Service for member nations.

Interest in coal increased this year because of re-
cent legislation and because of the pressing need to
develop this valuable and abundant resource. The De-
partment of the Interior has lifted its moratorium and
resumed its Coal Leasing program. The Geological
Survey has been assigned the lead role in preparing
three environmental impact statements on proposed
coal development and is involved in four similar state-
ments being directed by the Bureau of Land Manage-
ment. In addition, because of the strong interest in
coal at the State government level, a special Coal
Committee comprised of State geologists was formed

to provide inputs to the Geological Survey and to
review environmental impact statements, resource as-
sessments, and work plans. As part of a Federal-
State Cooperative program, several State geological
surveys provide data directly to the Coal Data System
through contracted efforts.

During the summer of 1976, two Viking spacecraft
landed on the surface of the planet Mars. The site-se-
lection team, comprised of employees from the Geo-
logical Survey’s Flagstaff, Ariz., operation, played a key
role in-the success of this venture.

As the Nation’s major civilian mapping agency, the
Geological Survey has prepared more than 100 maps
of Mars, Mercury, Venus, and the Moon in support of
manned and unmanned exploration efforts by the
United States and the Soviet Union. Preliminary geo-
logic mapping of the Moon has been completed, and
the work on mapping of Mars is nearing completion.
About 40 percent of Mercury has been mapped from
Mariner-10 data, and preliminary mapping of Venus is
underway. Such mapping of the planets not only aids
in the selection of future landing sites but also serves
to summarize our present knowledge of astrogeology.
The staff at the Flagstaff Computation Center also pro-
vided computer support for the Viking mission and
assisted in making cartographic digital-image en-
hancements of the photographs sent back to the Earth.

i.EASE MANAGEMENT AND EVALUATION

On June 11, 1976, the Secretary of the Interior
signed new Geological and Geophysical Regulations.
These regulations will provide additional data for the
Government, make it available to the public in a
timely manner, and help to control the geological and
geophysical exploration procedures. Also issued were
Outer Continental Shelf Orders (the basic guidelines
or regulations under which lessees carry out their
activities) for the Gulf of Alaska and the Atlantic
Ocean. '

In November 1975, the Geological Survev an-
nounced that final approval had been granted for the
first of two deep stratigraphic test wells to be drilled
in Federal waters on the mid-Atlantic Outer Conti-
nental Shelf. Drilling began on December 14, 1975,
and was completed in March 1976. The well was
drilled to a depth of 4,890 meters (16,043 feet), 146
kilometers (91 miles) seaward from the New Jersey
shoreline in 91 meters (298 feet) of water. The area is
known as the Baltimore Canyon.

A second well, in the Georges Bank area, was
approved in March 1976. This area lies about 120
kilometers (75 miles) seaward from Cape Cod, Mass.,
in about 43 meters (140 feet) of water.



These Atlantic Outer Continental Shelf tests will
provide useful geologic information to participating
companies and to the Federal Government as an aid
in evaluating tracts to be offered in the mid-Atlantic
lease sale. The data from the first well were made
available to the public through Open-File Report 76—
774 on November 1, 1976.

Final Revised Coal Mining Operating Regulations

were issued on May 17, 1976. These regulations were.

issued to ensure that coal mining would be carried
out in an environmentally acceptable manner.

NATIONAL PETROLEUM RESERVE OF
ALASKA

In April 1976, the Naval Petroleum Reserves Act
(Public Law 94-258) was passed by Congress. This act
transferred jurisdiction of the National Petroleum Re-
serve in Alaska, formerly Naval Petroleum Reserve
Number 4, from the Department of the Navy to the
Department of the Interior and required continua-
tion of an exploratory drilling program begun by
the Navy. On April 22, 1976, the responsibility for
carrying out the provisions of this Act was assigned
to the Geological Survey. Assumption of the respon-
sibilities will take place on June 1, 1977.

The National Petroleum Reserve in Alaska encom-
passes some 95,830 square kilometers (37,000 square
miles) of Alaska, or an area roughly the size of In-
diana. The Geological Survey’s major responsibilities
consist of management of the following programs:

1. The evaluation and assessment of the petroleum
resources of the reserve.

2. Exploration, development for production, and op-
eration of the South Barrow gas field, or such
other fields as may be necessary, to supply gas
at reasonable and equitable rates to the village
of Barrow and other nearby communities and

installations of the Department of Defense and :

other agencies.
3. Restoration of certain areas within the reserve that
have been disturbed by previous petroleum ex:

ploration activities to an envnronmentally ac-.

ceptable state.

A planning group for the National Petroleum Re-
serve in Alaska has been established to provide for
continuation of the Navy plan to collect more than
16,000 kilometers (10,000 miles) of seismic data and
to drill 26 wells, to study and plan for the evaluation
and assessment of the petroleum reserves, and to
continue service from the South Barrow gas field. Ad-
ditional efforts are underway for the review and prep-
aration of environmental impact statements covering
the activities associated with drilling and overall
management of the reserve.

GEOLOGIC HAZARDS

The Geological Survey is engaged in major efforts

to delineate the hazards associated with earthquakes,
volcanic eruptions, landslides, mudflows, ground sub-
sidence, and floods.
“The Survey’s Reactor Hazards Research program
has delineated reverse faults in Virginia and Georgia,
the presence of which suggests that movement has
occurred in recent geologic time. Investigations are
continuing on the history and nature of the move-
ment to provide a basis for assessing the safety and
environmental problems in siting important engineer-
ing structures, such as nuclear facilities.

Two reports were produced in fiscal year 1976 re-
lated to land subsidence, or the sinking of the land
surface. The reports, produced in cooperation with
the California Department of Water Resources and
the U.S. Army Corps of Engineers, indicate that sub-
sidence is taking place in several parts of the Nation
and could become more prevalent in the future.

The reports note that at least 11,100 square kilo-
meters (4,300 square miles) of economically important
farmland in the San Jacquin Valley of California has
subsided more than 3 meters (1 foot) since the 1920’s
and that an area around Baytown, Tex., has suffered
from tidal flooding because the land surface has sub-
sided more than 2.4 meters (8 feet) since 1920; it
could subside another meter (3.28 feet) by 1980.

Most of the Nation’s subsidence problems are
caused by large withdrawals of ground water and pe-
troleum. Certainly, one can expect subsidence prob-
lems to multiply during the coming decades as more
underground water, oil, gas, and other mineral re-
sources are withdrawn to meet the Nation’s growing
needs.

In February 1976, the Geological Survey announced
that a recent land uplift of as much as 25 centi-
meters (12 inches) had been discovered astride a large
section of California’s San Andreas fault, about 64
kilometers (40 miles) north of Los Angeles.

The land swelling, the shape of a huge kidney, has
a 193-kilometer (120-mile) axis oriented roughly east-
west and extending from the Pacific Ocean into the
Mojave Desert. This uplift is receiving close attention
from the Survey’s earthquake specialists because
similar swelling has occurred before some earth-
quakes in California and elsewhere. Such uplifts, how-
ever, have also occurred without subsequent earth-
quakes.

Centered north of Los Angeles, near Palmdale in

‘the western Mojave Desert, the swelling apparently

began about 1960 near the junction of the San
Andreas and Garlock faults. Since then, it has grown
east-southeastward to include an area of about 12,000
square kilometers (4,500 square miles). The signifi-



cance of the rapid uplift is not fully understood. Con-
cern, however, is warranted because it occurs astride
a sector of the San Andreas fault that has remained
“locked” since a great earthquake in 1857. Thus, con-
siderable strain is building up in this area.

Since the initial identification of the uplift, and re-
cognition that it could be a precursor to a significant
earthquake event, the Survey’s efforts to monitor geo-
detic changes in the area and to evaluate the phe-
nomenon have been expanded to include installation
of additional instruments (seismographs, tiltmeters,
strainmeters, creepmeters, magnetometers, and
others). The National Science Foundation and the
Geological Survey have provided funds to begin the
new studies.

Responsible State and local officials in the affected
area have been notified of the potential for a hazard
and are being kept abreast of current developments.

Disastrous earthquakes during 1975 and 1976 in
China, Guatemala, the Soviet Union, and the Philip-
pines increased public concern about the possibility of
a similar event occurring here in the United States.

On November 7, 1975, the Geological Survey pro-
posed a specific Federal plan for the issuance of earth-
quake predictions and warnings for consideration by
Federal, State, and local agencies. Even though there
is no operational capability for reliable earthquake
prediction at the present time, such a capability is
developing.

In the proposed plan, the U.S. Geological Survey
has the responsibility for issuing the prediction, in-
cluding advice and instructions as to defensive meas-
ures to be taken.

A major eruption of Mauna Loa Volcano on the Is-
land of Hawaii before July 1978 has also been pre-
dicted by Survey scientists on the basis of an analysis
of the volcano’s past eruptive history. This eruption,
which is likely to occur along Mauna Loa’s northeast
rift zone, could destroy parts of the city of Hilo, 48
kilometers (30 miles) to the east, depending upon the
volume of extruded lava and the duration of volcanic
activity. The volcano’s summit eruption on July 5 and
6, 1975, is regarded as a precursor to, first, another
small summit eruption and, second, a much larger,
potentially dangerous flank eruption. The location of
the predicted flank outbreak is based largely on the
occurrence. along the northeast rift in July 1975 of
thousands of small earthquakes inferred to be asso-
ciated with the injection of large amounts of magma
(molten rock) into the rift zone.

SURVEYING AND MAPPING

The Geological Survey is responsible for carrying
out the National Mapping program. In addition to
producing and distributing topographic maps of the

United States, the organization is also responsible for
handling all cartographic data, for providing simpli-
fied public access to the data, for defining Federal
mapping standards, and for developing a digital carto-
graphic base for the country.

In fiscal year 1976 and the transition quarter, the
Topographic Division produced 291 intermediate-
scale products, including 1:100,000-scale quadrangle
maps and 1:50,000- and 1:100,000-scale county maps.
The switch to this intermediate-scale product is also
a step toward the eventual shift from the English to
the metric system of measurement since these maps
are metric in scale. This effort was in response to the
immediate requirements of the Bureau of Land Man-
agement, the Soil Conservation Service, and several
States, but the maps will meet the needs of other or-
ganizations as well.

Another notable accomplishment was the acquisi-
tion and installation of advanced eauipment that will
simultaneously produce an orthophoto, a contour
plot, and a digital terrain model. This new equipment
provides improved orthophoto production canabilitv
and allows the economical preparation of digital ter-
rain information, which previously has been an ex-
pensive and time-consuming process.

A new 50-State map produced during the Bicen-
tennial fiscal year is the first detailed Survey map of
the United States to show Alaska and Hawaii in their
proper size and geographic position relative to the
other 50 States. Not shown on the five-color, 39-bv-
58-inch, 1:6,000,000-scale—one centimeter equals 60
kilometers (1 inch equals approximately 95 miles)—
map is the string of uninhabited islands and reefs in
the Hawaiian chain which stretches northwestward
for about 1,930 kilometers (1,200 miles) from the
main inhabited Hawaiian Islands to Midway Island.

To improve the Geological Survey’s capability to
systematically review and revise out-of-date maps, a
new inspection and review procedure was also
adopted and implemented during the fiscal year.

To facilitate the collection, reproduction, and sale
of space and aircraft imagery and photography, the
Geological Survey operates the EROS Data Center
near Sioux Falls, S. Dak. This facility also serves as
the data center for the Topographic Division’s Na-
tional Cartographic Information Center. In December
1975, NCIC announced that, in addition to the 6 mil-
lion frames of data held at the EROS Data Center,
information on more than 7 million aerial photo-
graphs is being added to the files as a result of an
agreement with the Department of Agriculture.

Under the agreement, two agencies of the Depart-
ment of Agriculture—the Soil Conservation Service
and the Agricultural Stabilization and Conservation
Service—are supplying the Survey’s National Carto-
graphic Information Center with descriptions—such
as location, date, area covered, scale, and film char-
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acteristics—of their aerial photographs, which cover
most of the United States. The agencies will also
supply information on their plans for collecting new
photographs. /

The addition of this information contributes sub-
stantially towards the goal of the Survey’s National
Cartographic Information Center of providing com-
plete centralized information and access to carto-
graphic data in the form of maps, aerial photographs,
space imagery, and geodetic control. Efforts will also
continue to provide access to other data held by
Federal, State, and private organizations.

WATER RESOURCES

The Geological Survey has the principal responsi-
bility for appraising the source, quantity, quality, and
movement of the Nation’s water resources. In addi-
tion, it is the lead agency for coordinating the activi-
ties of all Federal agencies in the acquisition of cer-
tain water data on streams, lakes, reservoirs, estuaries,
and ground water.

In September 1975, the Survey announced that the
first part of a new water-quality monitoring network
designed to provide a balanced yearly picture of
water quality in U.S. streams on a national and re-
gional scale was in operation. Known as the National
Stream  Quality/Quantity  Accounting  Network
(NASQAN), the network now consists of 345 stations
that measure 46 physical, chemical, and biological

‘water-quality characteristics, including temperature,

specific conductance, and a variety of bacteria, dis-
solved minerals, trace elements, nutrients, and or-
ganic and biological constituents. Measurements are
made either continuously, daily, monthly, or quar-
terly, and the network will be expanded to 525
stations.

The primary objectives of NASQAN are to account
for the quantity and quality of water moving within
and from the United States, to depict a real variability
of water quality, to detect changes in stream quality,
and to lay the groundwork for future assessments of
changes in stream quality.

The Water Resources Division also announced that
more than 150 million streamflow, water-quality, and
ground-water measurements collected at more than
100,000 sites across the country are now available
through the National Water Data Storage and Re-
trieval System (WATSTORE). The WATSTORE system
contains several data files in which water data are
grouped and stored by common characteristics and
data-collection frequencies. Currently, files are main-
tained for the storage of: (1) surface-water, quality-
of-water, and ground-water data measured on a con-
tinuous or daily basis, (2) annual peak values for
streamflow stations, (3) chemical analyses for surface-

and ground-water sites, and (4) geological and inven-
tory data for ground-water sites.

LAND INFORMATION AND ANALYSIS

The Geological Survey continued its efforts to in-
terpret and display land-resource information in ways
that are readily accessible and understandable to a
wide range of earth-science data users. During fiscal
year 1976, a consolidation of several multidisciplinary
land-resource and environmental programs known as
the Land Information and Analysis Office completed
five urban area study projects located in the Balti-
more-Washington area, .the Connecticut Valley, the
greater Pittsburgh area, the Tucson-Phoenix area, and
the San Francisco Bay region. An evaluation of the
San Francisco Bay region study by the consulting
firm A. D. Little indicated that the study has sig-
nificant value in advancing the region’s receptivity to
earth-science data in the planning process.

As part of the Resource and Land Information (RALI)
program, the survey released two reports, a “Guide to
State Programs for the Reclamation of Surface Mined
Areas” (Circular 731) and a “Directory of U.S. Geologi-
cal Survey Program Activities in the Coastal Areas,
1974-76"" (Bulietin 1428).

Under the Geography program, 1:250,000-scale
land-use and land-cover maps completed for 1,170,-
000 square kilometers (450,000 square miles), includ-
ing the entire States of Kansas, Florida, and Pennsyl-
vania. This brings the total area mapped to 1,950,000
squaré kilometers (750,000 square miles) since the
nationwide program began in fiscal year 1973. Work
was also expanded in the area of Landsat digital im-
agery land use and land-use change, and in the search
for semiautomated techniques to detect land-cover
change.

The Earth Resources Observation Systems program
published “ERTS-1, a New Window on Our Planet”
(Professional Paper 929). The book consists of 85 case
histories on the use and application of ERTS-1 (now
Landsat—1) data to earth-resource mapping, monitor-
ing, and inventory.

In October 1975, the 1st William T. Pecora Me-
morial Symposium was held at the EROS Data Center
in Sioux Falls, S. Dak. The symposium was named for
the late Director of the Geological Survey and Under
Secretary of the Department of the Interior. Dr. Pe-
cora played a lead role in the establishment of the
EROS program in 1966. The meeting focused on the
use of satellite imagery and other remotely sensed
data in exploring for new mineral and fuel deposits.

In the Environmental Impact Analysis program, the
Survey held the lead or joint-lead responsibility for
the preparation of 20 environmental impact state-
ments during fiscal year 1976. They also participated



in a nonlead capacity in the preparation of 15 other
impact statements and reviewed 2,812 additional im-
pact statements and related documents to assist other
agencies in areas of Geological Survey jurisdiction and
expertise.

ADMINISTRATION AND TECHNICAL
SUPPORT

For Geological Survey employees in the Washing-
ton area, May 1976 marked the completion of a 1-
year experiment with an alternative work schedule
called “Flexitime.” This particular working-hour ar-
rangement allows employees to start their workday
any time betwen 7:00 am. and 9:00 a.m. and quit
8"2 hours later. The experiment proved so successful
that it has since been adopted as a permanent policy
for Survey employees throughout the United States.
The use of Flexitime, which gives workers more con-
trol over the structure of their lives, resulted in not
only noticeable increases in employee job satisfac-
tion but a 20 percent decrease in short-term absences,
a substantial reduction in traffic congestion and tardi-
ness, and, in some cases, longer hours for service to
the public. In an evaluation of the experiment, em-
ployees cited decreases in commuting time, greater
ability to schedule personal activities, and a new ab-
sence of anxiety about getting to work “on time” as
the most important benefits of the new system. Super-
visors noted decreases in overtime usage, better utili-
zation of specialized equipment over a longer operat-
ing day, and effective use of “quiet time” at the be-
ginning and end of the day. The Survey is now the
largest Federal organization using Flexitime, and its
approach is being used as a model for dozens of
other similar experiments now underway in both the
public and private sectors.

To expand the computational capability of the com-
puters operated by the Geological Survey, an agree-
ment was signed in August 1975 for three compatible
time-sharing computers. The three systems will be
placed at the major Geological Survey offices in Res-
ton, Va,, Denver, Colo., and Menlo Park, Calif. Bench-
mark testing, technical evaluation, and cost evalua-
tion of equipment proposed by vendors were com-
pleted during fiscal year 1976. A contract was awarded
to the Honeywell Corporation on August 10, 1976,
and installation is scheduled for the three locations in
fiscal year 1977,

The technical and scientific information collected
by the Geological Survey has to be made available to
the general public in the most effective, efficient, and
timely manner possible. Three major improvements in
this public service were realized during fiscal year
1976: (1) The revision of Government Printing Office
procedures for the sale of out-of-print books, which

enabled the Eastern Region’s Branch of Distribution
to receive and fill 5,867 orders for a total of 23,561
out-of-print books that would otherwise not have
been available; (2) the use of commercial typesetting
and printing contracts to cut down on lengthy delays

“involved in printing publications; and (3) the addition

of a new five-color press, which has significantly in-
creased the Survey’s ability to react quickly to the
public demand for printed maps.

Approximately 5 years ago the Geological Survey
began a program for increasing minority participation
in the earth sciences. Currently there are 21 active
projects underway with an annual budget of $450,000.
The projects are directed to a few major objectives:

® To help establish earth-science programs, or
strengthen existing earth-science departments, at
colleges with substantial minority enroliments.

e To help young minority people who aspire to
careers in the earth-sciences to realize their am-
bitions by providing study-related employment
opportunities for them in the Survey during the
summer months and the opportunity for full-
time employment upon graduation.

e To stimulate interest in the earth sciences and earth-
science careers among younger children of mi-
nority groups.

In addition to the assistance programs, the Geologi-
cal Survey also built an exhibits trailer containing
rocks, minerals, instruments, maps, and other para-
phernalia of the earth-science profession. From 1972
to 1974, the trailer toured some 27 States, visiting
more than 152 minority colleges and secondary
schools, and received more than 110,000 visitors. In
1975 the trailer was placed in Rock Creek Park in
Washington, D.C., where it now serves as a field lab-
oratory for college students and for the District’s pub-
lic schools.

One of the most successful Geological Survey pro-
grams to help advance minority participation in the
earth sciences is the joint geology program carried
out in cooperation with Howard University in Wash-
ington, D.C. After discussions in 1971 with officials
of the university, it was decided to re-establish a
geology department at Howard. Initially the Geologi-
cal Survey provided an acting chairman for the de-
partment along with three part-time instructors, lab-
oratory equipment, teaching aids, and an assortment
of rocks, minerals, fossils, and maps.

In 1972-73, seven courses in geology were offered,
and by the fall of 1973 six geology majors had been
enrolled. This past year the department had 30 ma-
jors enrolled and had acquired a permanent chair-
man and two full-time faculty members. The Geologi-
cal Survey still provides some part-time teaching, but
by and large the Howard University Geology Depart-
ment is now self-sustaining.






Perspectives

Role of Earth Sciences in

Federal Coal Development in the West

By William R. Keefer

INTRODUCTION

Beneath the prairies and tablelands of the Rocky
Mountains and Northern Great Plains lie some of the
most valuable natural resources in the United States.
Their worth, in terms of present market values, ex-
ceeds $1 million an acre over extensive areas. These
statements, of course, refer to the vast deposits of
coal and lignite (figs. 1 and 2) which make up some
two-thirds of the country’s estimated total coal re-
sources of nearly 4 trillion tons (Averitt, 1975, p. 14).
Largely by-passed in favor of coals from the eastern
and central parts of the United States in earlier years,
western coal is now considered by many energy
experts to be the key to the current national effort
to gain a greater measure of energy self-sufficiency.

But the sudden burst of interest in western coal
has met vigorous opposition. As the realization of
the magnitude of the proposals being made for new
mining, processing, and utilization of coal began to
grow in the early 1970’s, citizens—not only from the
affected regions but from across the entire country—
commenced to worry seriously about the potential
environmental, social, economic, and political prob-
lems. Searching questions arose that demanded im-
mediate attention and study. Did the United States in
fact need that much additional coal to solve its pro-
jected energy shortages? What were the alternatives?
Should coal from mines in the West be converted in-
to electrical power at mine-mouth generating plants,
or should it be shipped to powerplants closer to the
large power markets? Could the arid and semiarid
regions of the West be satisfactorily restored after
surface mining? Would the influx of new people into
sparsely inhabited areas significantly change prevail-

WThe Wilderness Act of 1964 directs the USGS to help in the
mineral surveys of national wilderness and primitive areas.

ing life styles and social and economic structures?
Were local governments capable of providing the
necessary new community services? What would be
the effects on air and water quality, on wildlife
habitats, and on recreational and scenic values?
Should water—already in short supply for traditional
uses—be diverted for industrial purposes? These and
many other complex and highly controversial matters
were identified, debated, and, in some instances,
referred to the courts for legal action. Policymakers
and decisionmakers thus faced, and continue to face,
formidable tasks in providing satisfactory answers
and solutions. In many cases, such tasks have been
severely hampered by a general lack of information
upon which to base solid conclusions.

Much of the hard questioning has been aimed at
the Federal Government, which owns a substantial
share of the western coal lands and whose surface-
and resource-management agencies exert a strong
influence over coal development. In response to
public pressures, and to conform to the requirements
of the National Environmental Policy Act of 1969,
the Federal Government has redoubled efforts in
recent years to promote policies and programs that
seek to strike a proper balance between resource
development, land-use planning, and environmental
protection. Accordingly, extensive investigations, such
as the Southwest Energy Study and the Northern
Great Plains Resources Program, were undertaken
during the early 1970's, and numerous legislative acts
and other regulations have been imposed to achieve
this broad objective. An important milestone in Fed-
eral coal policy was marked in 1971 by a decision to
suspend all Federal coal leasing, except in special
circumstances, to allow for a period of time in which
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FIGURE 1.—Index map showing major coal-bearing areas (stippled) in the Rocky Mountains and Northern Great Plains.




FIGURE 2.—The Wyodak-Anderson coal bed exposed in the south pit of Wyodak mine, about 8 kilometers (5 miles) east of
Gillette, Wyo. This deposit, which is the principal strippable coal in the eastern Powder River Basin, is 27 meters (90 feet)
thick and overlain by less than 15 meters (50 feet) of overburden at this locality.

to study the status of existing leases and to determine
whether additional leases would indeed be needed
to spur new production. At the time of that decision,
leases and pending preference rights lease applica-
tions, which are a prelude to actual mining opera-
tions, existed for lands that contained an estimated
16 and 11 billion tons of federally owned coal, re-
spectively. It was not until early 1976 that new
policies were formulated, including specific require-
ments to speed the development or relinquishment
of deposits already under lease and calling for tightly
controlled procedures for the granting of new leases
(see below).

The Department of the Interior plays a dominant
role in surface- and resource-management activities
on the public lands. Within Interior, the U.S. Geo-
logical Survey is the principal agency that gathers
data on the physical characteristics of the land and
on the nature of its water and mineral resources. In
addition, the Survey is charged with responsibilities
for approving, controlling, and monitoring all mining
and reclamation on federally owned coal lands. The
full range of the professional and technical capabili-
ties of the agency—in geology, hydrology, geochem-
istry, geophysics, mining engineering, topography,
and geography—are currently being brought to bear
on the many decisions that have to be made, in the

public interest, about the orderly management and
development of these resources and on the proper
treatment of compex environmental problems in-
herent in increased coal exploitation and utilization.

PRINCIPAL ELEMENTS OF THE FEDERAL
COAL LEASING PROGRAM

The current leasing policy of the Department of
the Interior was outlined by a press release issued on
January 26, 1976. It includes six major elements:

Energy Mineral Activity Recommendation System
(EMARS).—This program, designed by the Bureau of
Land Management as the chief surface-management
agency of the Department of the Interior, calls for a
careful analysis to determine the need for coal and
to minimize environmental impacts through (1) de-
velopment of land-use plans that identify and
inventory not only mineral resources but also other
values such as agriculture, wildlife, recreation, and
water resources; (2) nomination of specific tracts,
either for leasing or for nonleasing, by State and local
governments, industry, environmental groups, and
the public at large and comparison of these nomina-
tions with information contained in the land-use
plans; (3) analysis of the environmental effects of the
proposed lease offering and, if deemed necessary,

11
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issuance of an order for the preparation of an en-
vironmental impact statement; and (4) determination
of the economic value of the coal deposit(s) being
considered for lease. As will be noted, EMARS in-
corporates much of what is listed in the following
five policy elements and thus depends heavily upon
geologic, hydrologic, coal-resource, and related earth-
science data from the U.S. Geological Survey.

Competitive leasing.—All future lease offerings are
subject to competitive bidding based on fair market
values as determined by Survey coal-resource spe-
cialists. The new surface-management and leasing
procedures for federally owned coal are detailed in
the Federal Register of May 17, 1976 (Vol. 41, No. 96,
p. 20252-20261). '

Regulation of surface mining and reclamation.—
New regulations, adopted by the Department of the
Interior on May 17, 1976 (Federal Register, Vol. 41,
No. 96, p. 20261-20273), provide strict standards to
be enforced by mining supervisors of the U.S. Geo-
logical Survey for all coal-mining ‘activities on Federal
lands. Included in the new regulations are require-
ments for coal-mine operators to minimize, control,
or prevent adverse environmental effects—such as
soil erosion, pollution of surface or ground water,
and disruption of the normal flow of surface and
ground water—and to restore the land to useful
purposes after surface mining.

Regional Environmental Impact Statements (EIS).—
Situations in which Federal actions concerning coal
development involve the granting of individual leases
at widely separated localities, but which nevertheless
combine to produce a cumulative effect within a
defined geographical area, require that regional en-
vironmental impact statements be prepared according
to the provisions and guidelines set forth in the
National Environmental Policy Act of 1969 (see dis-
cussion below). Nine such regional statements have
been or are being prepared, principally by personnel
of the U.S. Geological Survey and the Bureau of Land
Management, for areas of planned or proposed de-
velopment in North Dakota, Montana, Wyoming,
Utah, Colorado, and New Mexico. '

Diligent Development.—Requirements for actual
performance in mining operations and schedules for
payment of royalities are designed to foster develop-
ment of Federal coal in a timely fashion, but only of
those coals that can be produced in an environment-
ally safe and economically sound manner. Specific
consideration must therefore be given by the U.S.
Geological Survey staff to the quality and quantity of
coal resources and to environmental conditions in
order to evaluate the potential for mining in existing
and future lease tracts. This procedure is aimed par-

ticularly toward processing existing preference right
leases and toward eliminating speculation in the leas-
ing of federally owned coal.

Adherence to “Commercial Quantities”’ Criteria.—
Determination of “commercial quantities” is based
on whether a given coal deposit is judged by resource
specialists to be of such character and size that a
prudent person would be justified in the expenditure
of his time and money with a reasonable prospect of
profitability in developing a mine. This definition is
being applied in the processing of existing preference
right lease applications to determine whether a given
lease should be granted or denied.

Coal Leasing Amendments Act

Recently (August 1976), legislative action termed
the “Federal Coal Leasing Amendments Act of 1976
(for purposes of amending the Mineral Leasing Act
of 1920) directs the Secretary of the Interior to ini-
tiate a comprehensive exploratory program within
the U.S. Geological Survey to obtain sufficient infor-
mation for evaluating the extent, location, and de-
velopment potential of the known recoverable coal
resources of Federal coal lands. Further, the act calls
for such data as are necessary to estimate the amounts
of coal that are recoverable by deep-mining opera-
tions and by surface-mining operations, respectively,
within a given lease tract and requires that these
data be made an integral part of a comprehensive
land-use plan for the area in question.

Compliance with NEPA

One of the most far-reaching influences on the
conduct of Federal coal development in the West is

' that embodied in the National Environmental Policy

Act (NEPA) passed in 1969. This act requires that an
environmental impact statement be prepared for all
situations in which a major Federal action is being
proposed. As mentioned previously, it has already
been determined that proposals involving the de-
ve‘Iopment of several individual but scattered coal
lease tracts within a defined geographic area consti-
tute a major Federal action and therefore require
the preparation of a regional environmental impact
statement. Among its many provisions, the act directs
Federal agencies to adopt procedures which will in-
sure that presently unquantified environmental values
are given appropriate consideration in decision-
making along with economic and technical considera-
tions. A report detailing the characteristics and
conditions of the existing environment is therefore
specifically required, together with an analysis of the
environmental impacts of the proposed action as



well as evaluations of the impacts related to suggested
alternative courses of action. All these items require
basic and interpretive earth-science-data inputs from
the U.S. Geological Survey.

Adherence to air quality standards

Air quality standards established by the Environ-
mental Protection Agency place a maximum limit on
the amount of sulfur dioxide fumes—0.52 gram
per million joules (1.2 pounds per million British
thermal units)—that can be emitted during coal
combustion. Although western coals commonly con-
tain less than 1 percent sulfur, their heat value is
also low enough to become a critical factor in many
cases. Strict adherence to Environmental Protection
Agency standards therefore requires obtaining spe-
cific data on coal quality—data such as are now being
obtained in U.S. Geological Survey and U.S. Bureau
of Mines laboratories—for all deposits being con-
sidered for development.

EARTH-SCIENCE DATA REQUIREMENTS

AND THE ROLE OF THE U.S. GEOLOGICAL

SURVEY

Knowledge and understanding of coal resources,
and of the physical environment in which these
resources are located, form the cornerstone for all
phases of the Federal coal-leasing and coal-develop-
ment process. Because coal is a layered sedimentary
rock occurring only in certain geologic formations,
geologists usually know where to find it and can
estimate roughly about how much is present. These
kinds of general information, obtained during
many decades of geologic mapping and coal-resource
and related studies by U.S. Geological Survey and
other geologists throughout the sedimentary basins
of the West, in former years met most of the needs
for data about coal-bearing public lands. At present
this accumulated body of general knowledge is of
considerable value, especially in the making of broad,
basinwide resource appraisals. But the new coal pro-
grams clearly depend upon more detailed information
than is now available for most of the principal coal
fields of the West if these programs are to achieve
orderly and optimum development of federally
owned coal resources with an acceptable environ-
mental impact and are to assure a fair monetary
return to the public.

Currently, U.S. Geological Survey geologists are
engaged in a wide range of investigations designed
to upgrade the existing coal-resource data bases. The

bulk of the work in progress involves detailed geo-
logic mapping and stratigraphic studies of coal beds
and related rocks and limited drilling in selected
areas within most of the major western coal basins.
The resulting maps and other reports show the dis-
tribution, thickness, and other characteristics of coal
beds, and the information can be used for compre-
hensive coal-resource evaluations at specific sites
and for determinations of fair market value for com-
petitive leasing purposes (for example, see Bowers,
1973; Fassett, 1966; Kent, 1976; and Roehler, 1976).
To a lesser extent, broad regional compilations and
syntheses of data are also being pursued to establish
regional stratigraphic and structural relations and
coal depositional patterns that can be applied to
predict coal occurrences in areas yet to be explored
in detail (fig. 3). These kinds of data are especially
useful in preparing regional land-use plans, in pro-
viding a basis for the initial selection of tracts for
future leasing, and in identifying critical information
gaps that need to be filled by new mapping and
drilling. Additional activities are directed toward im-
proving methods for identifying and delineating coal
beds through use of seismic, magnetic, sonar, and
borehole techniques. Another important program
element is a computerized coal-resource information
system (National Coal Reserve Data System) which
is being maintained for updating and manipulation
of data.

Coal quality is another vital factor in resource
evaluation and environmental impact assessment.
Physical and chemical properties of coal may vary
markedly from one bed to another within the same
area and from place to place within the same bed.
Rank, heat value, sulfur content, and proportions of
moisture and ash determine, in large measure, the
overall value and best uses of coal. In addition, the
amounts and distribution of minor constituents, some
of which may be harmful to human and animal
health and some of which may have economic po-
tential as by-products, must also be thoroughly
studied and evaluated. Considerable efforts are cur-
rently being made by U.S. Geological Survey geo-
logists and geochemists to obtain and analyze
representative samples of coal from all the western
coal fields. Many data have already been accumu-
lated and published (for example, see Swanson and
others, 1976, p. 337-479), and investigations are con-
tinuing across a broad front.

Water is a critical commodity in the arid and semi-
arid regions of the West. In fact, water availability—
rather than coal availability—may be the most criti-
cal factor in determining the kind and size of the
development that eventually takes place in some
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FIGURE 3.—Diagram showing distribution of coal beds (solid
lines, but dashed where correlations are uncertain) within
several hundred square miles of the Powder River Basin in
northeastern Wyoming. Information is based chiefly on in-
terpretation of drill data (sections A, B, C, and so on are drill
holes) by N. M. Denson and ). H. Dover, U.S. Geological
Survey. The present land surface is shown by the uneven
profile at the top of each section panel.

areas. Concerns over water supplies, as well as the
potential disruption and pollution effects of surface
mining on existing surface- and ground-water sys-
tems, have resulted in Federal programs calling for
the extensive collection of baseline hydrologic data
throughout the western coal areas. Information on
depth and movement of shallow ground water and
on patterns of weathering, erosion, and sediment

yield is also required by regulations controlling the
mining of federally owned coal.

Studies of the quality and quantity of surface and
ground water in the Western United States have
long been a traditional part of the basic program of
the U.S. Geological Survey. The large body of ac-
cumulated hydrelogic data is now being applied
toward (1) evaluating water availability to meet the
water needs for coal mining and processing, for
energy conversion plants, and for surface-mine
reclamation; (2) assessing potential effects of surface
mining on existing hydrologic conditions; and (3)
monitoring changes in hydrologic conditions as min-
ing and reclamation proceed. New and/or expanded
hydrologic investigations, tailored to specific require-
ments in the new Federal coal programs, have also
been initiated. One of the most significant of these
is an evaluation of the potential of the Madison
Limestone aquifer in the Powder River Basin of north-
eastern Wyoming and southeastern Montana to
supply water for coal-slurry pipelines and other
industrial uses.

The overriding goals of Federal coal policies and
programs are to produce adequate supplies of coal
and to avoid significant damage to the existing en-
vironment. To achieve these goals, and to assist in
the preparation of required environmental analysis
reports and impact statements and in the enforce-
ment of Federal mining regulations, it has become
necessary to establish a baseline of existing environ-
mental conditions in each of the principal coal-
bearing areas of the West. Such baseline data are
needed for predicting the changes in the environ-
ment that will be caused by future mining and
associated activities and are also needed then for
monitoring those changes through close observations
and quantitative measurements as they take place.
Because potential environmental problems vary con-
siderably from one area to another, both in kind and
in degree, it is just as important to pursue broad
regional investigations to assess the cumulative
effects of long-term, large-scale development on an
entire region as it is to determine impacts at specific
local sites.

The preparation of a comprehensive environ-
mental baseline involves the acquisition of large
amounts of integrated geologic, hydrologic, geo-
chemical, and engineering data, a task for which the
U.S. Geological Survey is well suited in view of the
multidisciplinary aspects of its professional and tech-
nical staff. Currently, Survey earth scientists are
engaged in mapping and related studies of land
forms, landscape characteristics, and active geologic
processes in selected areas of the western coal fields.
Interpretations of these data are being used to pre-



dict how future mining, reclamation, and industrial
activities may be affected by alteration or disturbance
of the present landscape, and, conversely, how the
landscape may react to these modifications. One
such area being investigated is in the eastern Powder
River Basin of Wyoming (fig. 1), for which preliminary
results have been published (Keefer and Hadley,
1976). Additional studies are directed toward identi-
fying geologic hazards, determining surface- and
ground-water conditions, measuring erosion rates
and sediment yields (fig. 4), and evaluating factors
that bear on reclamation potential, all of which con-

tribute to advance understanding of potential en-
vironmental problems.

Knowledge of the distribution and concentration
of chemical elements in the natural environment is
likewise of prime importance in efforts to predict,
measure, and interpret changes in existing environ-
mental conditions as coal exploitation and related
industrialization take place. Redistribution of ele-
ments in landscape materials resulting from these
activities, for example, could be detrimental, or in
some instances beneficial, to future uses of the
affected land and to the quality of ground and sur-

FIGURE 4.—A recently developed rainfall simulator is used by the Geological Survey to determine runoff and erosion rates from
various types of terrain. The simulator is shown here in operation on badlands of the Cretaceous Fruitland Formation in New
Mexico, a possible coal surface mining site. About 3.8 centimeters (172 inches) of “rainfall” in 45 minutes is applied to an
area of approximately 325 square meters (3,500 square feet). Outflow from the area is trapped in the small pond (center fore-
ground) and then released and measured through a calibrated flume (left side of the pond). Water samples are then obtained
periodically (the boxes are filled with containers for this purpose) to determine the concentration of sediment in the runoff
from the test area.
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face water. Geochemical studies and sampling
programs are being conducted by U.S. Geological
Survey personnel in several of the coal-bearing re-
gions of the West with current emphasis on the
Northern Great Plains (U.S. Geological Survey, 1976).
Soils, plants, rocks (including coal), and surface and
ground water are being analyzed to determine their
geochemical properties, both locally and regionally,
as a basis for establishing baselines in advance of the
large-scale modifications that are now anticipated
from mining and related activities. Concentrations
of trace metals, such as arsenic, mercury, and se-
lenium, and other potentially harmful elements
receive special attention because they can cause
environmental problems if not detected and treated
accordingly. In addition to baseline geochemical
studies, sampling and analytical programs are also
being undertaken near some of the existing coal-fired
electrical generating plants to determine what effects,
if any, stack emissions may have on the natural
materials of the surrounding landscapes (see, for
example, Connor and others, 1976, p. 56).

All the U.S. Geological Survey earth-science data-
gathering programs discussed above focus directly on
the agency’s decisionmaking responsibilities in coal-
resource management and mining regulation. Specific
responsibilities include classifying federally owned
coal lands, defining knowrn coal-resource areas,

delineating logical mining units, assessing nomina-
tions for competitive coal leasing, determining fair
market value for purposes of evaluating competitive
bids and establishing royalty payments, and approving
and supervising all mining and reclamation activities
on federally owned coal lands. The needs for earth-
science data are clearly evident in all phases of these
activities, but perhaps the needs are best exemplified
by the duties imposed on the Survey’s mining super-
visors for enforcing the many provisions embodied
in the Federal coal-mining regulations. Proper and
effective discharge of these responsibilities involves
not only detailed knowledge of coal resources and
mining and reclamation practices, but of the whole
range of environmental matters as well.

SUMMARY

U.S. Geological Survey scientists, engineers, and
technicians bring a unique, integrated team approach
to the acquisition and interpretation of basic land,
water, mineral resource, and environmental data and
to the application of these data for the sound man-
agement of federally owned coal resources and for
the solution of complex environmental problems in-
herent in increased coal production and utilization.
The multidisciplinary aspect of the Survey’s earth-
science data-gathering activities can be summarized
as shown in the following table:

Some principal elements in the Federal coal-leasing
and coal-development system that require ea-th-science data

Regulation
of

Coal- Era‘é'r:?:l- Lease mining
Major supporting .disciglines in resource Land-use impact tract - and
the U.S. Geological Survey evaluation planning analysis selection  reclamation

Geology oo ___ X X X X X
Hydrology - ___________ —— X X X X
Geochemistry ______________ X ——- X X X
Geophysics .o ______ e X —— _— —— —
Mining Engineering _________ —— — _— X X
Topography ______________ X X X X X
Geography ___ . __________ _— X _— A ——

X, important data input from the discipline indicated.

Earth science plays a vital role in each step of the
decisionmaking process from the initial coal-resource
assessment for the selection of lease tracts to the
final approval and supervision of actual mining
operations. Much of the current U.S. Geological
Survey involvement in western coal development is
but an expansion or modification of scientific, tech-
nological, and management activities that have
formed an integral part of the agency’s basic program
for many years. But the coal regions of the West

cover vast areas, and only a cursory inventory of
data indicates that existing knowledge is as yet in-
adequate for many of the tasks and decisions that
lie ahead. However, new Federal coal programs, and
the correspondingly enlarged responsibilities of the
U.S. Geological Survey, have had the immediate
effects of sharply focusing attention on the urgency
for more extensive earth-science data-gathering
activities and of emphasizing a greater need to direct
them in the most timely, efficient, and coordinated
manner.
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How Much Water in a 12-ounce Can?
A Perspective on Water-Use Information

By I. C. James lI, J. C. Kammerer, and C. R. Murray

A pint a day,
is all I say,
to keep my whistle wet.
But so much more,
I have to pour,
before my table’s set!

B. L. Anon.

WATER USE AND ITS VARIATIONS

The 12-ounce can

On a hot afternoon after mowing the lawn, or
after returning home from a round of golf, or when
just resting from your daily toil, have you ever gone
to the refrigerator to satisfy your thirst with a 12-
ounce (355-milliliter) can of your favorite beverage?
You want to relax and reflect on the activities of the
day, but your act of consuming the contents of that
12-ounce can is the cuimination of a long chain of
processes requiring energy, materials, water, labor,
and management. Let us consider your effect as a
consumer on the water resources of the Nation and
try to answer the question, “How much water is in
a 12-ounce can?” Twelve ounces, of course—three-
eights of a quart, or, in the metric system, 0.355 liter
(0.000355 cubic meter). But wait a minute; let's re-
phrase the question to “How much water did it take
to manufacture the 12-ounce can?” Doesn't it take
water to clean the can before it is filled, water to
produce the steel or aluminum used in the can, water
to mine the coal that is used in converting iron ore

to metallic iron in making steel used in the can, and
water for cooling in the thermal electric plants that
supply these industries with electric energy?

Let us use that can from which you were about to
pour your 12-ounce drink as an example for explor-
ing the ramifications of one of our simple daily water-
consumption decisions. The fabrication of metal cans
requires a small quantity of water for a variety of
in-plant purposes such as cooling and washing. In
1968 nationwide water withdrawals for this industry
totaled 7 billion liters (7.4 billion quarts). The aver-
age in-plant water use per can is about 0.2 liter of
water withdrawn. This small direct use of water is
an obvious consequence of your consumption of a
beverage in a 12-ounce can. But what of the indirect
uses of water necessary to sustain the industries that
directly supply the can manufacturers with goods and
services?

Using 1967 data, it is estimated that supporting
industries directly supplying the metal-can fabrica-
tion industry withdraw about 23 liters (24.3 quarts) of
water per can produced. Each of these supporting
industries in turn must purchase goods and services
from still other industries. As those purchases “ripple
out” through our economy, additional economic sec-
tors become involved. The accumulated water with-
drawals for all the indirect suppliers total 40 liters
(42.3 quarts) per can, thus increasing water with-
drawals by both direct and indirect suppliers to about
63 liters (66.6 quarts) per can.

You might question the need for this type of in-
formation; certainly, your individual decision to
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Powerplant and cooling towers.

ELECTRIC POWERPLANT NEAR HAYDEN, COLO.

consume the contents of one can has little impact on
water use. In the aggregate, however, the water-use
decisions of a large group of individuals, or national
policy decisions on water use that affect many in-
dividuals, may have a considerable impact. Also, the
accumulated indirect effects of an industrial water
use are often more significant than the direct water
use in that industry, as in the example where an addi-
tional 63 liters (66.6 quarts) per can is withdrawn by
direct and indirect suppliers to a can manufacturer.

Estimates of indirect water-use effects are made
by utilizing a technique known as input-output
analysis. For this type of analysis, a table is con-
structed to show the value of direct input from each
economic sector in the United States that goes into
a unit value of output for all the other economic
sectors. By applying mathematical procedures to the
information in the table, a new table can be con-
structed to show total direct and indirect inputs from
each economic sector for a unit value of output in
each of the other economic sectors. Multiplying
these values by the average water use per unit value
of output in all of the economic sectors gives the
water use for a unit value of output from any par-
ticular economic sector. Figure 5 shows in simplified
form how this concept may be developed and ap-
plied to the water use required to produce one
12-ounce can.

As the total amount of water used by both direct
and indirect suppliers for the production of a 12-
ounce can was found to be about 63 liters (66.6

quarts), many times the direct use, so may indirect
water use for the support of production in other eco-
nomic sectors be estimated, using similar methods.
For example, an estimate can be made of the amount
of water used for the production and shipment of $10
billion worth of grain, as can an assessment of water-
use effects of national legislation concerning high-
ways, housing, energy, and environmental measures.
Possibly too often the prescribed solution to a na-
tional problem has been proposed without a
thorough evaluation of the impacts of that solution.
Would a legislative ban on nonreturnable containers
alleviate solid-waste disposal problems? And how
would that ban affect costs, energy use, water use,
and mineral use? Because almost all regulations have
negative as well as positive effects, it is desirable
that all effects be expressed in specific numbers, if
possible, and then debated before a legal or policy
commitment is made so that water-use changes can
be estimated.

A beverage can may be made entirely of aluminum,
or it may be bimetallic, having a steel bottom and
steel sides and an aluminum top. The steel industry
and the aluminum industry differ from each other
in their requirements for water, energy, minerals,
and other economic inputs. The aluminum-reduc-
tion industries (converting ore to metal), for instance,
require a relatively large amount of electric energy;
therefore, traditionally, aluminum-reduction plants
have been located in areas where hydroelectric
power is plentiful and relatively inexpensive. The

Cooling-water discharge.



CAN FABRICATION
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FIGURE 5.—Water withdrawals by direct and indirect suppliers for the fabrication of a 12-ounce beverage can. (1 liter equals
approximately 1 quart.)

production of one aluminum can requires the
equivalent of 10 cubic meters (about 11 short tons)
of water going through turbines in a 15-meter (50-
foot) high dam. This also is a water use, but the water
is not withdrawn from the river; therefore, the
quantity and the quality of the water are not per-
ceptibly affected.

Water for steel: wide variations

The largest indirect water use in the example of
the 12-ounce can is in the iron and steel industry. A
more detailed look at this industry illustrates some
interesting water-use facts that must be considered
in producing water-use information.

Steel-industry data have often been used to show
the wide range in water use that occurs within a
single industry. Inasmuch as more than 95 percent
of gross water use in steel plants is for cooling, com-
parisons of quantities used for cooling are very
significant. Data (gross use, including reuse) compiled
by Walling and Otts (1967, p. 364) for 25 integrated
steel plants and steel-processing plants showed
ranges of 14 to 409 cubic meters (3,750 to 108,000
gallons) required to produce 907 kilograms (1 short
ton) of ingot steel. As these authors pointed out,
some factors that affect cooling-water requirements
are the age and condition of a plant, procedures of
operation, and quality of cooling water. Costs of
water withdrawal also significantly affect the amount
withdrawn. Russell and Vaughan (1976) estimated

that a change in the price of water from $0.0044 to
$0.01 per cubic meter would reduce water with-
drawals by more than 80 percent; further price
increases, however, would have little additional
effect. The quantity of water actually consumed
would remain about the same or increase slightly
with price increases.

Water uses in the home and per capita use

Household uses of water also vary greatly in mag-
nitude. Household uses are internationally expressed
in terms of liters (1 liter equals 1.0567 quarts) per
day per person, and depend upon such character-
istics as climate, accessibility (connected or not
connected to a public water-supply system), water
quality, water pressure, cost, outdoor needs (lawn,
garden, pool), and whether or not the water supply
is metered. Although a person needs less than 2
liters (2.1 quarts) of water a day (from liquid and solid
foods) to survive, in the United States, the actual
daily household use (indoor and outdoor) ranges
from less than 40 liters (42.3 quarts) per capita in some
homes without plumbing to several hundred liters
per capita in affluent homes with watered lawns.
Lawn watering and toilet flushing are the two largest
household uses of water. Table 1 shows a hypo-
thetical example of average daily water use in the
future by a family of four (assuming that family has
two bathrooms, a garbage-disposal unit, a dish-
washer, an automatic laundry, and two automobiles).
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TABLE 1.—Anticipated daily domestic uses of water by a family of four. (Adapted from

Reid, 1965, p. 18.)
Average daily use
Liters Liters Gallons Gallons
per day per day per day per day
Family use of water per family per capita per family per capita
Drinking and water used in kitchen ________ 30 7.6 8 2
Dishwasher (3 loads per day) —_________ 57 14 15 3.75
Toilet (16 flushes per day) _ . __.___ 363 91 96 24
Bathing (4 baths or showers per day) _______ 303 76 80 20
Laundering (6 loads per week) ____________ 129 32 34 8.5
Automobile washing (2 carwashes per month)_ 38 9.5 10 2.5
Lawn watering (180 hours per year) ________ 379 95 100 25
Garbage disposal unit (1 percent of all
other uses) _._______________________ 13 3 3 0.75
Total o 1,312 328.0 346 86.50

Daily per capita water use in the United States is-
sometimes expressed as a nationwide average for a
given year. The average daily per capita household
use for 1970 was about 280 liters (297 quarts) per
person for homes connected to public water-supply

systems; however, the total average daily per capita
use of freshwater for all withdrawal uses—for agri-
cultural irrigation, self-supplied rural homes (do-
mestic and livestock uses), self-supplied industries,
and public supplies—was nearly 6,000 liters (6,360
quarts) per capita for the same year (table 2).

TABLE 2.—Estimated daily per capita use of freshwater in the United States.

Gallons per Liters per
person per person per
day day
Water required for survival ______________ Less than %2 Less than 2
Average personal consumption of water Abou- 1 About 4

(liquids and water in foods).

National averages in 1970

Domestic uses of all kinds (indoor and
outdoor uses); home connected to public
water-supply system.

Public water systems, including public-supply
water for domestic, industrial, commercial,
and public (fire-fighting, parks, etc.) uses
and water-system losses (population® served
in 1970: 165,000,000).

Self-supplied industrial use (total population*®
in 1970: 205,900,000).

Combined public, rural, industrial, and irri-
gation uses (excluding hydroelectric
power).

Water for hydroelectric power

75 280
166 628
777 2,940
1,550 5,870

(If saline water use is added, per capita use
is 1,800 gallons, or 6,810 liters.)
13,600 51,500

1Includes Puerto Rico and Virgin Islands (U.S.).
Sources of data for 1970: Murray and Reeves, 1972;

WATER AS A COMMODITY:
HISTORY AND LEGAL CONCEPTS

One of the most significant trends in our water-use
picture is the change since colonial times, when water
was considered an essentially free resource, to the
present, when water has become a very expensive
commodity in some locations.

English common law regarded water as a common-
property resource for those who owned land along
streams (riparian owner) to use freely. The only large

but for domestic uses, Kammerer, 1976.

uses were for power in milling and manufacturing
processes, and those uses were not consumptive or
otherwise detrimental to water used by other riparian
owners. This doctrine was brought by the colonists to
the Eastern United States where it still strongly in-
fluences the water laws of the Eastern States. On the
other hand, water legislation in most of the Western
States was more influenced by Spanish law and cus-
tom, and it was generally adapted to meet the par-
ticular needs of miners, farmers, and ranchers in arid
regions. The appropriation doctrine which evolved as



a key element of western water law held that the per-
son who first diverted water and put it to a beneficial
use had a right to maintain that diversion and use.
Any subsequent upstream diverters could only op-
erate on the condition that prior rights were being
satisfied. This was a doctrine that recognized water
rights as real property, but it frequently did not pro-
vide for marketing arrangements, and the concept of
setting a price for water still had not been developed.
The idea of free water for those who would develop
and use it fit well with the concepts of westward ex-
pansion; the natural resources of the West were pre-
sumed to be available for those with the initiative to
exploit them.

As water needs of the public increased for such
purposes as fire protection, dust control, sanitation,
disease eradication, and domestic consumption, there
was a significant increase in the extent of water-sup-
ply systems, leading to a general transition from pri-
vate to public ownership of water companies. In the
West, the simple irrigation systems on individual
farms gave way to large irrigation districts that re-
quired the capital and efforts of many. User charges to
recover the capital costs and provide for operating
and maintenance costs became accepted, but the
mechanisms for pricing and marketing water rights
developed slowly.

As increases in water use deplete the easily de-
velopable supplies, more costly additional supplies
are being sought. As the costs of water go up, water
resources become more and more like other eco-
nomic commodities for which there are supplies, de-
mands, and a pricing and marketing structure to
balance the supplies and demands. The influences
and concepts of economists are being utilized in the
study of water use. More commonly, water is being
thought of as another input to a production process
for which substitutions can be made. In the case of
industry, treatment and recycling of water can sub-
stantially reduce withdrawals, but only with'the ex-
pense of additional capital investments and increased
energy and chemical costs. To be able to predict
water use, some knowledge of the options for substi-
tution that the factory, farm, or home manager has
available is necessary so that the impacts of their de-
cisions can be anticipated as the prices of water and
other commodities change.

These few examples of water use and its variations
and economic ramifications illustrate only some of
the complexity and importance of water-use informa-
tion. U.S. Geological Survey programs that define the
time and space availability of the Nation’s water sup-
plies provide information, which—when compared to
the water demands of industrial, agricultural, and
municipal users—provide an assessment of our abili-

ties to meet these current and future demands. How-
ever, studies and assessments of water use have not
achieved the detail or degree of accurracy that is now
found in water-supply information. Because water use
is substantially affected by variables—economics,
technology, and custom—much different than those
affecting water supply, the methods and techniques
for measuring and projecting water use must be de-
veloped from concepts and technical disciplines that
go beyond the natural and physical sciences. The U.S.
Geological Survey is cognizant of these needs and, in
cooperation with State and local governments, is de-
veloping programs to acquire water-use data that are
of the same order of accuracy as its water-supply data.

Simply stated, in the hydrologic cycle water moves
from the atmosphere to the land and sea and back
again into the atmosphere. Water use—both natural
and controlled—occurring during the land-sea part of
the hydrologic cycle includes (1) evapotranspiration
from irrigated, nonirrigated, and wild vegetation, (2)
evaporation from water surfaces, (3) withdrawal of
water from streams, lakes, reservoirs, and wells, (4)
dilution, assimilation, and transport of wastes, and
(5) occupancy of surface waters as a habitat (by fish,

_wildlife, and so forth), a transport route (navigation),

and a recreational facility.
For purposes of estimation and measurement, these
water uses are grouped into three principal categories:

1. Withdrawal (or “off-channel”’) uses, such as with-
drawal from a well or diversion from a stream,
for public supplies, irrigation, and industry;

2. Nonwithdrawal, such as for hydroelectric power,
navigation, recreation, preservation of wildlife
and sport fishing habitat, salinity control, waste
dilution, and transport;

3. Nonsupply uses (also sometimes referred to as
“water losses” or ‘“‘preemptive consumptive
use’’), such as evaporation from lakes and reser-
voirs and evapotranspiration from nonirrigated
food and fiber crops.

Withdrawal uses are the most measurable and
measured of the three categories of use, but they are
measured far less frequently and systematically than
water supplies (for example, the flow of water in
streams). Figure 6 compares a few of the national
water-use statistics for 1970 with respect to average
quantities withdrawn and the part of the withdrawals
that was consumed.

Nonwithdrawal uses (water uses that are not de-
pendent on diversion of water from ground- or sur-
face-water sources) may be categorized as flow uses
and onsite uses. Navigation, hydroelectric power,
sport fishing habitat, freshwater sweetening of saline
estuaries, and the disposition and dilution of waste-
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FIGURE 6.—Estimated water withdrawn and water consumed in
the United States in 1970. Totals above each bar are in
metric units; 1 cubic hectometer=1 million cubic meters=
264 million gallons. (Adapted from Murray and Reeves, 1972.)

water are commonly classified as flow uses; all these
uses are accomplished by free-flowing water moving
in a defined channel. Onsite uses are of two principal
types: (1) water use which occurs in a watercourse,
lake, reservoir, or other body of water, and (2) water
use resulting from improvement of natural conditions,
a use that is sometimes called “preservation use.”
Stream evaporation from an increased heat load is an
example of the first type of onsite use, and water lost
from improvements to swamps, wetlands, and fish
hatcheries are examples of the second type. Many of
the nonwithdrawal uses cannot be readily measured,
thus presenting a hydrologic challenge for more ac-
curate determination and for evaluation of their effect
on the quantity and quality of water resources for all
uses.

Perhaps surprisingly, more than 10 times as much
water is used consumptively—in the category, “non-
supply uses”—by the naturally occurring processes of
evaporation and transpiration in the growth of vege-
tation (forests, grasses, and nonirrigated crops) in the
United States than is supplied nationwide for all with-
drawal uses. The ““nonsupply” water returned to the

atmosphere by this natural process is also referred to
as a “consumptive and preemptive use,” or some-
times as “‘water losses”’; it is the remainder after run-
off (streamflow) has been subtracted from precipita-
tion. The sustained availability of large quantities of
this nonsupply water—most of which occurs as soil
moisture—constitutes a major natural resource. With-
out significant amounts of local soil moisture, com-
mercial agriculture, as well as public parks and resi-
dential lawns and gardens, would not be possible
unless there were major importation of water from
other locations. Another nonsupply use is the evapo-
ration of water from large water surfaces, such as
lakes, rivers, and snow and ice fields. An extremely
rough estimate of average nonsupply water use in the
conterminous United States is 16,000 cubic hectome-
ters per day (20 inches per year times 3 million square
miles), most of which is evapotranspiration from vege-
tation. Nace (1967, p. 4) has pointed out that actual
daily per capita water use for all purposes in an ad-
vanced society amounts to “many thousands of gal-
lons, drawn chiefly from soil moisture.”

SUPPLY VERSUS DEMAND (WATER USE)
IN 1970

In the general terms of average nationwide water
supply (based on streamflow), the United States has a
great abundance of water—more than 3 times as
much as was withdrawn in 1970 and 14 times as much
as was consumed during usage and therefore unavail-
able for reuse. Table 3 shows some supply-versus-
demand relationships for the aggregated eastern, cen-
tral, and western parts of the Nation as well as for all
the 48 conterminous States. What these data do not
reveal is the great time and space variability and
inequality of supply versus demand.

With réspect to variability of supply, table 4 shows
the wide variations in flow of 8 large streams during
the past 15 years. Even the range in long-term average
runoff per unit drainage area among these streams is
significant. For example, using the 30-year reference
period, 1941 to 1970, as a common time base for
making comparisons, the runoffs from the Delaware
River and Ohio River basins are more than 11 and 8
times, respectively, the runoff of the Missouri River
basin; this fact is obviously a natural consequence of
the drier climate of the Missouri River drainage area
in comparison with the more humid conditions that
prevail in the Eastern States.

The Southwestern United States is the only area of
the Nation where the amount of freshwater that is
consumed actually exceeds the average runoff. Mur-
ray and Reeves, describing water use in 1970 (1972,



TABLE 3.—Estimated water supply versus water demand—regional (eastern, central, and western) water use in the conterminous
United States in 1970. (Adapted from Murray and Reeves, 1972.)

The water we have . .

Average flow of streams in the 48 conter-

minous States

(Includes ground-water component of base The water we use . .

streamflow) Water withdrawn and water consumed
Population Withdrawals Water consumed
Area Stream discharge in 1970 in 1970
1,000 Cubic Thousand Cubic Cubic
square 1,000 hecto- cubic hecto- Billion hecto- Billion
kilo- square meters feet per Million meters gallons meters gallons
Region meters miles per day second people perday perday perday perday
31 Eastern States® (8 eastern regions) _.__ 2,713 1,047 2,800 1,100 144.7 770 200 45 12
10 Central States*® (parts east of Con-
tinental Divide; 5 central regions) ____ 2,980 1,150 640 260 27.1 240 o4 110 28
7 Western States (parts west of Con-
tinental Divide; 5 western regions)____ 2,132 823 1,100 460 30.3 370 100 170 45
48 States (conterminous United States) __ 7,825 3,020 4,500 1,800 202 1,400 360 320 85

1 Excludes some parts of Arkansas, lowa, Louisiana, Minnesota, and Missouri.
2Includes parts of an additional 5 States.
NOTE: Stream-discharge and water-use data rounded to 2 significant figures.

p. 13), stated “‘Both water withdrawals and consump- surface water, repeated withdrawals of the same sur-
tion in the Lower Colorado Region exceed the sup- face water, and mining of ground water.”

ply originating in the area; this is made possible Water use in 1970 is compared with average annual
by augmentation of the supply by inflow of water runoff in figure 7. The first number shown within each
from the Upper Colorado Region, importation of region is the percentage of average runoff withdrawn
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FIGURE 7.—Water withdrawn (used) in 1970 as a percentage (first number) of annual runoff (long-term average), and water con-
sumed in 1970 as a percentage (second number) of annual runoff, in each water-resource region in the conterminous United
States. (Adapted from Murray and Reeves, 1972, p. 17.)
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in 1970, and the second number is the percentage of
average runoff consumed in 1970. Average runoff is
the maximum amount of water that would be peren-
nially available if the maximum water-resource devel-
opment and management were accomplished. How-
ever, the actual dependable supply, even under those
circumstances, might be as little as one-third of the
average runoff in some parts of the Nation because of
wide variations in flow from season to season and
from year to year and because of topographic, geo-
logic, hydrologic, ecologic, and economic constraints
on reservoir construction.

WHAT ARE SOME OF OUR
INFORMATION NEEDS?

Water-use information is needed at all levels of
water-resource planning—from the designing of an
individual household’s self-supplied water system to
planning for the development of our largest river
basins. The analyses of the effects of potential legal or
policy water decisions also require water-use infor-
mation, whether the issue at hand is a temporary ban
on lawn watering or a national policy on nuclear-
powerplant siting.

The past few years have demonstrated how rapidly
radical changes can affect the directions of some sec-
tors of the U.S. economy and can affect the national
pattern of water use. The growth in energy demand
he 1 been mostly satisfied by increasing oil imports
during the 1960’s and early 1970’s. However, with the
realization of possible interruptions of oil imports and
their subsequent momentous increases in price, na-
tional attention has been focused on developing our
extensive reserves of coal as a less expensive, more
secure alternative to oil imports.

Most of this attention is now being directed toward
the development of surface-minable (strip-minable)
coal reserves in the water-short Western United
States. Surface-minable coal is the only energy re-
source that can be brought into production rapidly,
and it is usually less costly to produce than under-
ground coal. The semiarid Western States have 63
percent of the demonstrated reserve base of strip-
pable coal in the United States, and much of this has
a desirably low sulfur content. Figure 8 shows the
location of some of the principal western deposits of
coal, including those minable by surface methods.
Comparing this with the existing water uses in figure
7, it can be seen that the coal deposits occur in areas
in which the existing water use is high.

Direct water requirements for surface coal mining
are not large; the modest demands for sanitary and
dust-control purposes can usually be met locally. Irri-
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FIGURE 8.—Location of coal fields and oil-shale deposits in
upper Missouri River and upper Colorado River basins, West-
ern United States.

gation of spoils undergoing reclamation in arid areas
may require more water than is available on a mine
site but only in amounts that will not cause significant
water-use problems. In contrast to these relatively
modest water needs for mining and reclamation, the
conversion of coal to secondary forms of energy such
as gas, oil, or electricity for transportation, distribu-
tion, and consumption will constitute a significantly
large water use. These secondary industries will also
generate associated industrial and commercial growth
that will also increase the water use.

The preponderance of high-grade oil-shale deposits
are also located in the semiarid West (fig. 9). In addi-
tion to water used for processing and cooling in shale-
retorting operations, water is used for compacting the
spent shale material.

The very great demands that will be made on water
and environmental resources for energy conversion
are only “the tip of the iceberg” compared to the
ensuant demands that will be made for industrial,
residential, and commercial development. These in-
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FIGURE 9.—Principal reported oil-shale deposits in the conterminous United States

creased water-use needs cannot be met by the al-
ready overcommitted available water supply; rather,
they must come from a transfer of water rights from
one type of use to another.

This will often mean that water which up to now
has been used for agricultural purposes will subse-
quently be sold to industrial users. If the water was
used to irrigate hay and feed-grain crops, its loss
might considerably change the character of ranching
and, hence, change the ambience of the area. Most
water users, especially industrial users, have options
for using less water, but these options require higher
capital investments and operating costs. If a user can
legally buy water from other users, he will do so, but
if water transfers are not permitted, the costs of reduc-
ing water use will eventually be passed on to
consumers. To thoroughly evaluate the social, en-
vironmental, and economic effects of energy develop-
ment, detailed information on water-use options and
their costs must be developed for the energy-conver-
sion industries and for other major water users who
will be directly or indirectly involved in energy pro-
duction and development. Also to be considered are
industries that are purposely located near energy-
conversion industries in order to utilize products or
byproducts of energy-conversion processes.

. Solid-black areas in Colorado, Utah, and
Wyoming are known to contain high-grade deposits.

Detailed analyses of plant-level options for convert-
ing coal to gas, oil, and electricity and the effects of
these options on water use have been undertaken,
and some are near completion. Methods for project-
ing water use for secondary development resulting
from increased energy development and for relating
these water demands to supply capabilities and en-
vironmental resources are being studied.

HOW ARE WATER-USE INFORMATION
SYSTEMS DEVELOPED?

It is necessary for a planner or designer of a new
water-supply system to study other similar systems in
order to estimate water demands for the new system,
but, because this type of information is often scat-
tered throughout thousands of reports from towns,
cities, public-health agencies, and engineering firms,
it is not always easy to find. Aggregate water-use in-
formation for a region or an industry is even more
difficult to assemble because some companies are
hesitant to disclose information about their opera-
tions that might be useful to competitors.

The need for a more centralized source of water-
use information has led to the development of some



data-collection and data-reporting systems. These
have usually been based on periodic assessments
made by conducting many interviews and canvasses,
collecting data from secondary sources, and estimat-
ing to fill the gaps. The quality of water-use informa-
tion ranges from the accuracy obtained for metered
uses to the uncertainty of hydrologic estimates of irri-
gation conveyance losses. In fact, a major proportion
of existing water-use data consists of estimates that
are of such limited accuracy as to be useful only in
very general assessments of water problems.

The economic fact that consumers usually use less
of a commodity as it becomes more expensive, but
use more of it as their incomes increase, indicates that
information on income and water prices, as well as a
number of related items of information about house-
hold size, house-lot size, and property values, may be
helpful in estimating variations in water use. Equa-
tions can be developed to make these estimates, but
statistical analyses must be based on data that include
economic and demographic information as well as
water-use information.

For estimating the effects of changing prices and
technology on industrial water use, another type of
detailed analysis can be made on an industry-by-
industry basis for industries that use large amounts of
water. These plant-level analyses of the processes in-
volve detailed engineering-economic studies of how
existing plants are operated or how new plants should
be designed and operated in order for the company
operating the plant to maximize profits under current
prices and regulations. Existing plants often cannot
significantly change their rate of water-use without
extensive retrofitting. New plants, however, have a
much wider range of process technologies to choose
from for minimizing production costs under changed
economic conditions. For cooling purposes, one of
the largest uses of industrial water, a lower water use
can usually be achieved at a cost of increased water
consumption, and the converse is also usually true.
The recent increases in energy prices relative to water
costs may alter the historical trend toward less water-
intensive cooling systems. Plant-level analyses of the
total costs of various cooling systems can be used to
determine the directions that future changes in water
use will take.

SUMMARY AND CONCLUSIONS

We can estimate past and present water uses, but
total water needs for most withdrawal uses are chang-
ing; water use is responsive to prices, technology,
customs, and regulations. Although inventory systems
for estimating water use are good indicators of past

and present uses, such systems are not as accurate or
as frequently reported as we would like, and they do
not show us future water-use trends.

Providing more complete and accurate water-use
information will involve the work of many hydrolo-
gists, engineers, and economists. It will require more
detailed and complete water-use data and a wider
knowledge of local factors. Much of the information
can be collected by State or local agencies, and a
well planned, nationally consistent effort can produce
data that will serve many purposes. However, provid-
ing water-use information for all purposes will re-
quire additional comprehensive statistical-data and
engineering analyses of water-use options at the plant
level. These analyses can provide information on
changing conditions, and, with this knowledge, it will
be possible to construct computer models for regional
assessments of water use in relation to water supply.

For most of our Nation, the period of free and easily
developed water supplies has ended; in some areas,
water use is approaching or exceeding the available
supply. We are, however, not running out of water.
Much still remains to be done toward modifying the
occurrence of water to better fit regional demands,
and, more importantly, many options for modifying
water use and reuse remain to be explored. The de-
velopment of new water supplies will take more time
than the development of methods for better utiliz-
ing water through reuse, conservation, and new
technologies.

Sometime in the future, the manufacture of a 12-
ounce beverage can will have considerably different
water-use effects. We must prepare for these effects
if that 12-ounce can is to continue to be available to
us.
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The Federal- State Cooperative Water-Resource Program,
A Unique Partnership in Government

By J. S. Cragwall, Jr.

The Federal-State Cooperative water-resources pro-
gram of the U.S. Geological Survey is a unique, mu-
tually beneficial working partnership between the
U.S. Geological Survey on the one hand and public
agencies in all 50 States on the other. It began in
1895 and in the ensuing decades has produced water
data and reports that are used as a basis for national
and local decisionmaking and planning wherever
water-resources and water-quality problems exist. It
is a partnership in equity, funded primarily on a 50-50
basis, an arrangement that has stood well the test of
time.

ORIGIN AND DEVELOPMENT

From its inception in 1879, the U.S. Geological Sur-
vey has regarded cooperation on scientific matters,
both formal and informal, as essential. The first formal

. cooperative arrangement was with the State of Massa-

chusetts in 1884 for preparation of a topographic map
of the State. The Director of the Survey, Major Powell,
and the Board of Commissioners of the State of
Massachusetts agreed that the State would pay one-
half the expense of topographic fieldwork and the
Federal Survey one-half, the latter to engrave the
maps and give transfers of the plates to the State
Commissioners.

Cooperation that offered the advantage of pooling
severely limited resources toward gaining mutual ad-
vantages increased steadily and by 1895 included
water-resources investigations. The States and their
subdivisions offering more funds or other resources
than the Survey could match because of its limited
budget or because the Survey was anxious that the
work done contributed to the fulfillment of its na-
tional responsibilities. It was this condition that was
elaborated by Director Wolcott in the Survey’s annual
report of 1901.

One important point to be considered in all such work is
that the general plans and methods of the Federal Survey can-
not be set aside on account of State cooperation. At the pres-
ent time the funds available for cooperation are so limited
that its further extension is dependent upon increase of ap-
propriations by Congress. It is against the policy of the Survey
that work on important areas or subjects should be stopped in
order that cooperation with individual States may be extended.

The Director is willing to enter into a cooperative agreement
only when the interests of the country as a whole will be bene-
fited.

With that brief account of its roots, we turn our at-
tention to the Federal-State Cooperative program of
the Survey’s Water Resources Division.

Although cooperation was begun with Kansas in
1895 for stream gaging, appropriations earmarked
specifically for cooperative studies were first made to
the Survey by Congress in fiscal year 1906. Thus began
the partnership between the States and the Geologi-
cal Survey that continues to this day as the foundation
of the Water Resources Division’s program. Records
of the Division’s first cooperative ventures with State
and local agencies are vague. The agreements were
rather informal and varied a great deal from State to
State. In some instances most of the money was fur-
nished by the Survey; in others, by the State. In gen-
eral, however, because of the usefulness of the work
to them and the very small size of the Federal ap-
propriation, the States contributed more than half the
cost of the studies.

Beginning with fiscal year 1929, and in response to
the demands of State officials and engineering organi-
zations, Congress established the principle of 50-50
matching funds between the Survey and State and
local agencies. This principle recognizes a mutuality
of benefit from the partnership arrangement. On the
one hand, State willingness to participate is prima
facie evidence of value to the State. It should be
recognized, however, that in view of the rapid offer-
ings of cooperative funds by the States, it has been
the skills and impartiality of the Survey that have been
so eagerly sought by the States and local govern-
ments. Most water projects studied or undertaken are
under controversy among conflicting interests. Data
and studies produced by the Survey are accepted by
both sides in interstate, intrastate, State-local, and
international disputes. In these days of growing ten-
dencies toward adversary proceedings, it is important
to preserve those impartial services that tend to
broaden the base of acceptability and narrow the
scope of controversy.

On the other hand, information required to carry
out Federal-agency missions, interstate and interna-
tional compacts, Federal law and court decrees, con-
gressionally mandated studies, and regional and



national assessments and planning activities is patent-
ly in the Federal interest. All these various studies and
projects depend heavily on the data base acquired
through the cooperative program as well as through
special investigations made with Federal funds ap-
propriated for that purpose or transferred- from other
Federal agencies. For example, in 1976 the Survey
stream-gaging stations used for river forecasting by
the National Weather Service represented an outlay
of $5 million for work by the Geological Survey; of
this amount, the Federal-State Cooperative program
provided more than $2 million. As another example,
in 1976, Survey-funded stations providing data used
by the U.S. Army Corps of Engineers represented an
outlay of $6 million, of which $2 million was from the
cooperative program.

THE PROGRAM TODAY

The program has grown and has changed with time.
Today the program is a composite of activities cov-
ered by more than 500 cooperative agreements with
jurisdictions in all the States and several of the terri-
tories, wherever there are water problems. Through
this network of contacts with the ‘real” world of
water conservation, development, and use, the Sur-
vey’'s Water Resources Division has been able to
anticipate and to respond to changing priorities. Thus,
the work is diversified, problem oriented, and strong-
ly interdisciplinary. For example, the activities listed
in a recent sampling of a few State programs include:
collection of long-term multipurpose data (surface
water, ground water, and water quality); special inter-
pretive studies of the physical, chemical, and biologi-
cal characteristics of water resources; and appraisals
for environmental impact analysis, energy develop-
ment, coastal-zone management, subsurface waste
storage, waste utilization, land-use planning, flood-
plain management, and flood-warning systems.

The Federal-State contribution to the water-
resources mission of the Geological Survey can be
measured in terms of dollar support to the overall
effort of the Water Resources Division. From 1941 to
1976, a period for which reliable records are available,
57 cents of each dollar spent on data collection and
research by the Water Resources Division came from
the Federal-State cooperative program. Other meas-
ures are activity and output. For example, in 1976, of
the 8,000 stations comprising the basic streamflow
network, the cooperative program was the sole sup-
port for 2,600 stations and contributed to the support
for 2,500 others. Of about 1,200 active projects (areal,
topical, and research) underway, about 700 were in
the cooperative program, and of about 750 reports

published on water resources, about 500 came from
the cooperative program.

Administratively the cooperative program has sev-
eral distinctive characteristics. It is decentralized; the
work is done through 47 district offices, nearly one
for each State. Details of programs are negotiated at
State or local level by representatives of the Survey
with representatives of the cooperating agencies. Im-
plementation is under Survey direction and by Survey
staff, principally, but there is an accountability for
performance to the State partners. Mutual trust based
on years of satisfactory collaboration has minimized
the paperwork usually associated with cost-shared
programs, and to formalize the arrangement a simple
one-page standard cooperative agreement is used
with few exceptions.

Advantages from the administrative arrangement
accrue to both Federal and State sides. Most evident
is the cost-sharing that approximately doubles the
activity that might be afforded by each. Additionally,
what is in effect a pooling of manpower in the rela-
tively small field of hydrology provides advantages of
scale for recruiting, training, and career opportunity;
for supportive activities such as laboratories and re-
search; and for mobility to meet new needs where
and as they develop. Cost-sharing and decentraliza-
tion increase the responsiveness of the program to
grass-roots, real-world needs and provides early indi-
cation of emerging local problems that often merge
and become national problems. Unified management
provides common standards nationwide, uniformly re-
liable and comparable output, and assures the availa-
bility of that output to the public at large.

AN EVALUATION

The Nation’s ability to cope with new and chal-
lenging problems in water management rests largely
on data and surveys made over the preceding years in
the cooperative program. For example, flood-plain
management (including flood-plain zoning and flood
insurance) is a relatively new concept in the national
scene for abating flood damages. But the procedures
and data on which flood-plain management programs
depend have their origin in the Survey’s cooperative
programs with State and local agencies. As another
example, ground water—so important to the com-
munity, the farm, and the home—was investigated in
the early days almost entirely within the cooperative
program, when there was little recognition of ground
water as a national problem. Today, the potential for
pollution of ground water is receiving national atten-
tion, for, once contaminated, ground water may be
ruined as a resource and become instead a danger to
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health. The source of most knowledge of ground
water now being used by concerned national agen-
cies was first evolved as part of the cooperative pro-
gram. Similarly, environmental assessment, now part
of all national planning, uses water-resources informa-
tion from many of the reports that have stemmed
from the cooperative program.

The long reliance of State and local authorities
upon the U.S. Geological Survey for water facts and
water studies and for funds and staff to do the work
reflect the cooperators’ experience that the Survey
has been an effective supplier of data and services
and has at the same time maintained high scientific
and engineering standards. The Survey offers a core
of talent that is rooted in research—and so advances
the application of research to practice; it assures im-
partiality—if one party pays for the work, the adver-
sary party will credit the results; it offers continuity—
water information gains in value with length of rec-
ord; it offers transferability—lessons learned in a
study anywhere in the country are available for
another.

Perhaps the strongest point of all in evaluating the
existing Federal-State Cooperative program, and de-
termining whether any change is desirable, is the un-
certainty about what direction the future is taking.

This Nation—along with most other nations—is in the

midst of convulsive changes, the only certain factor
being the continuity of basic human needs on an
ascending scale. Water is one of the most valuable

resources, and to fail to have it assessed correctly
could result in failure to use it intelligently, with far-
reaching disastrous effects. Because the availability of
water of suitable quality is a fundamental limiting
factor in an expanding economy, a comprehensive
and forward-looking data-collection operation is im-
perative to the best planning for the future develop-
ment and use of the Nation’s water resources. The job
is too large to be supported at either Federal or State
level alone; on the other hand, the jointly planned
and funded cooperative program provides budget-
makers with the most convincing assurance that the
work is designed to meet both national and local
needs.

THE OUTLOOK

In looking ahead, the main purpose of the Federal-
State Cooperative program from the national point of
view will continue to be to provide facts needed to
maintain relevance to problems in advance of their
blossoming as national crises, to match resources to
the work to be done, and to assure availability of in-
formation nationally to all users. From the State and
local point of view, the objective will be to assure im-
partiality, skill, and continuity in the maintenance of
an adequate water-data base. The cooperative pro-
gram has successfully satisfied both objectives in the
past and should continue to do so in the future.

Prospects for Automated Mapping

By Morris M. Thompson and Madonna K. Elliott

Cartographers have been talking about the pros-
pects for complete automation of map production
ever since modern computers first displayed their
wondrous powers. There is relatively little realization
of these prospects today, however, because research
has usually been fragmented, and few developments
have proved to be cost effective. At the same time,
optical and mechanical improvements have upgraded
mapping equipment to the extent that, with the com-
puter plugged in at a few points, mapping produc-
tivity has steadily increased. For example, in 1965 it
look about 27 man-hours to complete 1 square mile

- of topographic mapping at the scale of 1:24,000; in

1975 the same work took only about 12 man-hours.
Even so, only some 36,000 of the 54,000 1:24,000-
scale general-purpose topographic maps it takes to
cover the 48 conterminous States have been pub-
lished, and a fourth of these need revision. The fact is
that current methods of producing and maintaining

cartographic information are not meeting all of to-
day’s needs, let alone the projected needs of the
future.

By all accounts, our Nation faces extensive short-
ages of natural resources before the turn of the cen-
tury. Consumption of resources is at an all-time high
and is steadily increasing to fulfill society’s expecta-
tions for a better quality of life. The land is pressured
relentlessly by population growth, urbanization and
suburbanization, new technology, and increased lei-
sure time for outdoor recreation.

Planners, decisionmakers, environmentalists, and
developers all face the need to analyze millions of
acres of land, often without a complete inventory of
the resources and physical features or of the interac-
tions of the environment and human activities. The
prerequisite for such an inventory is a cartographic
base of one kind or another. The demand today is not
only for conventional maps and charts in increased



FIGURE 10.—Autographic theme extraction of open water from space (Skylab) image data. Area shown is same as arga covered
by the Hartford, Conn., 1:250,000-scale quadrangle (1° X 2°). The prominent stream at left is the Hudson River; Long

Island Sound is at the bottom.

quantities, but for photomaps, slope maps, land-use
maps, county maps, regional maps, urban maps,
flood-insurance maps, and thematic maps (fig. 10) of
endless variety. The key to storing, updating, and
quickly retrieving this vast body of information is the
computer. When the data are digitized, that is, coded
in computer-readable form, they can be rapidly ma-
nipulated to produce maps of any desired content
and form, and they can be correlated with other geo-
graphically related information systems for total prob-
lem analyses.

Fortunately, automated mapping techniques are
now emerging from research laboratories to give new
hope of meeting the immense cartographic require-
ments of the days to come. The techniques are based
on powerful data-processing systems, on ingenious
inertial-guidance packages, on sophisticated use of
spacecraft, on highly selective remote sensors, and on
wide-ranging methods for processing and analyzing
imagery. Conventional map-production methods will
be changed radically, mainly to expedite the process.

In each major phase of the mapping operation the
prospect of automation is becoming reality. These
major phases can be set down in outline form:

1. Acquisition of geodetic data to tie the map to cor-
rect positions and elevations on the Earth’s
surface.

2. Acquisition of image data in the form of aerial
photography or other sensing systems to pro-
vide detailed map information.

3. Compilation of the map from the image data, in
proper relationship to the geodetic data.

4. Finishing the map by preparation of color-sepa-

rated printing plates from the manuscript ma-
terial for line maps, or completion of appropri-
ate cartographic requirements for image maps.

Let us now consider the outlook for automation in
each of these phases:

Ceodetic data
Ground surveys to establish horizontal position and

elevation have constituted one of the costliest and 31
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most time-consuming tasks of mapping. But now
even the modern electronic distance-measuring in-
struments are being rendered obsolete by new auto-
matic systems that provide continuous determination
of position, elevation, and azimuth through the use,
in a moving vehicle, of an inertial-navigation package
containing extremely accurate gyros, accelerometers,
and a computer. The Auto-Surveyor mounted in a
rough-terrain vehicle is one such system that the
Geological Survey is testing on mapping projects in
remote areas (fig. 11). Acceptable ground data are
being obtained from this system in a fraction of the
time normally required and regardless of most weath-
er changes. An airborne version is the Aerial Profiling
of Terrain System being developed primarily to obtain
stream-valley data for the Survey’s Water Resources
Division. Mounted in a light plane, the system in-

cludes an inertial-navigation package and also a laser
altimeter which is expected to result in very reliable
ground profiles useful to mapping. Manufacturers of
these inertial-guidance systems are becoming more
aware of the possible ground applications and are
producing more effective and affordable models. In a
few years a surveyor may hand-carry a small inertial
measuring system that will provide positions and ele-
vations accurate enough for property records.

Another type of advanced surveying system is par-
ticularly useful for establishing the locations of iso-
lated points in remote areas such as Antarctica. With
this system, it is now possible to determine the geo-
graphic coordinates and elevations of ground posi-
tions directly by observing Earth satellites with
ground-based wave analyzers (such as the Geoceiver)
or by laser ranging to satellite-borne retroflectors.

FIGURE 11.—Four-wheel-drive vehicle equipped with an inertial package for automated surveying. The system, which includes
gyroscopes, accelerometers, and small computer, provides a continuous record of the position and elevation of the vehicle
as it proceeeds along its course.



Image data

Since most map information is derived from aerial
photographs and other images obtained in either
digital or graphical form, the planning, taking, and
processing of the image data are crucial tasks in map-
making. Today’s high-resolution cameras and multi-
spectral sensors will be tomorrow’s imaging systems
in a high-flying aircraft or a cartographic satellite (fig.
12). The image will generally be in digital form and
fully manipulable by computers. Unseen pictures will

be formed digitally from the sensors’ records to show
selected data suitable for thematic maps. Already we
are able to computer-produce a stereopair of photo-
graphs from a single satellite image. The development
of powerful new techniques for image processing has
already led to a growing production of image maps.
On the increasingly popular satellite image maps,
cartographic detail is shown by images derived from
photographs or other sensors, instead of by the lines
and symbols of conventional line maps.

FIGURE 12.—Automated imaging system.

Cartographic compilation

A breakthrough in automating the laborious and
exacting compilation of topographic data occurred
this year. The Geological Survey acquired a fully auto-
mated photogrammetric machine (p. 80) in which
the photographs are automatically scanned and cor-
related to provide concurrently a contour drawing, a
digital terrain model (dense grid of elevations) re-
corded on magnetic tape, and an orthophotograph
(correctly positioned imagery). Here automation will
cut production time from weeks to days and reduce
the incidence of error. This and similar future systems
will provide a ready means of accomplishing relief
shading, slope mapping, production of a line or image
map at any desired scale, or solution of interdiscipli-
nary problems. This impressive new system, called
the Gestalt Photo Mapper I, is in operation at the
Survey’s Eastern Mapping Center in Reston, Va.

Map finishing

Even though the image maps are gaining wide ac-
ceptance, there will always be a need for the line
map. However, for the application of automated tech-
niques to the preparation of color-separated plates
for lithoprinting, the line map must bear new symbols
that are computer-compatible and that enable effi-

cient use of automated precision-plotting systems
now on the market. Duplication in drafting will be
eliminated by the current development of instruments
and techniques for digitizing map data in the course
of compilation. Given map data in digital form, the
system of the future will make press-ready reproduci-
bles at a variety of scales and with selected content.
It will also be possible to gain rapid access to map
data through local computer terminals.

The cogent question

Thus automation promises many things for car-
tography: speeding mapmaking, increasing product
quality and desirability, improving access to the in-
formation, and extending the usefulness of the data.
Right now, the installation of automated equipment
and techniquse entails large capital investments, as
much as a million dollars a unit, and the question is
frequently raised: ““Can we afford to automate?” In
view of the complete and up-to-date national carto-
graphic data base within our grasp—a new resource
that society will find indispensable as it seeks to man-
age the environment, a unique resource that will con-
tinually grow to supply the demand—the more cogent
question is: ““Can we afford not to automate?”
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Metrication—What It Means to Mapping

by Marshall S. Wright, Jr.

WHERE WE HAVE BEEN

Recently the Congress of the United States author-
ized the use of the metric system throughout the
country. Recently? Well, not too recently . . . one hun-
dred and ten years ago, to be exact. Nothing much
happened as a result of that legislation, and the next
significant mile post was in 1875 when the Treaty of
the Meter was signed by 18 nations including the
United States. The treaty provided for improved
metric weights and measures and the establishment
of an international organization devoted to matters of
weights and measures, but, again, the implementation
of metrication in this country made little gain. Then,
in 1968, Public Law 90-472 authorized a 3-year metric
study to determine the impact of increasing use of the
metric system on the United States. The study was
made by the National Bureau of Standards, and in
1971 a report to the Congress, entitled “A Metric
America—A Decision Whose Time Has Come,” was
submitted. The report recommended, among other
things, that the Nation change to the metric system
“deliberately and carefully,” that the change be done
through a coordinated national program, that various
sectors of our society work out their own detailed
plans and timetables, that priority be.given to edu-
cating school children and the public at large to think
in metric terms, and that the Congress establish a
target date 10 years ahead by which time the United
States will have become “predominantly, though not
exclusively, metric.”

The latest metric legislation is contained in Public
Law 94-168, called the ‘“Metric Conversion Act of
1975” enacted by the Congress and signed by the
President in December of 1975. The act states “that
the policy of the United States shall be to coordinate
and plan the increasing use of the metric system in
the United States and to establish a United States
Metric Board to coordinate the voluntary conversion
to the metric system.” This is not a particularly strong
law (note “plan the increasing use’” and ‘‘voluntary
conversion”). No specific timetable is set forth in the
act, but it unquestionably moves the Nation a major
step forward toward the inevitable day of metric con-
version. Inevitable? Yes, absolutely! After all, we and
Barbados, Burma, Gambia, Ghana, Jamaica, Liberia,
Muscat and Oman, Nauru, Sierra Leone, Southern
Yemen, Tonga, and Trinidad are the only nations left
in the entire world that are not fully committed to the
metric system. The United States cannot hold out

much longer, and the Geological Survey believes that
the time has come to move firmly and intelligently
toward the metrication of the maps and other carto-
graphic data it produces under the National Mapping
Program for the benefit of the Nation.

The production of maps in the metric system is not
new to the Survey’s Topographic Division even
though more than 99 percent of its standard quad-
rangle maps are in the English system with contours
shown in foot units and map scales usually keyed to
inches, feet, and/or miles. The exceptions are the
standard quadrangle maps of Puerto Rico at a scale of
1:20,000 with the contours in metric intervals and
maps of some areas in Alaska that were made at a
scale of 1:25,000 with metric contours. A number of
other new maps of areas within the conterminous
United States have also been prepared at a scale of
1:100,000 with metric contours. Thus, from a techni-
cal and operational viewpoint, we have the ability to
compile and publish maps in the metric system now.
The problems lie elsewhere.

WHERE WE ARE TODAY

A brief description of just what the metric system
is may be in order. The system is called the Interna-
tional System (SI) throughout the world. (SI is the
standard abbreviation for the official name, Systeme
International D’Unites.) The great advantage of the
system is its simplicity, there being only seven basic
units covering all weights and measures: (1) the me-
ter for length, (2) the kilogram for weight, (3) kelvin
for thermodynamic temperature,* (4) the second for
time, (5) the ampere for electric current, (6) the can-
dela for luminous intensity, and (7) the mole for
amount of substance. A special case is the liter which
is the unit for measuring volume—this is not con-
sidered a basic unit, however, since the liter is actual-
ly defined in terms of the meter. The system is further
simplified by the fact that it is based on 10 and that
the base units can thus be multiplied or divided by
simply moving the decimal point in working with
numbers or by using standard prefixes in working
with words. Typical prefixes are kilo (meaning one
thousand) as in kilogram and kilometer, milli (mean-
ing one thousandth) as in milliliter and millimeter,
and centi (meaning one hundredth) as in centimeter

1 Degrees celsius (°C=K—273.15) are also acceptable and most
familiar.



and centigram. Thus, if one wants to know how many
meters there are in 2.36 kilometers, the answer is
instantly perceived to be 2,360, whereas if one wants
to know how many feet there are in 2.36 miles, it is
necessary to multiply by 5,280.

The precise definition of just what some of these
basic units represent is not always so simple. Some
people may not know that the official definition of
the meter is “the length equal to 1,650,763.73 wave-
lengths in vacuum of the radiation corresponding to
the transition between the levels 2p,, and 5d; of the
Krypton-86 atom.” And this is one of the simpler defi-
nitions! Fortunately, however, the average person
need never be concerned with such a basic definition
of the length of a meter. It should suffice to know that
the meter is about the height of a doorknob or a
workcounter. It is also fortunate for map users that
they are primarily concerned with only one of the
seven basic metric units in the conversion of maps to
the International System—the meter for horizontal
and vertical measurement.

The Topographic Division of the U.S. Geological
Survey began a preliminary investigation into the pros
and cons of converting its mapping effort to the
metric system several years ago with the appointment
of a “metrication” committee that was charged with
considering the ramifications of metrication and with
drawing up recommendations on how to proceed. A
number of experimental maps were prepared to
evaluate various combinations of metric scales and
contour intervals and to evaluate transition products
with metric units and equivalents and vice versa.

Then, in the summer of 1975, before the ‘“Metric
Conversion Act of 1975 became a reality, the Divi-
sion decided that the time had come to assume firm
leadership in the mapmaking community and to move
ahead deliberately with this clearly inevitable task.
While the in-house production problems associated
with the conversion were well understood and solv-
able, the impact on, and the desires of, the map-user
community were not adequately documented. Ac-
cordingly, in December 1975, a questionnaire was
sent to about 150 representative map-using agencies
and individuals throughout the country. The list in-
cluded all State cooperators, other selected State of-
fices, all map-using Federal departments and agencies
(about 40), a number of university professors, private
mapping companies, and several professional socie-
ties. The list provided a representative cross section
of those who make use of the National Mapping pro-
gram products.

A letter accompanying the questionnaire explained
the Survey’s desire to prepare a specific metrication

plan and detailed the steps already taken in that direc-
tion. It described metric mapping practices in other
Countries and also set forth, for consideration, various
sequences of contour intervals. The questionnaire it-
self asked for comments and advice concerning: (1)

" the most suitable and practical scales for a metric map

series; (2) the most suitable and practical contour
intervals; (3) whether the standard quadrangle maps
for the 48 conterminous States should be compieted
in the English system or whether transition to the
International System should be begun; (4) when the
7.5-minute series is converted to metric should it
be at a scale of 1:20,000; 1:24,000; or 1:25,0002; (5)
what special problems would users encounter if new
mapping continued to be at a scale of 1:24,000 but
with metric contours?; (6) what problems would be
encountered if the scale were changed to 1:20,000 or
1:25,0002; and (7) what special information would
best help users to convert from the English to the
metric system?

The response to the questionnaire was gratifying.
Seventy percent responded, and most returns clearly
reflected serious thought and consideration. Persua-
sive logic was present in the reasoning behind some
of the answers, and some of the opinions were ex-
pressed vehemently. Of course, many conflicting
views were expressed, but the responses to the ques-
tionnaire may be summarized briefly, as follows:

1. There was a 2%2-to-1 preference for a scale series
of 1, 2.5, 5, 10 (1:10,000; 1:25,000; 1:50,000;
1:100,000; 1:250,000; 1:500,000; 1:1,000,000)
compared to the 1, 2, 5, 10 series (1:10,000;
1:20,000; 1:50,000; 1:100,000; 1:200,000;
1:500,000; 1:1,000,000). A few people, how-
ever, prefer some other scale series.

2. There was a 5-to-1 preference for contour-interval
sequence of 1, 2, 5, 10, 20, 50 or 100 meters
compared to a sequence of 1, 2.5, 5, 10, 25, 50,
or 100 meters. A few people indicated a prefer-
ence for some other series, including a se-
quence of 1, 2, 4, 8, 16, 32 meters.

3. There was a 4-to-3 preference for completing the
mapping of individual States at 1:24,000 before
converting to the metric system. It should be
noted here, however, that State officials were
overwhelmingly in favor of completing their
own States at 1:24,000 before converting, with
32 being in favor of completing at 1:24,000
and 10 favoring immediate conversion; 5 of
those 10 were States which are already com-
pletely mapped at 1:24,000, and therefore their
“votes”’ on this subject can be discounted to
some extent.
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4. There was a 2-to-1 preference for converting the
7.5-minute quadrangle maps to a scale of
1:25,000 rather than 1:20,000. Several people
recommended retaining the 1:24,000 scale.

5. As to the problems to be encountered, if metric
contours are shown on 1:24,000 maps, the an-
swers ranged from ‘‘no problem” to “the user
would be utterly confused.” Many pointed out
the obvious difficulty of matching metric con-
tours on one sheet to foot contours on adjoin-
ing sheets.

6. Only about 20 percent of the responders made
specific comments about problems that would
be caused by changing the map scale from
1:24,000 to 1:20,000 or 1:25,000. Of those, a
number objected to the 1:20,000 scale because
the map sheets would be too large for existing
files. Many pointed out the problem of match-
ing adjacent sheets at two different scales.

7. The comments on special information that would
help users convert from the English to the
metric system included ‘“‘show horizontal and
vertical bar graphs,” “put warning flags stating
boldly that these are metric maps,” “make all
maps put out in the metric system distinctly
different,” “put instructions for use on the face
of the maps,” and ““show contour numbers in
re(j‘ll

A review of the responses pointed out one in-
escapable fact: it is not possible to make everyone
happy about certain basic decisions that must be
made. There were impassioned pleas for going to
the 1:20,000 scale, equally impassioned pleas for
changing to 1:25,000, and pleas for staying at
1:24,000; it is quite impractical to adopt a multiscale
policy (except possibly during a transition period).
This situation is also true for the metric contour in-
tervals to be adopted, although there was much less
sharply divided opinion on that matter among the
map users. Among the map producers, however,
there were strong differences of opinion on the
optimum contour-interval sequence. Within the
Topographic Division, the contour interval, not the
scale, was the tough nut to crack. Some individuals
felt that a halving (or doubling) sequence—such as
1, 2, 4, 8, 16, 32 meters or 1.25, 2.5, 5, 10, 20, 40
meters—would lend itself best to the use of supple-
mental contours and to the derivation of a map series
at other scales and contour intervals, whereas others
felt that the use of fractional numbers or unconven-
tional numbers—such as 8, 16, and 32—would be
difficult for many users to handle. However, after
much in-house discussion of the pros and cons of

various sequences, a consensus was reached. The
following basic decisions have been made:

1. The scale of 1:25,000 will be the basic scale for
the metric 7.5-minute quadrangle mapping
series.

2. Contour intervals of 1, 2, 5, 10, 20, 50, and 100
meters will be the basic intervals for the various
maps in the National Mapping Program.

3. All new county maps will be prepared as metric
editions at scales of either 1:50,000 or 1:100,-
000.

4. Sixty-minute by 30-minute quadrangle maps will
be prepared as metric editions at 1:100,000.

5. Complete revisions of 1:250,000-scale maps will
be metric editions.

These basic decisions were reached after very care-
ful consideration of the impact on the user commu-
nity, compatibility with other mapping systems (the
military does much mapping at 1:25,000 and the
National Oceanic and Atmospheric Administration
plots 1-meter underwater contours on its charts, for
example), in-house production and maintenance
problems, and the economy of conversion. Every
attempt has been made to accommodate the prefer-
ences of other mapping agencies as well as those of
users in reaching these decisions.

Fortunately, considerable latitude and flexibility is
possible during the transition period, and the Survey’s
Topographic Division is, therefore, in a position to
accommodate the varying wishes of different users
as to how the conversion work is implemented and
thus to keep the majority of the users happy. With
this desire to accommodate well in mind, the follow-
ing operating procedures were formulated:

1. New 7.5-minute maps will be prepared as full
metric versions (1:25,000 scale with metric con-
tours) for all those States willing to accept such
mapping.

2. New 1:24,000 maps will be prepared with metric
contours for those States that are willing to
accept metric contours but have such a pattern
of completed mapping that 1:24,000 scale is
needed to maintain scale continuity.

3. New 1:24,000 maps will be prepared with foot
contours for those States which insist on delay-
ing metric conversion until complete 1:24,000
coverage of those States is available.

4. Any complete revisions of existing 7.5-minute
maps will be metric editions.

The Topographic Division believes that this accom-
modation of the unique problems of the individual
States is appropriate and reasonable. It is easy to
understand the argument that a State, especially one



with a patchwork quilt coverage of 1:24,000 mapping,
should have its program completed at that scale be-
fore a conversion is made. It should be pointed out,
however, that this feeling is not universal among
States that are only partially mapped at 1:24,000. In
fact, seven such States have expressed a definite
desire to begin conversion immediately with all new
maps to be metric. One State even hinted that it
would withdraw its cooperative funds if there was
any delay in converting to the metric system.

Metric mapping was actually underway during
fiscal year 1976 in several geographic areas and in
various types of mapping. In New York (one of the
States wishing to convert immediately even though

the State is not completely mapped at 1:24,000), a-

40-quadrangle mapping project in the Lake Placid
area (the site of the 1980 Winter Olympics) is being
done at a scale of 1:25,000 with metric contours. This
area includes 32 quadrangles in New York and 8 in
neighboring Vermont. Far to the South, in Georgia,
which is almost completely mapped at 1:24,000 be-
cause of a very large cooperative program over the
past few years, a complete revision project involving
more than forty 7.5-minute quadrangles is being done
in the metric system. Several States have requested a
limited amount of quadrangle mapping with metric
contours at the standard scale of 1:24,000. A county
map of King County, Wash., the Killdeer 30- by 60-
minute quadrangle in North Dakota, and the map of
the North Cascade National Park in Washington
have all been published at a scale of 1:100,000 with
metric contours, the forerunners of things to come.

WHERE WE ARE GOING

With the basic decisions having been made about
the conversion of new mapping to the metric system
and with some such mapping actually in production,
the Survey’s Topographic Division is buckling down
to the enormous task of working out the exact details
of an efficient conversion plan. There are actually
two very different tasks involved in the conversion
of the National Mapping program products, one hav-
ing to do with any new mapping to be undertaken
and the other with changing some 36,000 existing
English-system quadrangle maps to the metric sys-
tem. The first task will be simpler from a production
viewpont than the second task but rather compli-
cated from a planning viewpoint because the Division
is dealing with 50 different States that, conceivably,
have many different ideas about how their programs
should be phased into the metric system. Probably
four or five different approaches will be necessary
for converting the programs of the 50 States, but
separate negotiations with each State will be needed

to work out the best approach for both the States
and the Survey. Some of these negotiations have
already taken place, and others are in progress.

Concurrently, the groundwork necessary for mak-
ing the conversion is underway. Typical of this effort
is the preparation of a plan for the use of metric
contour intervals for the entire United States and its
territories. This plan, developed painstakingly by
highly experienced topographers, assigns a specific
metric contour interval to every quadrangle in the
country and its territories; the intervals to be used
are assigned primarily on the basis of the amount of
relief in the area and, to some extent, the land use.
According to the plan, five different contour intervals,
1, 2, 5, 10, or 20 meters, will be used. The T-meter
interval will be used in some coastal plain areas and
in other areas with very little relief, and the 20-meter
interval will be used in extremely rugged terrain such
as Glacier National Park. It is estimated that less than
5 percent of the Nation’s 54,000 7.5-minute quad-
rangles will have 1-meter contours and that only
about 2 percent will have 20-meter contours; the
remaining 93 percent will have contours at 2-, 5-, or
10-meter intervals.

Plans are also being made to accomplish new
mapping under two different approaches, one with
complete metric conversion and the other with only
a partial conversion. The simplest approach, of
course, is to compile and publish new maps at
1:25,000 with metric contours. The production prob-
lems involved are practically nil, and the transition
to this type of mapping would be smooth and would
cause no increase in the cost of map production. A
more complicated and less efficient approach will
be necessary for States in which the mapping officials
are opposed to the use of metric contours now or
opposed to changing to 1:25,000 scale before their
State is completely mapped at 1:24,000. The scale
problem is less difficult than the contour problem.
With the knowledge that the maps will be converted
to 1:25,000 at some time in the future, two sets of
negatives can be made, one at 1:24,000 for im-
mediate publication and the other at 1:25,000 to be
held until the 1:25,000 publication is authorized. The
contours, however, are another matter because there
is no magic way to convert satisfactorily from foot
contours to metric contours. Two sets of contours
can of course be compiled, one for immediate use
and one to be used for the subsequent metric edi-
tion, but this is certainly time consuming and costly.
A possible alternative—the derivation of metric con-
tours from foot contours by use of an automatic

. scanning and/or computer-aided plotting system—is

being investigated.
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One other option is available for converting foot
contours to metric contours, and this leads to the
matter of “soft” conversion as compared to “hard”
conversion. Soft conversion .involves simply a re-
labeling of a particular measurement without making
any change in the interval or size being measured,
whereas hard conversion involves the actual changing
of the interval or size to an even standard metric
size. A good example is the milk, soft-drink, or liquor
bottling industry which has millions of quart bottles
in use and also has a major investment in machinery
to manufacture quart bottles. Under the soft conver-
sion concept, it is a relatively simple matter to relabel
these bottles “0.95 liters” (or “0.946353 liters”” to be
more precise), but it is a quite different matter, under
hard conversion, to scrap millions, or perhaps billions
of existing quart bottles and the machinery that
makes them and retool for the manufacture of liter
bottles. ' The economics involved will undoubtedly
lead to a combination of soft and hard conversions
in the bottling industry and in a great variety of other
industries as well, with soft conversion dominating
the early phases of the transition period and the hard
conversion catching up and finally taking over com-
pletely at the end of the transition period. The length
of the period will probably be related significantly
to the normal “life” of the particular product in-
volved, and these different “lives” of course make
it difficult to set one inflexible period of time during
which all phases of our society must be totally con-
verted to the Sl system. It’s easier to convert sign
boards than locomotives.

The matter of soft and/or hard conversion or a
combination of both for existing maps is being
studied by the Survey’s Topographic Division at this
writing, and costs must be measured against user
impact. It is not extremely difficult to remake print-
ing plates at 1:25,000 and to relabel English values
to metric values, but it would be a major undertaking
to recompile the contours into the adopted even
metric intervals. Relabeling of the contours on a 20-
foot-contour-interval map (to the nearest whole
metric value) would result in the 800-foot contour
becoming a 244-meter contour, the 820-foot contour
becoming a 250-meter contour, and so on, and the
contours would of course portray the terrain just as
well as they did before this soft conversion. But
would this type of conversion be satisfactory to the
majority of the users? Or is such a conversion neces-
sary at all? Should the maps be converted to the
new scale only in the near future with true metric
contouring being delayed until the maps are due for
complete revision anyway? These questions are being
seriously considered by the Topographic Division

and will be discussed with the various State officials
and other map users.

Educating the map-user community to the use of
metric maps is an educational process that probably
will evolve in two ways, one being a general cam-
paign at the national level and the other being a
specific program to be developed by the Topogra-
phic Division. The general national program is
already underway on an informal basis; some ele-
mentary, junior high and high schools are already
teaching the International System, and a majority of
others are making plans to do so. The recently
enacted ““Metric Conversion Act of 1975” will add
substantial impetus to the systematic education of
the general public. To aid the user in adapting to
the new metric maps, educational information prob-
ably should be mainly limited to that which can be
printed right on the metric editions of the maps,
such as dual horizontal and vertical bar scales, a
prominent note calling the user’s attention to the

“scale and contour interval, and possibly a conversion

table. A possible supplement under consideration is
a one-sheet “throw away’’ to be furnished with each
quadrangle map distributed during the first year or
two of the conversion period. This sheet might in-
clude a cut-out 1:25,000 scale to facilitate measure-
ment on the map. Considered for a time was dual
numbering on the map itself, showing, for example,
800 feet in brown for an index contour and 244
meters in red. This idea has been discarded because
the experience of other countries in converting from
English to metric units indicates clearly that, as long
as dual units are shown, the average person uses the
unit he is familiar with and ignores the other, thus
not really learning to think in the metric system.
When will the National Mapping Program be com-
pletely converted to the metric system? A precise
timetable cannot be drawn up at the present for one
simple reason—uncertainty as to the availability of
funds. This timetable primarily concerns the conver-
sion of the 36,000 existing quadrangle maps because
new mapping in the metric system should cost no
more than mapping in the English system. The
36,000 existing maps could all be converted in a rela-
tively short period of time—possibly 3 years— with
a massive infusion of funding and allocation of per-
sonnel. On the other hand, the conversion, per se,
could cost almost nothing if left to normal attrition,
that is, the conversion to metrication of maps only
when they are to be completely revised. More prac-
tical, however, than either of these two approaches
would be a combined program with a reasonable
level of funding set aside annually to convert a cer-
tain percentage of maps with others being converted
through the complete revision process. Done this



way, conversion would, of course, take longer, but
funding and manpower needs could be better
planned. And this approach would permit the Divi-
sion to have all presently existing maps converted
within about 10 years. As to new mapping, it is the
Division’s goal to have all new maps of those States
willing to convert immediately compiled in the metric
system beginning in fiscal year 1977 and to have all
other new maps compiled in a manner to permit
ready and economical conversion to metric editions,
also beginning in fiscal year 1977.

Thus, the Survey’s Topographic Division has faced
the issue of map metrication, developed a plan that
pays attention to both map users and map producers,
and is moving ahead with implementation of the

plan. Metrication in the National Mapping program
is underway and will increase substantially over the
next few months. Fiscal year 1977 should see the
myriad of details of conversion worked out and the
program moving into high gear.
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Plate Tectonics and Man

By Warren Hamilton

INTRODUCTION

Coastal and inland California ground past one an-
other for less than a minute, at 5:13 a.m. on April 18,
1906, and produced the San Francisco earthquake. The
coastal side lurched as much as 6 meters (20 feet)
northwestward, along a fracture, a part of the San
Andreas fault, 430 kilometers (270 miles) long. In
those catastrophic moments, the two sides released
strains which had been building for about a century
as the part of the Earth’s outer shell beneath the Pa-
cific Ocean moved slowly but inexorably past that part
beneath North America. The steady motions are con-
tinuing, and future great earthquakes are a certainty.
The year 1976 has seen an unusual abundance of de-
structive earthquakes around the Pacific Ocean.

Like most earthquakes, that of 1906 was a manifesta-
tion of the fragmentation of the Earth’s outer shell into
large and small plates, all moving relative to all others
with steady velocities that reach 13 centimeters (5
inches) per year—pulling apart here, slipping past one
another there, sliding beneath another somewhere
else, and in other places colliding slowly to build some
of our most spectacular mountain ranges. Earthquakes
are the most dramatic way in which these plate mo-
tions affect man, and our new understanding of the
motions permits a comprehension of earthquakes
which could not be approached until a decade ago.
Most volcanic eruptions are also produced by the
plate motions. The distribution of the mineral deposits
and fossil fuels upon which our civilization depends
has to a large extent been controlled by plate motions
and interactions.

The basic understanding of plate motions was de-
veloped primarily during the 1960’s in a conceptual
revolution as profound for the earth sciences as was

the earlier development of the concept of evolution
in biology and of atomic and molecular structure in
physics and chemistry. We know the new field as plate
tectonics: the “plate” is the basic unit of the system,
and “tectonics” (from the Greek work tekton, mean-
ing builder) refers to the processes and products of
motions within the Earth.

This essay ranges broadly over Earth processes and
materials in an attempt to give an integrated view of
their relationships. Many of the concepts presented
are accepted by most earth scientists, but others are
controversial.

DEVELOPMENT OF THE CONCEPTS

Science is cumulative, and advances are made in
the light of knowledge gained painstakingly by many
researchers. A survey of the development of plate
tectonics illustrates the progressive and cooperative
nature of science and the way in which research in
diverse fields produces unifying concepts of practical
value to society. The concepts of plate tectonics were
developed slowly at first, then with a rush, by earth
scientists, government and academic, of many nations.
Some of those scientists and their contributions are
mentioned here. Many others were important also.

The reality of continental drift was reasonably well
established during the 1930’s, as Alexander Du Toit of
South Africa and others followed up on the pioneer-
ing work a decade and more earlier by Alfred We-
gener of Germany and Emile Angand of Switzerland.
The distribution of indicators of past climates—for
example, the presence in now-tropical India of con-
tinental glacial deposits of the same 300-million-year
age as fossilized tropical reefs and equatorial forests
in lands now in the Arctic—required that the con-
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tinents had moved slowly about the globe. Reas-
sembly of continents in patterns suggested by their
shapes provided remarkable continuity for similar,
truncated geologic terrains. The “drifters” mostly
visualized continents, mistakenly, as rafts sliding over
the ocean floors; most geophysicists regarded this as
impossible, and only a vocal minority of earth scien-
tists supported the concepts. David Griggs, then at
Harvard, had a view of ideas to come when he sug-
gested that the mountain systems around the Pacific
were caused by the ocean floors plunging beneath
the continents.

Geophysicists changed sides in increasing numbers
in the 1950’s as the science of paleomagnetism ex-
panded rapidly and provided powerful new evidence
for drift. Many rocks, such as volcanic rocks crystal-
lized from lava, contain tiny grains of magnetite and
other magnetic minerals which retain the magnetic
orientation of the Earth’s magnetic field of the time
at which the rocks formed. Early studies of this phe-
nomenon had been made mostly in France and Japan
during the 1920’s, but scientists in other nations be-
came involved subsequently. The magnetic orienta-
tions of rocks indicated fossil latitudes, which proved
to be about the same, for the various continents, as
those indicated by paleoclimatology and other geo-
logic and paleontologic criteria. Among the “drifter”
geologists, still a minority, S. Warren Carey of Aus-
tralia was adding important new concepts.

The 1950’s also saw the gathering of an enormous
amount of geophysical data from the oceans, par-
ticularly by research vessels from American oceano-
graphic institutions, and the 70 percent of the Earth’s
surface that is covered by water began to yield its
secrets. A globe-girdling system of interconnecting
submarine ridges was recognized, in part lying mid-
way between continents, like Africa and South Amer-

ica, that appeared, on geologic grounds, to be moving -

apart. Bruce Heezen of Columbia University suggested
that new oceanic crust was being formed at the ridges
and added to great plates moving apart. Great sub-
marine trenches were also delineated, particularly
along the convex oceanic sides of the volcanic arcs
which make up the “ring of fire” around the Pacific,
and from these trenches inclined zones of earthquakes
dip as deep as 700 kilometers (450 miles) into the
mantle beneath and behind the volcanic arcs. Harry
Hess of Princeton University was probably the first to
see the broad outline of what was to emerge as plate
tectonics when he reasoned that oceanic crust was
formed at spreading ridges behind drifting plates and
was destroyed at the same rate elsewhere as oceanic
plates tipped down at the trenches and slid deep into
the mantle along the seismic zones. Robert Coats of
the U.S.. Geological Survey and Robert Dietz of the

National Oceanographic and Atmospheric Administra-
tion were among those who early suggested applica-
tions of these processes to the geology of the
continents. Others saw the motions of the continents
themselves clearly enough, but not the way these
motions involved the floors of the oceans.

Paleomagnetic researchers demonstrated that the
Earth’s magnetic field has been ““normal” during about
half of geologic time and “reversed” (a magnetic com-
pass would point south instead of north) the other
half and that the intervals of contrasted polarity were
extremely irregular. Allan Cox, Richard Doell, and
Brent Dalrymple, all then of the U.S. Geological Sur-
vey, built up during the early 1960’s a precise mag-
netic-reversal time scale for these polarity periods
during the past 4 million years. Frederick Vine and D.
H. Matthews, English scientists, suggested that the
alternating belts of highly and weakly magnetic
oceanic crust, known by then to trend along the mid-
ocean ridges, represented magnetic recordings as new
crust formed in the gap behind separating plates and
that the belts would record symmetrically, on op-
posite sides of the young ridges, the periods of time
represented by the magnetic-chronology time scale.
They tested the suggestion against several small ridge
sectors and showed that it fit. The Lamont Geological
Observatory of Columbia University then became
involved with its unique computerized data bank of
marine magnetic surveys, and James Heirtzler, Ellen
Herron, Xavier Le Pichon, and Walter Pitman, I,
showed in the late 1960’s that ridge after ridge fit the
pattern, and they carried the magnetic time scale back
75 million years. Only 3 years previously, Heirtzler
and Le Pichon had written that no spreading was
needed to explain the magnetic stripes—but they
abandoned their previous position when it became
untenable.

Also in the late 1960’s Le Pichon (a Frenchman), Dan
McKenzie (English), and Jason Morgan (American, at
Princeton) deduced from magnetic, bathymetric, and
other data the geometric principles by which the
great pieces moved. Bryan lIsacks, Jack Oliver, and
Lynn Sykes, all then of Lamont, showed that seismic
data, including the distribution and slip directions of
earthquakes, fit the new concepts in detail. John Bird
(then at the State University of New York at Albany),
Gregory Davis (University of Southern California),
Jlohn Dewey, (English and now at Albany), William
Dickinson (Stanford University), Tanya Atwater and
Daniel Karig (both then at the Scripps Institution of
Oceanography, University of California), George Plaf-
ker and Warren Hamilton (U.S. Geological Survey),
among others, showed how the geology of continents
and volcanic island arcs could be explained in terms
of the new concepts.



By 1970, the concepts had been developed, proved,
and broadly applied. The 1970’s have produced an
enormous amount of additional evidence. The re-
search drilling of the ocean floors by the Deep Sea
Drilling Project, for example, has confirmed the ages
of the magnetic “stripes,” the recognition of which
provided the breakthrough in the initial concepts.
There have already been many refinements and ex-
tensions of our knowledge and understanding. Soviet
and Eastern European earth scientists are slowly rec-
ognizing the importance of the new field, but have
yet to contribute significantly to its concepts.

THE CONCEPTS

The Earth’s crust is broken into moving plates of
“lithosphere” (fig. 13). There are seven very large
plates, each consisting of both oceanic and continental
portions, and a dozen or more small plates (not all of
which are shown on fig. 13). Each plate is about 80
kilometers (50 miles) thick and can be pictured as
having a shallow part that deforms by elastic bending
or by brittle breaking, and a deeper part that yields

plastically, beneath which is a viscous layer on which
the entire plate slides. The plates tend to be inter-
nally rigid, and they interact mostly at their edges.
Spherical geometry requires that any motion between
two portions of a spherical surface be expressed as
the rotation of one relative to the other, defined by an
angular displacement and by a pole of relative rota-
tion, and that all trajectories of relative motions be
along small circles to that pole. (Latitude lines are
small circles relative to the Earth’s geographic pole).
These theoretical constraints are largely met by all of
the criteria by which plate motions are demonstrated.
The magnetic “stripes’” along the midocean ridges
define spherical angles: velocities of separation of
adjacent plates are constant in angle, not in linear
value. The direction of slip in earthquakes along plate
boundaries, and the orientation of strike-slip faults
that form or offset those boundaries, are in the cor-
responding small-circle directions.

All plates are moving relative to all others. There
are grounds for suggesting that the African plate may
now be approximately fixed relative to the deep man-
tle, but if so it is the only such plate. Velocities of
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relative motion between adjacent plates range from
less than 1 centimeter (a small fraction of an inch)
to about 13 centimeters (5 inches) per year. Although
these velocities are slow by human standards, they are
extremely rapid by geologic ones: a motion of 5 cen-
timeters (2 inches) per year, for example, adds up to
50 kilometers (30 miles) in only 1 million years, and
some plate motions have been continuous for 100
million years.

‘ Plates are now pulling apart primarily along the
system of great submarine ridges in the world’s
oceans. Hot material from the deeper mantle wells
up into the gap, and some of it melts and is erupted
on the surface as lava or is injected near the surface
to crystallize as other igneous rocks. The ridge stands
high because its material is hot, and hence low in
density. As the plates move apart, the ridge material
gradually cools and contracts, and its surface sinks.
Ridges generally form steplike alternations of spread-
ing centers perpendicular to the direction of motion
and of strike-slip faults parallel to that direction. (The
actual sense of movement along these ‘‘transform”
faults, conceptualized first by Canadian Tuzo Wilson
—an antidrifter of the 1950’s, but a major contributor
to plate tectonics in the 1960's—is opposite to the
apparent direction of offset of the ridge, and the dem-
onstration that earthquake slip directions on them are
indeed in this “opposite” sense is one of many kinds
of evidence for plate tectonics.) The spreading center
of the Mid-Atlantic Ridge is exposed on Iceland (fig.
14).

Where plates converge, one tips down and slides
beneath the other. Generally, an oceanic plate slides
(“subducts’) beneath a continental plate (for example,
along the west coast of South America) or another
oceanic plate (for example, the east side of the Philip-
pine Sea plate). A trench is formed where the under-
sliding plate tips down, and the ocean-floor sediment
it carries is scraped off against the front of the over-
riding plate (fig. 15). We now know much about the
mechanics of these junctions from geophysical stud-
ies and particularly from seismic-reflection profiles
made across them with instruments developed for oil-
field exploration. Farther back under the overriding
plate, zones of earthquakes, inclined down into the
mantle to depths that reach 700 kilometers (450 miles),
show the trajectory of the descending plate. Typically,
a belt of volcanoes lies above that part of this inclined
earthquake zone, which is about 125 kilometers (80
miles) deep. The melting which ultimately produces
the volcanoes may start with the forcing out of water,
previously combined in the crystal structures of var-
ious minerals, by the increase of pressure on the
downgoing plate; the released water lowers the melt-

FIGURE 14.—Tension rift on the spreading crest of the Mid-
Atlantic Ridge, as exposed in southwest Iceland. The faults
and fissures break a plain of basalt lava flows a few thousand
years old. The foreground fissure has a maximum width of
about 60 meters (200 feet), and a maximum depth of about
45 meters (150 feet) below the rim on the near side and
twice that below the rim on the far side. View is north-
eastward along the Almannagja (Great Fissure). Photograph
by Bruce Heezen, Lamont-Doherty Geological Observatory
of Columbia University.

ing temperature, and so permits melting, of surround-
ing rock.

New oceanic-plate (lithosphere) material is gen-
erated by the upwelling processes at spreading ridges.
Old lithosphere is consumed, and recycled deep into
the mantle, at the same rate at the convergent
trenches. The balance is global only: the formation of
lithosphere at the Mid-Atlantic Ridge is compensated
by subduction primarily in the western Pacific.

Plates slide past one another along strike-slip faults,
which can be either on land or at sea. The best known
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of these faults is the San Andreas fault of California
(fig. 16) now being studied exhaustively by geoscien-
tists of the U.S. Geological Survey and other institu-
tions.

Large parts of some of the continents depart from
ideal rigid-plate behavior, and undergo much internal
deformation (fig. 13). The western conterminous
United States is now being broadly stretched and
sheared: although most of the relatively northwest-
ward motion of the Pacific plate past North America
is taken up along the San Andreas fault, a part is
distributed far inland, and the continental crust is
stretched and shattered into the many block ranges
and basins and other structures. Slight extension is
affecting eastern Africa. Most complex is Eurasia, into
which Arabia and India are now being rammed, with

a broad belt being deformed in front of the advancing
pieces. As India is pushed north into and beneath
interior Asia, a huge region is being shoved obliquely
northeastward out of the way.

Although the integrated concepts of plate tectonics
were proved primarily by geophysical studies—and
by deep-sea drilling—of the ocean basins, they have
revolutionized our understanding of continental geol-
ogy. By seeing how the geologic features of modern
environments relate to present plate boundaries, we
can deduce how similar features in the ancient geo-
logic record related to ancient boundaries. Plate mo-
tions have dominated tectonic and magmatic
processes for the past 2,500 million years. During that
time, however, the interior of the Earth has become
cooler and less mobile, so that details of the processes
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4 FICGURE 16.—Aerial view northwestward along the San Andreas

fault in central California. The Carrizo Plainis on the left.
The fault marks the major boundary between the Pacific
and North American plates, which are moving inexorably
past one another at a rate of about 5 centimeters (2 inches)
per year; about two-thirds of the total motion is taken up
on the San Andreas. Photograph by Robert Wallace, U.S.
Geological Survey.

have changed gradually. Rocks formed between about
2,500 and 3,800 million years ago show that the Earth
then had a solid crust, and also oceans, but that the
crust was much more fragmented and mobile and un-
derlain by much hotter mantle than is now the case.
There are no known rocks older than 3,800 million
years. The Earth accreted from the collapsing solar
nebula mostly between about 4,600 and 4,400 million
years ago and likely was completely molten during
part of the period before 3,800 million years.

All present oceanic plates will sooner or later vanish
beneath other plates. The oldest ocean floor remain-
ing anywhere in the world is less than 200 million
years old. Continents stand high because they are
composed of thick, light material—too light to be
dragged deep into the mantle, along with oceanic-
plate material, so continents are jammed together
when an intervening ocean floor disappears beneath
one of them. If present major plate motions continue
for another 50 million years, Australia will be crowded
against China, and the island complexes of Indonesia
and the Philippines will be squashed into a mountain
system between the colliding continents. Many such
past collisions can be recognized in the geology of
the continents.

The propulsive mechanism for plate motions is still
a matter of speculation, and those working with the
problem hold conflicting opinions. The greater part of
the motions represent very slight differences in spin
velocity about the Earth’s axis: spreading ridges and
subduction zones tend to be alined more north-south
than east-west, and poles of relative rotation between
moving plates are concentrated at high latitudes.
These facts indicate that the Earth’s rotation is an im-
portant part of the mechanism.

EARTHQUAKES

Most earthquakes occur along or near the bounda-
ries of lithosphere plates, and narrow earthquake belts
outline the plates. Conversely, the recognition, ac-
companying the ability to locate distant earthquakes
precisely, that earthquakes are mostly confined to



narrow connecting zones which have distinctive
bathymetric settings, was one of the major develop-
ments that led to the concepts of plate tectonics.
Narrow zones of earthquakes follow the spreading
centers and strike-slip faults shown on fig. 13. Inclined
zones of earthquakes extend deep into the mantle
from the indicated subduction-zone trenches. There
are also many earthquakes within those continental
terrains undergoing distributed deformation. Shallow
earthquakes represent sudden slippages that release
strain stored elastically in rock over long periods.
Whether deep-mantle subduction-zone earthquakes
represent similar elastic rebound or an abrupt con-
traction of part of a descending lithosphere plate into
rock of higher-density minerals is uncertain; these
deep earthquakes are mostly small enough, and dis-
tant enough from the surface, so that their potential
for human disaster is small.

Only a small fraction of the energy released in an
earthquake goes into the seismic waves. Most is ab-
sorbed locally by moving, deforming, and heating
rock, and the proportion so absorbed increases irregu-
larly with increasing size of earthquakes. The size of
an earthquake is normally expressed as its ‘‘mag-
nitude,” an imperfect indication of seismic energy
alone. An increase in magnitude of one unit (the
maximum recorded is about 8.7) denotes an increase
in amplitude of seismic waves by a factor of 10 and
an increase in total seismic energy by an irregular
factor of about 30. The number of earthquakes in each
magnitude interval decreases by about a factor of 10
with each unit of increased magnitude, so the energy
released by great earthquakes is far greater than the
total released by small and intermediate ones. Minor
earthquakes do not generally represent a safety valve
adequate enough to dissipate the energy that is stored
for great earthquakes, although slow creep along a
fault can provide at least a partial release. On the
other hand, the occurrence of a great earthquake does
not prove that all dangerous strain has been released,
for during this century there have been a number of
Rairs of great or severe earthquakes, separated by
only months, days, or even hours, at virtually the
same locations.

The magnitude of an earthquake depends upon the
length and breadth of the fault plane of slippage, as
well as on the amount of slip. The spot locations
(“epicenters’) given for earthquakes are the sites of
initial breakage, but from such a site the slip propa-
gates along the fault, with a velocity up to that of
the outward-radiating seismic shear-wave front (3
kilometers, or nearly 2 miles, per second), until the
entire affected segment can be in motion at once.
Oceanic spreading centers are so hot at shallow depth
that the solid rock above them can not store enough

elastic strain to produce great earthquakes, and the
infrequent large earthquakes that do occur in ridge
systems are mostly on the longer strike-slip (“trans-
form”) faults, aiong which spreading on one ridge
segment is stepped to that on the next. Great earth-
quakes occur primarily along convergent (subducting)
and strike-slip plate boundaries and within those parts
of the continents undergoing intraplate deformation
(fig. 17), for these are the settings where fault breaks
of adequate size are possible. Matters dealing par-
ticularly with the earthquakes of the Western United
States are discussed here in these terms.

SUBDUCTION-ZONE EARTHQUAKE: ALASKA, 1964

A great subduction-zone earthquake of magnitude
8.5 struck south-central Alaska on March 27, 1964,
Here Pacific lithosphere that is moving northwestward
tips down at the Aleutian Trench and slides, with
gentle inclination, beneath a melange wedge similar
to that illustrated by fig. 15, dragging the base of the
wedge very slowly northwestward. Compressive strain
stored slowly at the base of the wedge resulted in
sudden faulting that broke violently through to the
surface. The results of the earthquake were studied
exhaustively by Geological Survey and other scien-
tists, whose work, reported in the many separate
chapters of Professional Papers 541 through 546 and
in other publications, makes this the best docu-
mented earthquake of subduction-zone type.

During the several minutes of the earthquake, the
continental shelf and the deep-water slope from it
down to the Aleutian Trench were uplifted by amounts
that locally reached at least 9 meters (30 feet). The
sea floor was raised an average of perhaps 3 meters
(10 feet) over an area approximately 800 kilometers
(500 miles) long, trending southwestward past the
Kenai Peninsula and Kodiak Island, and 250 kilometers
(150 miles) wide. Simultaneously, the uplifted terrain
was narrowed, and the coastal part of it moved as
much as 18 meters (60 feet) toward the trench. These
changes represent by far the greatest movements of
rock yet demonstrated to have accompanied an earth-
quake, although presumably other great subduction-
zone earthquakes around the Pacific (fig. 17) have had
comparable submarine effects. Analysis of the seismic
record and geologic results of the earthquake indicate
that a large part of the melange wedge behind the
Aleutian Trench suddenly slipped forward, up the
gently dipping surface of the oceanic lithosphere
beneath, releasing strain stored as its base had been
dragged back slowly over many decades. The slippage
did not continue along the base of the wedge to the
trench but rather broke up through the wedge, thrust-
ing its rear part upward.

45



46

60°—

7

180° 120° "

T
60° 120° 180°

FIGURE 17.—World map showing the location of earthquakes of magnitude 8.0 and higher, 1897-1976. These great earthquakes
occur primarily along convergent or strike-slip plate boundaries and in zones of compressive or strike-slip deformation within
continents. Data from the “World Seismicity Map,” compiled by Arthur Tarr and printed by the U.S. Geological Survey in

1974, with newer locations added.

SEISMIC SEA WAVES

When the sea floor is raised suddenly during a
great earthquake, water is raised with it, the sea sur-
face is tipped, and water rushes away; or, if the floor
is dropped, water rushes in. An enormous mass of
water is suddenly set in motion, and complex sloshing
back and forth continues for many hours. The result
is a train of water waves of a unique type, the seismic
sea wave or “‘tsunami’’ (its Japanese name). The veloc-
ity of a water-wave form increases with its length, and
in the deep ocean these uniquely long waves travel
at about 800 kilometers (500 miles) per hour. The
waves at sea are something like an hour apart at a
given point, are only perhaps 30 centimeters (1 foot)
high, and are virtually undetectable. As a wave ap-
proaches land, however, its bottom is slowed down
by contact with the shallowing sea floor, whereas the
top is slowed much less and catches up with the
bottom. Where sea-floor topography and orientation
are optimal for a tsunami from a given direction, the
wave can hump up into a breaking wall of water 9
meters (30 feet) or more high, and rush onto the shore
to cause enormous destruction. Nearby coastal points,

where the bottom configuration is different, may re-
cord the same wave only as a rapid surge and with-
drawal of water, with much lower height.

The most extensive sudden changes in depth of the
sea floor, and hence the greatest seismic sea waves,
result from shallow subduction-zone earthquakes,
such as the Alaska earthquake of 1964. The enormous
change in sea-floor configuration during that earth-
quake produced a train of seismic sea waves which
battered Alaskan coastal communities facing the up-
lifted region. Damage was most severe at Kodiak Har-
bor, where the first wave rose as a high swell and
did little damage, but the second, an hour after the
first, and the third, another hour later, hit as breaking-
water walls that ran up on shore as high as 9 meters
(30 feet) above high-tide levels. Away from Alaska,
the waves in the train were highest going southeast-
ward, perpendicular to the axis of the uplift, and did
much damage along the Pacific coast as far south as
San Diego. The most severe damage at a long distance
from Alaska was at Crescent City in northern Califor-
nia, where the fifth wave, following a train of four
successively decreasing waves an hour or so apart,



crested 6 meters (20 feet) above mean lower low
water.

Another great subduction-zone earthquake of mag-
nitude about 8.0 off southwest Mindanao in the Philip-
pine Islands in August 1976 produced tsunamis that
killed 5,000 people along nearby coasts. The 1964
Alaska earthquake represented part of the motion be-
tween the gigantic Pacific and North American plates,
whereas the 1976 Philippine one resulted from mo-
tion between two small, young plates that have com-
plex boundaries.

STRIKE-SLIP EARTHQUAKES: THE SAN ANDREAS
FAULT SYSTEM

From the Gulf of California to the corner of the Gulf
of Alaska, the Pacific lithosphere plate is sliding rela-
tively northwestward past the North American plate.
(Complications along Oregon, Washington, and south-
ern British Columbia, much simplified on fig. 13, are
mentioned in the subsequent section on volcanoes.)
The strike-slip fault along which most of this motion
is presently being taken up is exposed on land along
most of the length of California, where we know it
as the San Andreas fault. The effect of the 1906 earth-
quake of magnitude 8.5, during which the northern
sector of the fault broke, was described briefly in the
opening paragraph of this essay.

The Pacific and North American plates are sliding
past one another at a steady 5 or 6 centimeters (2 or
2%2 inches) per year. About two-thirds of this move-
ment is taken up by slippage along the San Andreas
and related structures, whereas the rest is taken up
by other structures, mostly farther inland in the Basin
and Range province. The sides of each active fault,
like the San Andreas, generally remain stuck together
until enough strain has accumulated in the flanking,
bending rocks to rupture the bond and permit the
lagging parts to suddenly catch up with the rest. Earth-
quakes on the San Andreas rarely reach deeper than
about 15 kilometers (10 miles), and presumably the
two sides flow smoothly past each other, without sud-
den ruptures, in the hot region of easy recrystalliza-
tion beneath this depth. In some areas, notably that
near Hollister, south of San Francisco, the two sides
of the surface fault slide past one another almost
constantly, with only small earthquakes, steadily in-
creasing the offset of such features as fences and
roads.

The overall San Andreas rate is about 3 or 4 cen-
timeters (1%2 inches) per year, and a great earthquake
like that of 1906 releases strains accumulated over 50
to 200 years. One cannot, however, predict recurrence
intervals from this simple relationship. Moderate,
large, and great earthquakes may be interspersed, and
even great earthquakes do not release all stored

energy. Some of the plate motion is stored in elastic

bending of the rocks, to be released during earth- o

quakes; but some is taken up in permanent, slow de-
formation by rock folding and other processes.

A long sector of the San Andreas fault, extending
from well south of the part that broke during 1906
southeast to near Los Angeles, broke during an 1857
earthquake that may have been more severe than the
1906 San Francisco event. Historical documentation is
poor, but geological evidence within the sector pic-
tured in figure 16 indicates that horizontal shifts dur-
ing the 1857 earthquake probably reached 15 meters
(50 feet), and averaged 10 meters (30 feet) over a
considerable length. Moderate earthquakes in 1899,
1907, and 1916 occurred along and southeast of the
southeast part of the 1857 sector, but the whole sector
is now very quiet seismically. The growth during the
last 15 years of the ‘“Palmdale bulge,” more than 250
kilometers (150 miles) long and up to 25 centimeters
(10 inches) high, across the southeast end of the 1857
sector, leads some fault watchers to anticipate another
major earthquake here soon.

Farther southeast along the San Andreas system in
the Imperial Valley region of southeastern California,
the deformational style changes, and with it earth-
quake patterns, in accord with the changing geometry
of the lithosphere plate boundary. The Pacific plate
is moving northwestward relative to North America,
so it is sliding past North America through California,
but it is pulling obliquely away from North America
in northern Mexico, thus moving Baja California away
from the mainland and opening the Gulf of California
(fig. 13). This pulling apart is accomplished by a series
of short spreading centers stepped to one another by
transform faults, and the northernmost spreading cen-
ters have produced much of Imperial Valley itself.
There were severe earthquakes, near magnitude 7,
along transform and related faults in and near the
Imperial Valley of California and the adjacent Colo-
rado River Delta region of Mexico in 1899, 1903, 1915,
1918, 1934, 1948, and 1968. The transform faults
proper may be too short to store enough strain to
produce great earthquakes, but other active strike-slip
faults farther west in southwestern California and
northern Baja California are long enough to do the
job.

A very severe earthquake, magnitude about 7.7, east
of Peking in northeast China in July, 1976, killed per-
haps half a million people in one of the greatest na-
tural disasters of recorded history. Unsafe buildings,
urban congestion, and unstable, alluvial ground con-
tributed to the extremely high casualties from this
earthquake, which released far less energy than did
the many great earthquakes during this century. The
shock resulted from intra-plate strike-slip motion
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along a fault about 150 kilometers (90 miles) long.
Subsidiary compressional faulting on related struc-
tures accompanied the main shock, and an exten-
sional-fault earthquake of magnitude 7.2 followed
only 15 hours later in the same area.

COMPRESSIVE DEFORMATION WITHIN THE
CONTINENT: SAN FERNANDO, 1971

Both the Pacific and North American plates are
moving relative to the deep mantle; thus, so also is
the San Andreas fault boundary itself, which is slowly
changing its shape as the adjacent plates deform. In
southern California, the sector of the fault from north
of Los Angeles to east of San Bernardino has rotated
slowly counterclockwise, from a northwest to a west-
northwest trend. The result is that in this sector pure

-strike-slip (sideways) motion is becoming more dif-

ficult, and oblique compression of the continental
crust is taking place. The San Fernando earthquake of
February 9, 1971, was a small manifestation of this
changing pattern. The effects of the earthquake were
described in Professional Paper 733, published soon
after the event, and subsequent more detailed reports
by Geological Survey and other scientists.

The San Fernando earthquake was of only moderate
size, magnitude 6.5, and resulted in surface slips of
mostly less than 30 centimeters (1 foot) along short,
discontinuous breaks in a zone 15 kilometers (9 miles)
long. The surface faults trend eastward along the south
edge of the San Gabriel Mountains, and the earth-
quake represented an increment in the growth of the
range, the frontal part of which shifted southwestward
and upward, ramping obliquely about 1 to 2 meters
(3 to 7 feet) up a fault surface dipping moderately
northward beneath the range. Most of the shift was
displayed at the surface as a broad bulge, identified
by surveying, and only locally did a large part of it
appear in the surface breaks.

Despite the modest size of the earthquake, 64 peo-
ple were killed by it, and property damage ap-
proached $1 billion. Damage was particularly heavy
above the ramplike fault; accelerations locally ex-
ceeded gravity, which most seismic engineers had as-
sumed to be improbable. The earth-filled Lower Van
Norman Dam, holding back a large reservoir above
the San Francisco Valley city area, was so heavily
damaged that likely it would have failed had the earth-
quake continued much longer.

Other damaging earthquakes within the southern
California oblique-compression region include events

in 1902, 1925, 1927, 1933, and 1952 which ranged in

magnitude between 6.3 and 7.7. Much larger earth-
quakes have occurred in analogous settings on other
continents; hence they may occur here also, and,
indeed, an 1812 earthquake centered in the Santa

Barbara Channel might have had a magnitude as large
as 8.

TENSIONAL DEFORMATION: THE BASIN AND
RANGE PROVINCE

The San Andreas fault is the most important single
structure in the broad boundary zone between the
Pacific and North American plates, but some north-
westward motion is distributed far inland across the
Western United States. The resulting oblique exten-
sion of the continental plate has produced the Basin
and Range province, which includes eastern Califor-
nia, Nevada, and western Utah, and similar terrains
in western Montana; ldaho, eastern Oregon, southern
Arizona, and New Mexico (fig. 13).- Because the gen-
eral direction of motion, relative to the continental
interior, is northwestward and the amount of that
motion increases westward toward the Pacific, the
deformation tends to be expressed by strike-slip fault-
ing on structures oriented approximately northwest-
ward and by extensional (“normal”) faulting on
structures with other orientations. The tensional
faults have blocked out the mountains and basins
which characterize the province. The surface faults
tend to follow the pre-extension structural grain of
the near-surface rocks: the mechanical properties of
the crust determine the details of its response to the
regional stresses.

West-central Nevada had oblique-slip and normal-
slip earthquakes with magnitudes of 7.1 to 7.6 in
1915, 1932, and 1954. A normal-fault earthquake of
magnitude 7.1 struck the West Yellowstone region of
southwestern Montana in 1959 (see Professional Paper
435) and provided a particularly good example of the
discordance between large surface faults (lengths to
23 kilometers, or 14 miles, and slips to 6 meters, or
20 feet) and crustal deformation at depth. Owens
Valley in east-central California was struck by a mag-
nitude 7 plus earthquake in 1872, and the oblique-
extension fault slip reached 8 meters (25 feet).

The major extensional faults, both as observed geo-
logically and as known from earthquake offsets, have
near-surface dips commonly near 60° toward their
downdropped sides. Extension is obviously required
to accommodate such dropping down an inclined
surface. The majority view holds that the observed
steep fault dips continue downward until a more
plastic substrate is reached and that the total amount
of extension across the Basin and Range province dur-
ing the last several tens of millions of years has been
on the order of 10 percent of the width of the prov-
ince. A contrary argument is that the faults must
instead flatten downward and give way to horizontal
laminar shear at depth and that the width of the prov-
ince has been almost doubled by the extension. The



province is characterized by a thin crust, by high tem-
peratures at shallow depth, and by volcanism of a type
which typically accompanies extension; these features
may be products of the thinning of the crust by ex-
treme extension.

Fault scarps no older than a few thousand years are
present in many parts of the Basin and Range province
and attest to the frequency of major earthquakes. The
length and height of some of these scarps, and the
amount of associated tilting and warping, suggest that
some of the earthquakes—for example those in the
Centennial Valley region of southwestern Montana
and the Death Valley region of eastern California—
had magnitudes near 8. Much of the seismicity during
this century has been concentrated along a belt trend-
ing northward from southern Nevada through central
Utah and into southwestern Montana. Some of the
young fault scarps are within this belt, but most are
not; the most imposing young scarps anywhere in the
province, for example, are in the Death Valley region,
which is presently almost aseismic. We still know little
about stress-transfer mechanisms, strain-accumulation
rates, and similar problems in the province, but it ap-
pears that recurrence intervals on individual active
faults are typically thousands of years and that the
faults tend to remain locked and aseismic during most
of the strain-buildup period between episodes of
breaking.

VOLCANOES

Most volcanoes are products of lithosphere-plate
motions. The “ring of fire’” around the Pacific repres-
ents one type of this volcanism. The chains of vol-
canoes in the island arcs (such as the Aleutian Islands)
and continental margins (such as the Andes) around
much of the ocean form above undersliding oceanic
plates. The main volcanic axis is typically about 125
kilometers (80 miles) above the inclined zone of earth-
quakes that marks the descent of the lithosphere plate
into the deep mantle (fig. 15), so processes related to
the descent and to that depth must control the melt-
ing of the magmas. The melits that arrive at the sur-
face, to erupt in volcanoes, have been profoundly
modified by reactions with the mantle and crustal
rocks through which they have risen. Lavas formed
in this setting have distinctive compositions and sys-
tematic variations that relate directly to their height
above the subducting plate. These characteristics per-
mit us to recognize rocks formed in similar settings
in the geologic past and to estimate even the depths
to the long-dead seismic zones above which they
formed. Where, in ancient terrains, the volcanic rocks
have been eroded away, we now see granites and
other rocks which crystallized slowly within the crust
from similar magmas.

The high volcanoes of the Cascade Range in Ore-

gon and Washington—Mount Hood and Mount

Rainier, for example—form a short chain of this type,
vigorously active until not many thousand years ago
but now showing only infrequent activity. The decline
in volcanism reflects a plate-boundary change now
underway to the west: there was until recently rapid
subduction of a small Pacific plate beneath northern
California, Oregon, and Washington, but the pattern
is presently changing; the San Andreas fault system is
now breaking across the small plate. Small quantities
of magma are still rising into the volcanoes, and small
eruptions are likely to occur every 50 years or so. Of
the possible eruptive types, lava itself poses little
hazard, but glowing avalanches and volcanic mud-
flows (see next paragraph) could be damaging.

In the tropics, volcanoes of this type are a boon as
well as a bane. Tropical soils are heavily leached, but
volcanic areas generally have fertile soils because min-
eral nutrients are replenished by frequent ash falls.
Java, half the size of California, can support its popu-
lation of 90 million people only because of its young
volcanic soils. But Javanese volcanoes—many of which
show continuous hot-water and steam activity and
actually erupt every few years—also cause much de-
struction. The common major hazard is the volcanic
mudflow, for-which the Javanese term ‘lahar” is gen-
erally used in geology. Lahars are mixtures of mud
and volcanic rock which flow down volcano sides and
thence down stream valleys beyond, sometimes-as
far away as 65 kilometers (40 miles). A lahar can be
either cold, triggered by heavy rains or earthquakes
affecting the steep, unstable slope of a volcano, or
hot, representing a mixture of new lava, water from
crater lakes (or from melting ice, in a site such as the
Cascades), and surficial materials picked up along the
way. Still more destructive, but fortunately rare, are
great volcanic explosions, of which that of the island
of Krakatoa in 1883 is the most famous. Here, between
Java and Sumatra, sea water and magma combined to
produce a steam explosion which blew the top 20
cubic kilometers (5 cubic miles) of the volcano into
the air; the resulting giant sea waves killed 35,000
people.

The volcanoes of the western conterminous United
States away from the Cascades are byproducts of the
rifting of continental crust. The deeper part of the
continental crust is hot enough so that it would melt
if the pressure could be released; thinning of the crust
does decrease the pressure and permits partial melt-
ing. There have been no historic eruptions of these
rifting-type volcanoes in the non-Cascade West, but
there were prehistoric eruptions every few hundred
years, so more can be expected in the future. The
common activity has consisted of the building of a
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cinder cone and the eruption of small lava flows, likely
completed within a decade in many cases. Much less
frequent, perhaps every 100,000 years, has been the
huge ash-flow tuff type of eruption; a very large mass
of magma reaches the surface and erupts as giant
fountains, perhaps a kilometer or two (a mile) high,
which collapse and spread thin sheets of lava and hot
frothy ash over areas that can reach more than 5,000
square kilometers (several thousand square miles). No
eruption of this type has been observed, but study of
the products indicates that successive fountains and
outflows can be only minutes or hours apart and that
composite sheets a hundred meters or more
(hundreds of feet) thick can be built in days. Yeilow-
stone National Park is formed mostly of such ash-flow
sheets and related lavas and probably is underlain
now by a large magma chamber, to which is due the
geyser activity; future ash-flow eruptions are prob-
able, but there is no reason to anticipate one soon.

The Hawaiian [slands are huge volcanoes. Hawaii,
largest of the islands, rises about 9,000 meters (30,000
feet) above the deep-ocean floor and has volcanic
eruptions typically every few years. The volcanoes
have been largely built in succession, each one to the
northwest being older than than that to the south-
east, and Hawaii itself is at the southeast end. The
chain of volcanoes continues northwestward as the
foundations for atolls as far as Midway and then as
submarine mountains—sunken volcanoes—all the
way to Kamchatka, and the general age progression
continues throughout. A popular explanation for the
volcanism and its age progression is that the Pacific
lithosphere plate is drifting slowly northwestward
over a “hot spot,” in the deeper mantle, from which
magmas keep rising through the plate above.

MINERAL DEPOSITS

Many mineral deposits have a plate-tectonic ex-
planation. The great bulk of the metallic minerals
mined in the Western United States—copper, molyb-
denum, tungsten, gold, silver, lead, and so on—
formed from magmas above subduction zones, like
that of fig. 15, during the period from 100 to 15 mil-
lion years ago. Pacific Ocean lithosphere was then
sliding rapidly beneath North America, and belts of
volcanoes formed, with granites crystallizing from the
large magma chambers beneath the volcanoes. The
metals were concentrated in the last-remaining liquids
in the magma chambers, after crystallization of the
voluminous silicate minerals. Where conditions were
favorable, as generally they were not, these enriched
liquids altered and replaced the igneous rocks or the
nearby wall rocks to form ore deposits. Different com-

binations of metals concentrate at different levels in
the chamber, so the depth of erosion into an igneous
complex controls the type of ore deposit that may be
found within it. There are also provincial variations in
types of deposits, and it is likely that depth of melt-
ing of the initial magma (which would be very dif-
ferent in composition from the final magma reaching
the surface) and the composition of the mantle and
crustal rocks through which the magma rises and
reacts are important in determining what, if any,
metals are concentrated within it. _

Copper occurs, for example, in and near the tops
of granite masses that crystallized near the surface,
after their magmas had risen through thick' crust,
either old-continental or young-volcanic, but generally
not where similar magmas rose through very thick
sedimentary rocks. Much silver occurs in the throats
of volcanoes, the magmas of which in many cases did
rise through thick strata. Tin forms primarily from
granites generated by melting within the crust, rather
than by melting within the mantle. Overall, our
knowledge of these relationships is fragmentary and
more empirical than genetic.

Other ore deposits occur in the zones of tectonic
accretion where oceanic materials are scraped off
against continental margins from undersliding oceanic
plates. Large masses of mantle rocks are in many
places sliced into these complexes; such rocks con-
tain a small fraction of nickel, which is concentrated
in residual soils by tropical weathering and there
forms enormous potential resources. Mercury occurs
primarily in such accretion settings, although its
genesis is unclear. Copper formed within oceanic
crust can also be added to continental margins in the
scraped-off complexes. Volcanic island arcs, complete
with whatever ore deposits formed within and
beneath their volcanoes, are plastered against con-
tinents in these zones.

Secondary processes can obscure the plate-tectonic
relationships. Tin most commonly reaches commercial
concentrations where the effects of tropical weather-
ing are superimposed on those of magmatic processes.
Gold, present in tiny quantities in either magmatic
or subduction complexes, is concentrated as placer
deposits by streams. The uranium ores in Wyoming
and the Colorado Plateau may have formed when
volcanic ash, washed and blown 800 kilometers (500
miles) inland from volcanic belts, was deposited in
strata from which the traces of uranium were leached
out by oxidizing ground water to be redeposited as
concentrates in other strata containing organic mat-
ter.

Many important ore deposits do not appear to be
related to plate motions. Most iron ore is sedimentary
rock, formed on shallow marine shelves 1,800-2,400



million years ago when the Earth probably had an
atmosphere that contained almost no oxygen. (Oxy-
gen is produced primarily by photosynthesis of plants,
which release oxygen as they combine hydrogen from
water with carbon dioxide to make carbohydrates.)
Ancient placer uranium deposits, such as the Blind
River deposits in Canada and the Witwatersrand gold
deposits of South Africa, probably owe their origins
also to an oxygen-free atmosphere. The lead and zinc
of the Mississippi Valley region were dissolved out of
limestone, in which they occur in minute proportion,
and then precipitated as concentrates. The copper
and nickel at Sudbury, Canada, and the platinum at
Rustenburg, South Africa, occur as precipitates from
great pools of magma which may have been melted
by meteorites or comets that collided with the Earth
and exploded nearly 2,000 million years ago.

PETROLEUM AND NATURAL GAS

Oil and natural gas occur in sedimentary strata in
wedges and basins that mostly are byproducts of the
motions of lithosphere plates. Oil and gas are gen-
erated by the breakdown of organic matter, which
makes up 1 percent of typical dark-shale source rock.
Time-temperature processes—the higher the tem-
perature, the shorter the time—change the organic
material into a small amount of gas and liquid petro-
leum and a larger amount of solid hydrocarbons; the
gas and liquid migrate through pore spaces. Too high
a temperature produces gas only or destroys all of
the hydrocarbons. The migrating components tend
to move upward, channeled along permeable strata,
and accumulate where migration paths are blocked
by impermeable materials. The formation of an oil
field requires an uncommonly fortunate combination
of organic source beds, an appropriate thermal his-
tory, and a migration path ending in a trap. Only a
minute proportion of the Earth’s sedimentary rock
contains recoverable petroleum and gas. Most petro-
leum occurs in rocks less than 200 million years old,
is trapped in anticlines in either porous sandstone or
limestone, and is shallower than 3,000 meters (10,000
feet).

Most oil, including that of the Persian Gulf, which
represents more than half of the global total of
reserves, occurs in continental-shelf strata. These
sedimentary rocks are deposited on rifted continental
margins. When a continent is split and the pieces are
separated as an ocean spreads between them, the
edge of the continental crust slowly spreads ocean-
ward, thins, and subsides. Sedimentation keeps the
top of the subsiding shelf subhorizontal, whereas
deeper layers tend to have progressively greater, but

still gentle, oceanward dips. Oil generated in such
strata migrates mostly up-dip, toward the continent.
Gulf coast American oil, both onshore and offshore,
formed in this setting. The exploration now underway
on the offshore Atlantic Outer Continental Shelf of
the Eastern United States is based on the hope that
there may be large quantities of oil there, but drilling
of possible trapping structures identified by geophy-
sical methods will of course be necessary to test the
hope.

Another important setting for oil accumulation is
the foreland basin, which in various forms develops
on the landward side of subduction systems (fig. 15).
In the United States, small oil fields in western Wyom-
ing and the large Prudhoe Bay field of northern
Alaska exemplify this setting. The latter field may
prove to be the largest ever found in North America.

The outer-arc basins, which occur between trench
and volcanic belt in an active subduction system (fig.
15), commonly contain strata and structures which
appear from geophysical studies to be favorable for
petroleum. Drilling has generally shown, however
that subsurface temperatures are too low for the gen-
eration of oil. The presence deep beneath the basins
of cool oceanic plates insulates the basins from the
normal flow of heat from the interior of the Earth.
Here is an example of a negative way in which plate-
tectonic concepts are used to guide oil exploration:
most companies have written off outer-arc basins.

Oil also occurs in broad basins within continents.
Some of these basins are products of the wrenching
of continental plates during collisions with other
plates, whereas others are not related directly to plate
interactions and perhaps have subsided because of
cooling at the base of the lithosphere plate.

COAL

Coal is formed from wood and other plant debris,
buried beneath other sediments and transformed
slowly, under the influence of heat and pressure, from
a mixture of cellulose and other carbohydrates to a
high-carbon residue. Most coal represents swamp
deposits, and practically all is younger than 350 mil-
lion years old. Recoverable coal contains about 10
times as much energy as did the initial total supply
of oil and gas available to man, so our society will be
fueled by coal long after oil and gas are exhausted.

Coal swamps mostly originated through interac-
tions of lithosphere plates. The Appalachian coal of
the United States, for example, formed about 275-310
million years ago in a foreland basin, analogous in its
early stages to that of figure 15 but complicated in
later stages by the collision of Africa with North Amer-
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ica. (The modern Atlantic Ocean began to open about
200 million years ago, rifting approximately along the
previous collision suture.) The basin was alternately
flooded by the sea, then drained, the coal swamps
forming during the emergent periods. The fluctuations
of sea level were themselves byproducts of plate mo-
tions. Although the Appalachian coal swamps lay near
the equator, North America having since drifted to its
present position, there was then a large continent—
whose fragments now comprise South America, Af-
rica, India, Australia, and Antarctica—which had
drifted over the south pole. This southern continent
underwent repeated glaciation and deglaciation, com-
parable to the much younger glacial cycles of the
Pleistocene of North America and Eurasia. Sea level
dropped 100 meters or more (hundreds of feet) each
time ice sheets expanded on the southern continent,
and coal swamps developed elsewhere.

The Western United States coals are younger,
mostly 50 to 80 million years old. The older of these
formed in a broad foreland basin, typically in coastal
swamps along the west side of a shallow inland sea.
The presence of the sea—that is, the high sea level
of the time—may have been due to rapid sea-floor
spreading. New sea floor formed by spreading stands
high and subsides slowly with age, so the faster the
spreading the higher the general level of the sea floor
and the greater the volume of water that overflows
onto the continents. The younger and much more
important of the coals in the Rocky Mountain region
formed in vast swamps in more local basins that
were produced by oblique compression of the con-
tinental crust of the entire western interior, crumpling
it into broad basins and ranges of a type altogether
different from those formed later in the Basin prov-
ince farther west. These younger coals represent one
of the world’s great energy reserves and include coals
of uncommon thickness; one extensive layer of pure
coal is 70 meters (230 feet) thick.

LIFE

The formation of planets must be a common by-
product of the condensation of stars, and there must
be countless planets in other stellar systems upon
which highly evolved living organisms are present.
Not on all planets, of course. Life on Earth reflects
various fortunate circumstances; for example, our
planet is large enough to hold hydrosphere and at-
mosphere, and the Sun is at a distance which gives
the Earth a surface temperature mostly within the nar-
row range of liquid water.

The course of evolution of life on Earth has been

52 much influenced by plate motions. The Earth has had

contrasted areas of land and sea throughout its 3,800
million years of geologic history, although how much
of the present water was early at the surface and how
much has since been differentiated out by volcanic
processes is debatable. The initial continents of an
internally stable Earth, without the rejuvenating pro-
cesses of uplift, mountain building, formation of new
continental material, and magmatism, would long
since have disappeared beneath the sea, leveled by
land and sea erosion, limiting potential life forms.

Unicellular organisms were certainly present by
2,000 million years ago, and less convincing evidence
puts them back as far as 3,300 million years. Metazoa—
multicellular organisms in which differentiated cells
perform different functions—appeared about 700
million years ago. Only about 600 million years ago
did the oxygen content of the atmosphere reach a
level, still far below that of the present, at which an-
imals could afford the oxygen-expensive luxury of
shells, hard parts, and large muscles, and only then
did the rush of evolution of higher organisms get un-
derway.

As continental pieces have drifted about the Earth,
they have carried biotas that had been shared with
other lands before rifting but then evolved in isolation
during the transport period. The modern flora of Aus-
tralia, for example, has evolved from three dominant’
stocks. The longest isolated was shared with Africa
before the rifting between them, and the next-longest
was shared with New Zealand, Antarctica, and South
America, before these too were sundered; the young-
est assemblage, a tropical flora of Asian affinity, was
carried in on an island arc that collided with New
Guinea, which is the north part of the Australian con-
tinent, only about 25 million years ago. When con-
tinents collide or are connected by volcanic or other
land bridges, their independently evolved passengers
mingle, and, at least among the mammals, those of
the larger landmass are generally better suited to the
new competition and tend to replace those of the
smaller. The primitive placental ungulates and mar-
supial carnivores of South America, for example,
evolved and thrived in isolation on the island con-
tinent after it separated from Africa but mostly van-
ished quickly when the Panama land bridge was built
by volcanoes only a few million years ago, permitting
interchange with North American and Eurasian faunas.
Much of the geological evidence for the details of
past plate motions comes from subcontinents now
juxtaposed but carrying fossil assemblages that must
have originated far apart.

Dinosaurs thrived in warm, equable climates and
disappeared some 70 million years ago when, and



possibly because, climates in most parts of the world
became more sharply seasonal. The major cause of
climatic change was a lowering of sea level, draining
vast climate-moderating inland seas, which might
have been due to a slowdown in oceanic spreading
rates and hence to a deepening of average ocean
depths. The mammals, with their superior mechanisms
for conserving or dissipating heat, had previously
been small and primitive, but their evolution then
accelerated. Man is of course one product of that evo-
lution.

SUMMARY

Plate-tectonic concepts permit an understanding of
the interrelationships between the processes operat-
ing within the Earth. We have begun to integrate into
a genetic, unifying framework the descriptive findings
of the earth sciences. The geologic processes which
affect society—both harmfully through earthquakes
and other catastrophic events, and beneficially
through mineral and fuel resources—are largely con-
trolled by the motions of lithosphere plates.

Outer Continental Shelf Safety in Oil and Gas Operations
By Ronald W. Taylor and Richard B. Krahl

As the Nation continues to expand its efforts to find
more oil and gas, the role of the U.S. Geological
Survey’s Conservation Division in supervising and
regulating these activities is becoming more signifi-
cant, especially for operations on the Outer Conti-
nental Shelf.

The general public still recalls the Santa Barbara
oilspill of 1969 and the two major-oil platform fires
~ the following year in the Gulf of Mexico. The concern
for the environment that resulted from these inci-
dents spread nationwide.

To help prevent similar events from occurring
and to insure strict adherence to safety and pollu-
tion-prevention regulations, Geological Survey in-
spectors visit oil and gas operations on the Outer
Continental Shelf to make unannounced safety and
operations inspections. They check to see that the
drilling and production platforms are properly marked
for air/sea navigation, safety, and identification and
to make sure that there are blowout preventers in-
stalled and that the casing and casing cements are
correct. They may also check to see that abandoned
wells are properly plugged or that the operating wells
are producing oil and gas in paying quantities. They
check flow rates, maintenance, and inspection records
and make sure that waste materials are disposed of
properly. Their checklists also require them to inspect
such things as welding permits, electrical circuits, fire-
proofing, safety and escape devices, and the condi-
tions of drip pans under motors and to analyze the
drilling mud.

The Survey’s inspection program has been designed
to assure that petroleum from the Nation’s offshore
resources is produced with the greatest possible re-
gard for human life and the safety of the marine en-
vironment. Through uniform enforcement of regula-
tions and periodic inspections, the public can be as-
sured of safe, prudent, and pollution-free operations.

Safety is an ongoing and continual consideration
in the conduct of petroleum operations on the sub-
merged lands of the Outer Continental Shelf con-
tiguous to the coasts of the United States. Procedures
instituted by the U.S. Geological Survey and other
Federal Government agencies are aimed at protecting
human life, the waters and biota overlying the shelf,
and the adjoining coastal State waters and shorelines.
The term “‘safety,” therefore, is used in the context of
protection of human life and prevention of environ-
mental harm.

The importance of safety and pollution control to
petroleum operations on the Outer Continental Shelf
cannot be overemphasized. This fact is recognized by
the Code of Federal Regulations throughout Title 30
CFR Part 250, the regulations under which the Geo-
logical Survey administers the provisions pertaining
to oil and gas operations on the Outer Continental
Shelf. Included in this part is the Survey’s responsibil-
ity (under Title 30 CFR Part 250.12) to “prevent dam-
age to, or waste of, any natural resource, or injury to
life or property.” Also Title 30 CFR Part 250.30 charges
the lessees with a like responsibility.

The Survey’s annual report for fiscal year 1975, as
well as this current report for fiscal year 1976, lists un-
der Conservation of Lands and Minerals, ‘Regula-
tion of Operations,” a number of major studies of oil
and gas operations on the Outer Continental Shelf. As
mentioned therein, a Geological Survey work group
was established on OCS safety and pollution control,
chaired by the Associate Director. This work group
reviewed the major studies on the subject (list given
in above references) and recommended the imple-
mentation of 19 major categories for improvement in
a report issuedin May 1973 and supplemented in May
and November 1974.

These categories and their status in fiscal year 1976

are listed in table 21 elsewhere in this annual report. 53
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The Geological Survey’s OCS Lease Management
Safety and Pollution-Prevention program for oil and
gas drilling and producing operations includes the
following management responsibilities:

® The Director, through the Chief of the Conserva-
tion Division, is responsible for establishing the
general safety, pollution-prevention, and pollu-
tion-control policy and for providing manage-
ment direction and review of the lease manage-
ment program.

® The Associate Director, as chairman of the Work
Group on OCS Safety and Pollution Control, is
responsible for the overall results of the Work
Group's review program.

® The Chief of the Conservation Division, through
regional conservation managers, area supervisors,
and district supervisors, is responsible for imple-
menting the Survey’s Safety and Pollution-Pre-
vention Policy in accordance with the program
document.

Documentation of the program shows 16 functional
elements that involve Government and industry re-
sponsibilities in safety on the Outer Continental Shelf,
as follows:

1. Pre- and post-lease information development and
evaluation.
2. Research and development.
3. Development and use of standards.
4. Development and use of OCS Orders and other
orders to lessee compliance.
Review of lessee applications and plans.
6. Platform/structure design and construction veri-
fication.
7. Pipeline approval and inspection.
8. Field compliance evaluation.
9. Equipment-failure reporting, analysis, and infor-
mation exchange.
10. Pollution surveillance and cleanup.
11. Accident investigation and reporting.
12. Enforcement actions.
13. Training and qualification of lessee personnel.
14. Training of Geological Survey personnel.
15. Motivation.
16. Audit and review.

These functions are being actively pursued, with a
very strong tie-in with the day-by-day supervision of
drilling and producing operations in the Outer Con-
tinental Shelf, including on-site inspections.

U.S. Geological Survey supervision begins before
any drilling by an operator on the Outer Continental
Shelf, as an operator must submit an Application for
Permit to Drill to the Survey. This application must
contain a contingency plan for handling emergencies,
such as spills or fires, during drilling; a plan of ex-

v

ploration and development; significant geological
markers anticipated; and specific information con-
cerning the drilling rig, casing program, cementing
program, drilling-fluid program, and blowout-pre-
venter equipment. Geological Survey geologists, geo-
physicists, and engineers review the application for
compliance with appropriate Outer Continental Shelf
Orders and Regulations. Hazardous conditions such
as surface faulting, potential sea-bottom slides, shal-
low gas pockets, or deeper abnormal pressures are
made known to, and discussed with, the operator.
Appropriate changes are required in the drilling pro-
gram before the Permit to Drill is approved.

The design of the integrated casing, cementing,
drilling mud, and blowout-preventer system must
take into account the depths at which petroleum-bear-
ing formations are expected to be penetrated, the
formation fracture gradients, and the pressures to be
encountered.

The operator is required to case and cement all
wells with a sufficient number of strings of casing to
prevent the release of fluids from any stratum, to pre-
vent communication between separate strata, to sup-
port unconsolidated segments, and to provide a
means of control of formation pressures and fluids
(fig. 18). Drive pipe may be set by drilling, driving,
or jetting to a minimum depth of about 30 meters
(100 feet) beneath the ocean floor to support uncon-
solidated deposits and to provide hole. stability for
initial drilling operations. If this portion of the hole
is drilled, the drilling fluid utilized may not contain
oil or toxic substances, and the entire length of drive
casing must be cemented back to the ocean floor. All
subsequent casing strings must be securely cemented.
Before drilling below the drive pipe, at least one re-
motely controlled annular-type blowout preventer, as
well as equipment for circulating the drilling fluid to
the drilling structure, must be installed. Choke and
kill lines must be provided for diversion of hydro-
carbons and other fluids. The diverter system must be
equipped with automatic remote-controlled valves
which open, prior to shutting-in the well, at least two
lines venting in different directions to accomplish
downwind diversion.

Subsequent to drilling below the drive pipe, the
conductor and surface casing strings are set and ce-
mented. Vertical depth at this point varies between
450and 1,370 meters (1,500 and 4,500 feet). Prior to
drilling below the surface casing string, or an inter-
mediate casing string, additional requirements are
imposed upon the blowout-preventer system. At
this time, the blowout-preventer system must include
a minimum of: (1) four remotely controlled, hydrau-
lically operated blowout preventers including two
equipped with pipe rams, one with blind rams and
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FIGURE 18.—Schematic diagram of an offshore drilling rig showing required features for the safety of personnel and equipment and
the prevention of pollution.

one annular type; (2) a drilling spool with side out-
lets, if side outlets are not provided in the blowout-
preventer body; (3) a choke line and manifold; (4) a
kill line separate from a choke line; and (5) a fill-up
line. Subsea blowout-preventer stacks used with float-
ing drilling vessels must be equipped with blind-
shear rams.

Ram-type blowout preventers and related control
equipment must be tested at the rated working pres-
sure of the stack assembly or at 70 percent of the
minimum internal yield pressure of the casing, which-
ever is the lesser. Annular-type preventers must be
tested at 70 percent of these pressure requirements.
These tests are conducted: (1) when installed, (2)
before drilling out after each string of casing is set, (3)
not less than once each week from each of the con-
trol stations, and (4) following repairs that require
disconnecting a pressure seal in the assembly. While
drill pipe is in use, ram-type blowout preventers must
be actuated to test proper functioning once each trip,
but in no event less than once each day. The annu-
lar-type blowout preventers must be actuated on the
drill pipe once each week. Accumulators or accumu-
lators and pumps must maintain a pressure capacity
reserve at all times to provide for repeated opera-
tion of hydraulic preventers. An operable remote

blowout-preventer control station must be provided
in addition to the one on the drilling rig floor.

Blowout-prevention drills are conducted weekly for
each drilling crew to insure that all equipment is
operational and that the crews are properly trained
to carry out emergency duties. These drills and tests
must be recorded in the driller’s log.

Geological Survey personnel also oversee produc-
tion operations. Production-system analyses include
a review of the proposed mechanical-flow and safety-
system schematic diagram of the platform to insure
that the production system conforms to safety stand-
ards. The design of the structure, the production
processing equipment, the personnel facilities, and
the incoming and departing pipelines are checked
for compliance with requirements to assure that
these components will properly integrate into an ef-
fective platform-safety system. This safety system in-
cludes subsurface safety valves, an automatic fail-
close wellhead valve, a flowline which is protected by
high- and low-pressure sensors, a check valve, and
pressure vessels protected with high and low pres-
sure and liquid-level sensors (fig. 18). Any abnormal
operating condition will result in an automatic pro-
duction-system shut-in. Pneumatic and hydraulic con-
trol systems are equipped with fusible links which
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melt in the event of a fire and, as a result of the loss
of pressure, activate fail-close valves. Emergency
shut-in controls, located at strategic points on the
platform, are an integral part of the safety shut-in sys-
tem and afford a backup means for manually effecting
a complete shut-in of the entire facility. In addition
to such manual controls at the central panel, others
are located on the boat landing and helicopter pad
for use in the event of an emergency evacuation of
the facility. In establishing safety-system require-
ments, stress is placed on requiring backup devices
and procedures that provide for an additional margin
of safety even if a critical item of equipment fails.

The Geological Survey has the specific responsibil-
ity to inspect, monitor, and document the day-to-day
activities and operations of the petroleum industry on
the Outer Continental Shelf by making on-site in-
spections and witnessing the tests of safety and
pollution-prevention equipment. The inspection pro-
gram administers a fair, but firm, uniform enforce-
ment policy that insures conformance to standards
that result in operations that are as safe, prudent, and
pollution free as is possible.

To facilitate inspections, the Outer Continental
Shelf Orders and Regulations have been condensed
into a computerized checklist composed of questions
that are answered by the inspection team either posi-
tively for compliance or negatively for noncom-
pliance. Each incident of noncompliance requires that
the inspector take a prescribed enforcement action
which will result in either a warning or a shutdown
of operations. If the incident requires a shutdown, the
condition must be corrected before operations can
be resumed.

The checklist used by the inspectors is a listing of
potential incidents of noncompliance. The actual in-
cidents of noncompliance observed are counted at
each inspection site, and the ratio, actual to poten-

tial, is used as a basic measurement of the degree
of compliance.

Inspection teams of petroleum engineering tech-
nicians travel to the OCS facilities by helicopter or
boat, observing the water surface en route for any
evidence of pollution. Inspections of drilling rigs and
related equipment in the Gulf of Mexico are con-
ducted at least once during the drilling of each wild-
cat well and during the drilling of the first develop-
ment well from a platform. New production facilities
are inspected upon commencement of operations.
All major platforms are scheduled for inspection semi-
annually. Drilling rigs in frontier areas are inspected
daily.

Blowouts, fires, pipeline leaks, and other accidents
are investigated by inspection teams. These investiga-
tions establish the contributing factors in accidents
in order to help avoid similar incidents in the future.
The Geological Survey has instituted ““Safety Alert”
notices to inform all operators of the probable cause
of individual accidents and to describe the hazardous
situations that resulted in these accidents. This infor-
mation enables all operators not involved in a par-
ticular incident to evaluate similar situations in their
jurisdiction.

Table 5, which gives accident and spillage statis-
tics, shows the progress over the last 6 calendar
years towards safe and pollution-free oil and gas op-
erations on the Outer Continental Shelf. The total
oil spillage steadily declined except for three large
spillages in 1973 and two large pipeline spillages in
1974. The statistics for total accidents from all causes
show a large drop in fatalities in 1971; they have re-
mained essentially constant since then. During this
6-year period, oil/condensate (1971) and gas (1974)
production have peaked. New well starts (drilling)
have remained fairly constant although there was an
8 percent increase during the last year. However,

TABLE 5.—Accident and spillage statistics for the Outer Continental Shelf, calendar years 1970-75

Oil and

Gas Esti-
Total accidents 1 Total of all spills czr:ﬂgn- produc- Fixed mated
Barrels  Produc (ctLOr;'ic wel Active Siree milepee
Calend Fatali- - arre ti [ el
ayer;rar Number et Injuries Number s?-;fil?éld (balir?.gls. .fei;t, starts eases (;r;grt;f pslzglér:-e
millions) billions) vised
1970 24 33 58 Unknown Unknown 361 2,419 900 1,017 1,800 4,000
1971 35 11 16 1,256 2,778 419 2,777 841 1,083 1,891 5,000
1972 11 10 9 1,161 1,182 412 3,038 847 1,023 1,935 6,000
1973 44 9 15 1,175 23,096 395 3,212 820 1,266 2,001 6,450
1974 39 9 22 1,137 23,388° 361 3,515 816 1,590 2,054 6,700
1975 46 174 14 1,128 977 330 3,459 882 1,792 2,079 7,150
1 |ncludes blowouts, fires, explosions, falls, vessel collisions or sinkings, drownings, electrocutions, asphyxiations, blows, etc.

zIncludes (a) 9,935 barrels—structure supporting oil storage tank bent, ruptured tank;
(b) 7.000 barrels—barge developed a leak in heavy seas and partially sank, releasing oil, and
(c) 5,000 barrels—internal corrosion caused numerous pipeline leaks.
3Includes (a) 19,833 barrels—dragging anchor snagged and ruptured pipeline and
(b) 2213 barrels—pipeline break apparently caused by hurricane.
4Includes six men who died in a blaze resulting from a tanker collision with a platform (escaping oil from tanker ignited and tanker caught

fire).



the number of active leases supervised, the mileage
of pipelines supervised, and the number of fixed
structures at the end of the year have all steadily in-
creased. For instance, the number of active leases
which were supervised (with all drilling and produc-
tion operations being inspected) increased by 24 per-
cent, 26 percent, and 13 percent for each of the last
3 vyears, respectively. In effect, the consistency in
fatalities, when considered along with the increased
activities, represents a reduction in the fatal accident
rate. "

It is not realistic to think that a 100-percent acci-
dent- and pollution-free environment can ever be

achieved in offshore oil and gas operations. Such
things as human error and equipment/material failure
probably will always contribute to accidents and pol-
lution. Good examples of this may be found in the
footnotes at the bottom of table 5. However, Gov-
ernment’s role on the Outer Continental Shelf in-
volving safety, which includes the studies on safety
and the procedures and equipment required by the
Geological Survey in drilling and production opera-
tions, is to constantly strive to make the Outer Con-
tinental Shelf as safe and pollution free as is techni-
cally possible.
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Several major USGS research projects involve Mount Rainier, including glaciology and the stratigraphy of volcanic rocks and
glacial deposits.



Missions,Organization, and Budget

For nearly a century, the U.S. Geological Survey has
served Federal, State, and local governments, and the
public, by collecting, analyzing, and publishing de-
tailed information about the Nation’s mineral, land,
and water resources. The Geological Survey was cre-
ated in 1879 to study the geologic structure and min-
eral resources of the public domain and to provide
information to support development of the West.
Congress and the Secretary of the Interior later ex-
panded the Survey’s responsibilities to include topo-
graphic mapping; chemical and physical research;
stream gaging and water-supply assessments; super-
vision of mineral exploration and development activi-
ties on Federal and Indian lands; engineering supervi-
sion of waterpower permits; and administration of a
minerals exploration program.

Although the emphasis and balance of the Survey’s
programs have changed over the years, they still re-
flect the fact-finding mission described in the brief
authorizing legislation of 1879. Today, that mission
has two objectives. First, the Survey is charged with
increasing the knowledge of the extent, distribution,
character, and origins of the Nation’s natural resources
and of the geologic processes that affect the use of
the land so that man may adjust his activities to the
constraints imposed by the environment and so that
the Earth’s resources may be managed wisely. Sec-
ond, and no less important, are the Survey’s regula-
tory responsibilities—classifying Federal lands and
supervising mineral lease development on Federal
and Indian lands. By working closely with the Bureau
of Land Management and other land-management
agencies, the Survey seeks to identify and conserve
the Nation’s public resources and supervise their de-
velopment so that the public receives its fair share
for leased resources and so that damage to other re-
source, environmental, and social values is minimized
during exploration and development.

Both missions call for objective and impartial re-
porting of investigations, identification of natural con-
straints on land use and resource development, and
analyses of the consequences of alternative policies
or actions related to resource development, conserva-
tion, and environmental protection.

ORGANIZATION

The scientific and regulatory mission of the Geologi-
cal Survey is carried out by five organizational units,
each of which is responsible for one of the Survey’s
major programs or budget activities (see the organiza-
tional chart and table 26 in the section entitled “Or-
ganizational and Statistical Data”).

e The Topographic Division produces maps delineat-
ing the physical features of land areas in the
United States and its outlying areas and in Ant-
arctica. The division also collects and distributes
information on the availability of aerial photo-
graphs and space images, maps and charts, geo-
detic data, and related cartographic information
through the. National Cartographic Information
Center.

® The Geologic Division conducts research on geo-
logic processes and the Earth’s history and
thereby provides information that permits man
to adjust intelligently to the Nation’s environ-
ment and to use the Earth’s resources wisely. The
Geologic Division determines the composition
and structure of the rocks and materials that lie
at and beneath the Earth’s surface, identifies po-
tential energy and mineral resources (including
those of the Outer Continental Shelf), and de-
velops and distributes knowledge about natural
hazards such as earthquakes, volcanic eruptions,
and land subsidence.

e The Water Resources Division assesses the quantity
and quality of the Nation’s water supply, devel-
ops the knowledge necessary to predict the en-
vironmental consequences of alternative plans
for developing water resources, coordinates Fed-
eral water-data-acquisition activities, collects and
distributes information about the availability of
water data through the National Water Data Ex-
change, and develops and distributes information
about natural hazards such as floods and land
subsidence.

e The Conservation Division classifies the public
lands with respect to leasable mineral and water-
power sites and supervises exploration and de-
velopment authorized under leases and permits
on Federal and Indian lands.
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® The Land Information and Analysis Office coordi-
nates and administers interrelated, interdiscipli-
nary programs of the Geological Survey, as well
as other units of the Department of the Interior,
with the objective of interpreting and displaying
resource information in ways that are readily ac-
cessible and understandable to a wide range of
potential users, particularly land-use planners
and decisionmakers.

The structure of the Survey’s budget closely
parallels the structure of its organization. Each pro-
gram division (Topographic, Geologic, Water Re-
sources, Conservation, and the Land Information and
Analysis Office) is responsible for one of the Survey’s
major budget activities (tables 6 and 7). A small pro-
gram—Alaska Pipeline Related Investigations—is cur-
rently administered by the Geologic Division with
technical assistance from the Water Resources Divi-
sion.

TABLE 6.—Geological Survey obligations for fiscal year 1976,
by activity (dollars in thousands)

[Data in other chapters may differ because of rounding]

Percent

Trangition
Activity 15;6 :::Ig?i%ee qzlarter
to FY .
1975 mated)
Total o ____ $353,970 +4 $102,816
Direct program ___._______ 264,434 +4 77,756
Reimbursable program ___ 89,536 +5 25,060
Alaska Pipeline Related
Investigations __________ 287 17 112
Topographic Surveys and
Mapping o~ 52,220 -1 13,393
Direct program __________ 45,354 - 11,553
Reimbursable program ____ 6,866 -5 1,840
Geologic and Mineral
Resource Surveys and
Mapping 115,554 +1 32,997
Direct program __________ 92,322 +4 24,837
Reimbursable program ..__ 23,232 —9 8,160
Water Resources Investigations 112,480 +11 29,726
Direct program __________ 57,176 47 15,922
Reimbursable program __.__ 55,304 +15 13,804
Conservation of Lands and
Minerals . __.__ 41,677 +16 13,487
Direct program ______..__ 41,489 +15 13,440
Reimbursable program _.__ 188 +276 47
Land Information and Analysis 17,278 +2 8,859
Direct program __________ 14,908 —4 7,806
Reimbursable program ____ 2,370 +55 1,053
General administration ______ 3,398 —7 1,493
Facilities oo 9,500 —8 2,593
Miscellaneous services to
other accounts _________ 1,576 —45 156

These research, fact-finding, and regulatory pro-
grams receive executive direction from the Office of
the Director and technical and administrative support
from the Administrative, Computer Center, and Pub-
lications Divisions. The ““General administration” and
““Facilities”” budget activities fund the Office of the
Director, the Administrative Division, and the opera-
tion of the Survey’s National Center facilities, located
in Reston, Virginia. Other administrative and manage-
ment services provided by the Administrative Divi-
sion and technical services provided by the Computer
Center and Publications Divisions are financed
through assessments of the program divisions. Al-
though it is not a budget activity, the entry ““Miscel-
laneous services to other accounts” represents reim-
bursements received from other Federal agencies for
data-processing and publication services and for the
sale of materials from stock.

BUDGET

The total funds obligated by the Geological Survey
in fiscal year 1976 amounted to $354 million, an in-
crease of $15.2 million over fiscal year 1975. (See fig.
19.) The increase was understated because of a pro-
vision in a new law that allowed obligational authority
to be carried forward into what was called a transition
quarter (the period between fiscal years 1976 and
1977—July 1 to September 30, 1976). This change was
authorized by the passage of the Congressional
Budget and Improvement Control Act of 1974 (Public
Law 93-344). Thus, the fiscal year, which used to be-
gin on July 1, now starts on October 1. During this
period an unobligated amount of $8.4 million from
fiscal year 1976 was carried forward. Obligations from
appropriated funds in fiscal year 1976 provided about
75 percent of the total funds available to the Survey.
The remaining 25 percent was from Federal, State,
and local agencies and from miscellaneous non-Fed-
eral sources (fig. 20).

The allocation of funds to the Survey’s five principal
budget activities (Topographic Surveys and Mapping,
Geologic and Mineral Resource Surveys and Mapping,
Water Resources Investigations, Conservation of Lands
and Minerals, and Land Information and Analysis),
which had been changing dramatically in the past few
years, remained relatively unchanged in fiscal year
1976 (fig. 21). The Water Resources Investigations ac-
tivity share increased from 30 percent of the total
funding to 32 percent. The Conservation of Lands and
Minerals activity share increased from approximately



11 percent to 12 percent. The other major activities
showed small decreases in the percentage share of
funding. (See fig. 22.)

FIGURE 19.—Geological Survey budget, by source of funds,
fiscal years 1967-76.

An alternative way of looking at the Survey’s bud-
get is by area of study (fig. 23).

PERSONNEL

Unlike the budget, which has increased 185 percent
since 1967, the number of permanent full-time em-
ployees involved in the Survey’s programs remained
more or less constant through fiscal year 1973 (fig. 24
and table 45). In fiscal years 1974-76, 785 additional
permanent full-time positions were filled, an increase
of 13 percent over fiscal year 1973. The distribution
of permanent full-time employees by organizational
unit is shown in figure 25. The Water Resources Divi-
sion employs 32 percent of the permanent full-time

Federal program $230.2

TOTAL PROGRAM $354.0

FIGURE 20.—Sources of Geological Survey funds in fiscal year
1976 (dollars in millions).

employees; Geologic Division, 23.2 percent; Topo-
graphic Division, 18.5 percent; and Conservation Di-
vision, 12.4 percent.

Again, as in fiscal year 1975, the professionalism of
the Survey’s programs is reflected in the composition
of its work force. At the end of fiscal year 1976, the
Survey employed 9,142 people on a permanent full-
time basis, 78 percent of whom (up 2 percent from
fiscal year 1975) were employed in professional or
technical positions (figure 26). The Survey’s trained
work force provides the Federal Government with an
important pool of scientific expertise and specialized
skills in the earth sciences. To augment this trained
permanent work force, at the end of fiscal year 1976,
1,730 people were on the rolls in employment cate-
gories other than permanent full time.

DEFINITIONS

Some of the terms used to describe the Geological
Survey’s budget, which appear frequently throughout
the next few chapters, are explained here. Funds ap-
propriated directly to the Survey are categorized un-
der several budget activities or broad functional areas,
such as Topographic Surveys and Mapping and Water
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OBLIGATIONS (dollars in millions)

1967 1968 1969 1970 1971 1972 1973 1974 1975

1976
FISCAL YEAR
FIGURE 21.—Geological Survey budget by activity, fiscal years 1967-76.
TABLE 7.—Participation of Survey organizational units in areas of study included in the fiscal year 1976 budget
Office
Topo- . Water Conserva- lf.and D?:etg‘f)r
Area of study gr;)aie?.ic GeD’:Tilvc’ig'c Res[;)il:’g:es Sf‘),r,‘ tlig:r?;d Admaiz?stra.
sion ston sion sion Analysis tive
Office Bivis
sion
Energy:
OCS oil and gas - oocommee = X _— X . s
Onshore oil and gas ————_______________________ - X - X - -
Coal .o e E e e e —— X X X — —
Uranium and thorium ssssessssssemsecssmsmesssnmsss - X X X = -
Oil shale sssrrressessmasrssemsroseansrsrssEmasE S = X X X == =
Geothermal energy «--scocosccccosscscmsmmmanasmns - X X X s ==
Minerals:
Metallic and nonmetallic minerals __________________ - X - X - -
Mineral and fuels information system _______________ = X - - - -
Multipurpose geologic baselines —___________________ - X - - - =
Hazards:
EafthUaKeS. — coommm o aw s s s s s == X — - == o
Volcanoes, landslides, and engineering - ________ - X - - — —
Floods . - - X - - -
Water quality . ____ - - X - - -
Water:
Water-data networks ———-cococeomecoomooecomcamnoe - ey X . = o
Areal water-resource appraisals ____________________ - - X X - -
Special water-resource studies ______________________ - - X - — —
Standard topographic mapping _______________________ X — - - - -
Modernization of mapping technology ________________ X - - - - W
Land resource decision products ______________________ X == = == X -
Environmental impact statements oo oo oo oo s e = — X s
Earth Resources Observation Systems __________________ . - - s X .
General administration and facilities __________________ . = - - - X




Water resources
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TOTAL PROGRAM $354.0 MILLION

FIGURE 22.—Distribution of Geological Survey funds by budget
activity in fiscal year 1976.

Resources Investigations. These activities are further
subdivided and categorized as subactivities, programs,
and program elements, depending upon the size and
complexity of the activity. But the term “program” is
used more generally and may refer to the entire bud-
get, a budget activity, or a subactivity or may denote
work supported by funds from a particular source,
especially in the case of funds received from reim-
bursement.

Funds to support Survey programs come from two
sources: (1) An annual Congressional appropriation
and (2) reimbursements from Federal and non-Federal
agencies. Federal funds, under the title ““Surveys, In-
vestigations, and Research,” support the Survey’s di-
rectly appropriated programs under each budget ac-
tivity. Other funds from State and local agencies, Fed-
eral agencies, permittees and licensees of the Federal
Power Commission, foreign countries, and interna-
tional organizations pay for various information
products and services provided by the Survey’s reim-
bursable programs.
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Mineral and fuels information systems —— —————
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FIGURE 23.—Distribution of Geological Survey obligations for fiscal year 1976, by areas of study.
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Whereas directly appropriated programs are aimed
at resource investigations and research on problems
of nationwide concern, the reimbursable programs
enable the Survey to apply its earth-science expertise
to the specific problems of Federal, State, and local
agencies. The results of these investigations contribute
in a very substantial way to the solution of urgent na-
tional resource problems and respond directly to the
changing mutual needs of Federal, State, and local

FIGURE 24.—Geological Survey end-of-year employment, fiscal
years 1967-76. ¥

11

. Total employment
. Permanent full-time employment

EMPLOYMENT (in thousands)
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FIGURE 26.—Geological Survey permanent full-time employees
by type. W
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governments for earth-science information. Agencies
and organizations with which the Survey had formal
agreements for fiscal cooperation in fiscal year 1976
and the transition quarter are listed in the section en-
titled ““Organizational and Statistical Data.”

Work done for State, county, or municipal agencies
may be performed on a cost-sharing basis. Funding
arrangements may vary according to the type of in-
vestigation, and the Survey’s annual appropriation act
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stipulates that Federal funds may not be used to fi-
nance more than one-half the cost of any topographic

mapping or water-resource investigation carried on in

cooperation with a State or municipality. Within this
general 50-percent limitation, each annual appropria-
tion act also specifies the dollar amount of Federal
funds that shall be available for cooperative water-
resource investigations. On the other hand, appro-

priated funds may be used to pay for more than 50
percent of the cost of other Survey cooperative pro-
grams. The activities jointly funded by State and local
reimbursable program funds (State share) or direct
program funds (Federal share) are collectively re-
ferred to as the Federal-State Cooperative program.
Other work done by the Survey for specific Federal
agencies and non-Federal organizations is usually per-
formed on a fully reimbursable basis.
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Topographic Surveys and Mapping

OVERVIEW

The National Mapping program is designed to pro-
vide accurate and up-to-date basic cartographic data
for the United States in forms that can be readily ap-
plied to dealing with the problems of the day. Topo-
graphic maps, with detailed and precisely referenced
information about the natural and manmade features

on the Earth’s surface, continue to be the most im-
portant product, with 1,444 new 1:24,000-scale topo-
graphic maps produced during the year ending June
30, 1976, plus 295 in the transitional quarter ending
September 30 (table 8). However, more orthophoto-
quads (photoimage maps) were produced during the
year than any other type of map, providing useful

TABLE 8.—Mapping production for fiscal year 1976 and transition quarter (TQ) (in square miles)

1:24,000-scale

1:24,000-scale 1:24,000-scale Intermediate

topographic orthophotoquads revisions scale
State or territory FY FY FY FY
1976 TQ 1976 TQ 1976 Q 1976 TQ
Alabama . 854 248 2,772 . 1,869 306 12,298 2,641
Alaska® 1,525 ol mmceecemoe e e 250
ArZONa . 2,982 1,117 2,480 2,418 778 .- 8,098  _____
Arkansas _______ . 2,177 120 2,013 ____. 4,685  _____ 5,057  _____
California oo 2,021 549 12,285 595 4,123 1,404 46,473 11,015
Colorado oo 5,810 174 2,088  __.__. 1,040 _____ 10,799 9,383
Connecticut - oo oo 166 - 2,408 o e cmee e emeem
Delaware v e e e oo 7 - 1,070 -
District of Columbia . _____ e e e e
Florida o ___ 7,651 64 . - 455 376 1,878 .-
Georgia oo~ 7,126 631 6,804 630 626 63 480  ____.
Hawaii oo mcccccce mmmon mmmme mmmmmmmmme cmme e 1,772 ..
1dah0 - e 5,178 2,868 17,874 3,672 54  _____ 22,124 1,698
MiNOIS - e 234 _____ 3,990 6,270 513 1,180 6,319 453
Indiana oo cicl e mmmme e e 344  _____ 1,615 870
lOWa oot e e e 4,218 500 432 971 875
Kansas oo 4,318 580 2,867  _____ 2,487  _____ 2,317 257
Kentucky oo _iffn cmmee ool 1,711 237 72 6,707  _____
Louisiana oo~ 1,698  _-._ 7,424  ___.__ 612 384 902  ____.
Maine oo e 74 ___.. 901 e cmem e 798 .-
Maryland o Cccim cmmee e memma 1,675 110 1,628  _____
Massachusetts _ oo et mmmee e meeem 999  _____ 1,441  _____
Michigan e - 830 10,962  _____ 386 1,451 1,711 ..
Minnesota o 10,503 442 416 o - 398 1,691 .-
MissisSiPPl oo cmm meeem 7371 - 558 .. 1,752 762
Missouri o . 1,060 .- 936 3,978 2,762 ... 3,465  _____
Montana . _____ 5,126 2,115 10,098 1836 .. . 33,752 3,296
Nebraska oot e e 8,176  _o. ool o 1,803  _____
Nevada e 1,574 772 19,488 2,030 2,243 _..__ 30,333 9,018
New Hampshire _______ . _______________  _.__ .- 1,620 - 220 oo 1,806 .-
New Jersey oo cceicce ccccn eceee cmmce mmmmm emmemmeeeee 339 ..
New MexXiCo oo e 4,860 371 6,704 369 54  ____. 2,849  ___...
New York et e mmmee 770 968 55 1,022 __..
North Carolina . _____ e 1,214 121 12,705 3,267 _____ 1,870 607 ...
North Dakota om0 e 104 4,646 707 eem o 2,182 1,302

See footnote at end of table.

<€A contour plot,derived from digital terrain data produced by the Gestalt Photo Mapper I, superimposed on a photograph of the
equipment. The capabilities of the photo mapper are described on page 80.
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TABLE 8.—Mapping production for fiscal year 1976 and transition quarter (TQ) (in square miles)—Continued

1:24,000-scale

1:24,000-scale

1:24,000-scale

Intermediate

topographic orthophotoquads revisions scale
State or territory FY FY FY FY
1976 TQ 1976 TQ 1976 TQ 1976 TQ

OhiO oot e e e 4,021 54 1,660  _—____
Oklahoma _______ . ____ .. 2,110 _____ 4,719  _____ 3,637 _____ 9,912  __.-.
Oregon - ___ 1,822 854 9,180 2,700 _____ 20 29,262 .-
Pennsylvania ________ . _________________ . ccoor emmn mmmen 468  __.__ 4,771 .-
Rhode Island o ____ ol dmr el 752 _____ 186 oo
South Carolina ______________________ 321 _____ 4,464  _____ 1,508 oo cmool e
South Dakota ________ . __ 3,131 700 4173 . 3 1,975  ___--
Tennessee et e e 1,553 302 2,237 -
Texas oo 7,383 1,903 192 ... 2,774 942 962  _____
Utah 1,561 1,116 3,480 1,334 48  _____ 2,100  _____
Vermont e 32 e e e e 1,621 -
virginia oo ol oo 2,006  ___.__ 1,430  _____ 2,568  __._._-
Washington _________ . __.__ 249 3,788 2,626 3,379 53 16,542 3,740
West Virginia _ o ______  ____. el cmco acee 233 2,406 1,812 .
Wisconsin 1,124 622 2,173 1,696 357 1,149 1,631 _____
Wyoming o 327 . 1,526 ooom aooon e 9,598 88
Guam et e mmmme mmmmemmmmm e mmmme mmmmemmmeo
Puerto RiCO* e e et oo
Samoa - et e mmmee mmme mmmmm e mmmme e mmmem
Virgin Islands L ____  __aie cccn mmmememmmmmmeemmmee e

11:63,360 and 1:25,000-scale for Alaska; 1:20,000-scale for Puerto Rico.

land information for 3,197, plus 730 in the transition
quarter,7.5-minute quadrangle areas. Considering the
year’s output of maps and the rapid rate of man’s
changes in his use of the land, it is not surprising that
revision mapping now amounts to about 900 quad-
rangles annually.

Fiscal year 1976 and the transition quarter saw a
collaboration between mapmakers and map users
that resulted in a wider variety of products. Agrono-
mists of the Soil Conservation Service and engineers
of the Bureau of Land Management now work from
Geological Survey base maps for land classification
and management. Techniques were developed to
provide customs officials with current rectified aerial
photographs at 1:25,000 scale overlaid with map in-
formation for border surveillance. County officials in
several States can refer to a single map of their juris-
diction for assistance in resolving many questions.
Through a cooperative program with the National
Ocean Survey, Department of Commerce, both the
developers and the protectors of the Nation’s coastal
wetlands will soon be working from the same base
data—maps with both topographic and bathymetric
information.

Other new roles for the Geological Survey are be-
ing suggested—programs for large-scale urban map-
ping, systematic high-altitude photography, and
digitization of planimetric and relief data. These ap-
parently diverse requirements must be addressed by

the National Mapping Program because of the need
for coordination and standardization. Systems are be-
ing developed for putting map and image information
in digital form, either during the mapping process or
after the map is completed. With this capability, it will
be possible to develop a national cartographic data
bank that can respond more quickly to new and
changing user requirements.

The current plan is to complete 1:24,000-scale
topographic coverage of the country as rapidly as
practical—in about a decade at the present rate—and
in the interim to provide orthophotoquads for areas
unmapped at this scale. The capability to provide base
map data at intermediate scales (primarily 1:100,000)
will be expanded. And guidelines for large-scale map-
ping of urban areas are in the offing. Equipment and
techniques will continue to be updated to accommo-
date the increasing demand for new and revised
maps, the economic and timely production of digital
data, and conversion to the metric system. At the
same time, the States will be encouraged to enlarge
the national network of cartographic information cen-
ters.

Coordination of mapping

Federal domestic mapping activities are coordi-
nated by the Geological Survey for the Department
of the Interior. According to procedures established



by the Office of Management and Budget Circular
A-16 (Bureau of the Budget, 1967), the Survey re-
quests other Federal agencies to identify their map-
ping requirements and considers their requirements in
formulating the mapping program. State and local
governments also indicate requirements for cartogra-
phic data; 15 States (Alaska, Colorado, Idaho, lllinois,
lowa, Maine, Michigan, Minnesota, Montana, Neb-
raska, Nevada, New Mexico, Texas, Utah, and Wyom-
ing) each have a State mapping advisory committee
that provides advice and guidance for planning the
mapping program. Requests from private individuals
are also considered in setting priorities. In fiscal year
1976, under cooperative mapping agreements (costs
are shared equally) with 37 States and Puerto Rico,
the cooperating agencies participated directly in the
selection of areas to be mapped.

Yearly requests for new and revised topographic
maps—a total of 41,869 requests for 27,478 quad-
rangles in 1976—far exceed the Survey’s production
capability and funding level. As a result, requests are
increasing for orthophotoquads as preliminary cover-
age for unmapped areas or as updating supplements
to available line maps. The Survey recently acquired
its first automated photomapping system capable of
concurrently producing corrected aerial imagery and
the corresponding terrain elevations in both digital
and contour form. This new system offers an alter-
native to current mapping methods that will make
basic cartographic data available faster when most
needed. A principal user of cartographic data is the
Geological Survey itself, which is responsible for
mapping the location and determining the extent of
the Nation’s physical resources and for helping to
solve a wide range of environmental problems.

Highlights

Noteworthy achievements and events of fiscal year
1976 and the transition quarter include:

® Formulation of a flexible policy for metrication in
the topographic mapping program. Implementa-
tion considers impact on the user as determined
from an extensive survey.

® Opening of National Cartographic Information
Center regional offices (in Virginia, Missouri, Col-
orado, and California) to provide easier cus-
tomer access and more complete acquisition of
information.

® Agreement with Texas establishing the first Federal-
State information center in Austin for collecting
and distributing cartographic data.

Completion of 2,700 (plus 600 in the transition
quarter) new and revised maps, ranging in scale
from 1:24,000 to 1:250,000. In addition, about
3,200 (plus 730 in the transition quarter) ortho-
photoquads were produced.

Addition of over 1.36 million square kilometers
(525,000 square miles) of aerial photography to
the national aerial photo data base (plus 435,000
square kilometers, or 168,000 square miles, in
the transition quarter).

Accommodation of a large increase in intermedi-
ate-scale mapping to meet the special needs of
Government and State agencies (259 intermedi-
ate-scale maps this year, plus 32 in the transition
quarter, compared with 9 last year).

Acquisition of an automated photomapping system
to expedite production of basic cartographic data
in image, contour, and digital form.

Development of a technique to make color ortho-
photoquads from dual-camera, black-and-white
photographs with a resultant improvement in in-
terpretability and, hence, value to users.

Expansion of photoinspection and map revision
procedures to provide a more systematic review
of map completeness.

Completion of new facilities for Mid-Continent
Mapping Center in Rolla, Mo., to consolidate
operations and modernize laboratories.

Completion of the pilot large-scale mapping proj-
ects, including user reviews and development of
guidelines for large-scale mapping.

Budget

The Topographic Surveys and Mapping budget
covers three subactivities: (1) Quadrangle mapping
and revision, the primary responsibility of mapping
centers in Reston, Va., Rolla, Mo., Denver, Colo., and
Menlo Park, Calif.,, (2) small-scale and special map-
ping, the primary responsibility of a fifth mapping
center in Reston, and (3) the National Cartographic
Information Center, headquartered in Reston with
offices in the mapping centers.

For fiscal year 1976, Topographic Surveys and Map-
ping amounted to $52.2 million (plus $13.3 million
in the transition quarter) (fig. 27 and table 9). In-
cluded are funds from 37 States and Puerto Rico,
which, when matched by Federal funds, amounted to
$7.4 million (plus $1.8 million in the transition quar-
ter) for cooperative mapping. Cooperative projects
mutually benefit the State and the national program.

The National Mapping Program was carried out by
1,693 career employees, many with special training in
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Federal State
cooperative
program

Federal program
$41.6

TOTAL PROGRAM FUNDS §

FIGURE 27.—Sources of fiscal year funds for Topographic Surveys
and Mapping (dollars in millions).

TABLE 9.—Topographic Surveys and Mapping activity obligations
for fiscal years 1975 and 1976 and transition quarter, by pro-

gram (dollars in millions)

[Data may differ from that in statistical tables because of rounding]

Program Flacal year Transition
1975 1976 quarter
TOTAL  soocmmummcan $52.60 $52.22 $13.29
Direct programs? - caceemwass 45.35 45.35 11.55
Quadrangle Mapping and
Revision ________________ 4115 38.26 9.40
Small-Scale and Special
Mapping ______________ 2.66 5.36 1.73
National Cartographic
Information Center ______ 1.54 1.73 42
Reimbursable programs ______ 7.25 6.87 1.74
States, counties, and
municipalities ___________ 5.00 3.67 .88
Miscellaneous non-Federal
SOUICES somscsmmewanmsss 59 .50 A3
Other Federal agencies ____ 1.66 2.70 73

1 Includes matching reimbursable funds from States, counties, and
municipalities.

cartography, data processing, engineering, photo-
graphic technology, and physical sciences. About 200
additional employees, many on work-study programs,
served as temporary aides and professional consult-
ants.

QUADRANGLE MAPPING AND REVISION

Aerial photographs of the land surface are essential
to the mapping process. In fiscal year 1976, the Sur-
vey contracted for 1.36 million square kilometers

(525,000 square miles) of aerial photography, 10 per-
cent more than last year (plus 435,000 square kilo-
meters, or 168,000 square miles, in the transition
quarter). Three-fourths of the photographs were
taken from altitudes higher than 11,700 meters (39,-
000 feet) for use in photomapping and map revision.
The aerial mapping cameras used by private contrac-
tors on photomissions for the Survey and other
governmental agencies must meet accuracy specifica-
tions. For this purpose, the Survey operates the Opti-
cal Calibration Laboratory, which, during the year,
tested and calibrated 88 complete cameras and 14
lenses (fig. 28).

Field control surveys are needed to present map
features in correct relationship to each other and to
the Earth’s surface. Horizontal ground control estab-
lishes and maintains correct scale, position, and orien-
tation of the map. Vertical control governs the
contours and spot elevations which show the shape
of the terrain. The resulting geodetic data—positions,
elevations, and descriptions of control points—are
used to prepare the map base, the framework on
which map detail is compiled. The Survey is in the
process of transferring computer records of its geo-
detic surveys to the National Geodetic Survey Infor-
mation Center of the National Oceanic and
Atmospheric Administration. By 1985 the national
bank of reliable geodetic information should be read-
justed to a new North American Datum.

During fiscal year 1976, 1,405 standard topographic
maps were published, covering 211,120 square kilo-
meters (81,200 square miles) (plus 237 maps covering
35,440 square kilometers, or 13,680 square miles in
the transition quarter), or 2.2 percent of the U.S.
domain (fig. 29). Most of the maps are in the 7.5-
minute series, 1:24,000 scale (15-minute series,
1:62,500 scale until replaced; 1:63,360 and 1:25,000
in Alaska). In addition to meeting the needs of many
users, these are the basic maps from which smaller
scale and special maps are usually derived. As na-
tional coverage in the 7.5-minute series increases, the
revision mapping workload increases. With special
emphasis on coverage of urban, coastal-zone, trans-
portation corridor, and other areas where changes in
culture are rapid, published maps are checked against
current aerial photographs at appropriate intervals
and, if necessary, revised. About 656 7.5-minute maps
were revised in 1976 (plus 165 in the transition quar-
ter).

By reprocessing the aerial photographs to correct
for distortions, orthophotographs are produced that
can be applied in many ways. In a standard quad-
rangle format with grid and name information
superimposed, the orthophotograph is called an or-
thophotoquad. About 3,200 orthophotoquads were



FIGURE 28.—Aerial mapping camera being tested atop multicollimator camera calibrator. 71
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FIGURE 29.—Status of standard topographic mapping and revision.



prepared in 1976 (730 in the transition quarter);
printed stock is available for a small percentage of
these, with the majority available for reproduction on
request (fig. 30). Orthophotoquads are black-and-
white products, although techniques are being devel-
oped for adding color to aid the user in interpreting
the imagery (p. 81).

The orthophotograph may also be combined with
the line detail of a topographic map. In many areas
where conventional line maps are ineffective in por-
traying the special character of the terrain, ortho-
photomaps are standard rather than the usual line
maps. About 600 orthophotomaps are in various
stages of production; the largest projects cover
Florida swamps, Minnesota lake regions, and coastal
stretches of Louisiana and Georgia.

SMALL-SCALE AND SPECIAL MAPPING

The 7:250,000-scale topographic map series pro-
vides the largest scale complete coverage available
for the United States and is thus valuable to many
Federal and State agencies with regional concerns.
The maps are also used by the Survey for preparing
~ State base maps, the 1:1,000,000-scale International
Map of the World, various geologic maps, and spe-

EXPLANATION

Orthophotoquads available

cial-purpose maps such as those produced for the
Land Use Data and Analysis program. The 1:250,000-
scale maps of Standard Metropolitan Statistical Areas
are generally revised every 5 to 7 years. Most other
quadrangles in this series are revised every 8 to 10
years; in fiscal year 1976, 46 revisions were com-
pleted (plus 11 in the transition quarter), and 100
more were in production. Terrain data digitized from
the contours on the 1:250,000-scale maps are avail-
able on magnetic tape from the National Cartographic
Information Center (fig. 31).

To meet the need for basic map data at various
levels of detail and at scales between 1:24,000 and
1:250,000, the intermediate-scale map series was in-
troduced in 1975. The user can select the map content
from 21 categories of data and choose county, re-
gional, or 30X 60" quadrangle format. County maps
are also being prepared on request at 1:50,000 scale
with a choice of five to seven categories of data. The
capability is being developed to provide intermedi-
ate-scale map data in digital as well as graphic form.
In fiscal year 1976, priority was given to completing
259 intermediate-scale maps for Federal and State
agencies (plus 32 in the transition quarter) (fig. 32).

Because of a critical need for map data in the
coastal areas, the Geological Survey and National

FIGURE 30.—Status of orthophotoquad production.
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FIGURE 31.—Status of 1:250,000-scale map revision and digital terrain data.

Oceanic and Atmospheric Administration, Depart- quadrangle—an orthophotoquad (fig. 33), ortho-
ment of Commerce, have started producing topo- photomap, and interim-revised line map—were com-
graphic-bathymetric maps for the coastal zones of pleted for evaluation by representative users.
the United States. Three versions of a topographic- Dual-scale coverage of the Georgia coastline—
74 bathymetric map of the Fort Pierce, Fla., 7.5-minute topographic-bathymetric at 1:100,000 and ortho-



photo-bathymetric at 1:24,000—is in production.
Bathymetric data are also being added to ten 1:250,-
000-scale topographic maps.

The Survey also produces national park maps, nor-
mally standard topographic maps combined into one
or more sheets covering the park area with, in some
cases, companion shaded-relief editions. During 1976
and the transition quarter, six new park maps were
published, and seven more were in production. A
folded and jacketed map of Mount Rainier National
Park, Wash. (1:50,000), was distributed during the
summer by the National Park Service for user ap-
praisal.

INTERNATIONAL COOPERATION

The Geological Survey provides technical assistance
and training in surveying and mapping to many other
countries under formal agreements and reimbursable
funding. An agreement between the Survey and the
Ministry of Hydraulics of Algeria provides for prepa-

EXPLANATION

In program

ration of Landsat image mosaics, for personnel train-
ing, and for establishment of a technical user
assistance office for remote sensing data. A Fourth
Extension Agreement was made with Saudi Arabia to
aid the Ministry of Petroleum and Mineral Resources
in topographically mapping areas for geologic inves-
tigations, under which 545 square kilometers (210
square miles) were mapped this year. The Survey has
agreements with Canada’s Department of Energy,
Mines, and Resources and with Mexico’s Comision de
Estudios del Territorio Nacional to exchange carto-
graphic data for the international border areas. This
year the agreements were renegotiated to include
aerial photographs and various photoimage products.

Fiscal year 1976 marked the 19th consecutive year
that the Survey participated in the National Science
Foundation’s U.S. Antarctic Research Program. In
support of geophysical and glaciological studies, Sur-
vey personnel conducted ground surveys and op-
erated satellite-tracking and seismological equipment.
A variety of maps of Antarctic regions were prepared:
1:250,000 topographic maps (fig. 34A), 1:500,000

HAWALI

FIGURE 32.—Status of the Intermediate-Scale Mapping program.
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FIGURE 33.—Experimental orthophotoquad showing both topography and bathymetry (Fort Pierce, Fla.; scale of original is 1:24,000).
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planimetric sketch maps, and small-scale satellite
image maps. This year six Landsat image maps of
portions of Antarctica were prepared at scales of
1:250,000, 1:500,000, and 1:1,000,000; the 1:250-
000-scale map of McMurdo Sound (fig. 34B) offers a
spectacular view of volcanic mountains and sea ice.

NATIONAL CARTOGRAPHIC
INFORMATION CENTER

The goal in establishing the National Cartographic
Information Center in 1974 is to improve public ac-
cess to cartographic data collected by Federal, State,
and local agencies and by private firms. In the Federal
sector alone, the cartographic data holdings are esti-
mated at 1.5 million maps and charts, 25 million
aerial and space photographs, and 1.5 million geo-
detic positions. The Center generally does not obtain
the actual cartographic data but rather collects and
organizes information about the data and, if possible,
about acquisition plans of participating organizations
and provides this information and ordering assistance
to users. The headquarters office has been receiving
about 5,000 inquiries a month.

Many government and private organizations have
shown serious interest in the mission of the National
Cartographic Information Center. In fiscal year 1976,
five more Federal agencies formally agreed to supply
information on their cartographic holdings. The first
State to participate in the network is Texas; a joint in-
formation center will be opened in Austin with a
telecommunications link to the EROS Data Center,
the principal affiliate for aerial and space imagery.
This pilot cartographic information center may well
become a model for similar outlets in other States.
By the year’s end, other agencies that have agree-
ments with the National Cartographic Information
Center that relate to cartographic information man-
agement included the:

Agriculture Stabilization and Conservation
Service

Bureau of Land Management

Defense Intelligence Agency

Forest Service

National Archives and Records Service

National Oceanic and Atmospheric
Administration, National Ocean Survey

Soil Conservation Service

Texas Water Development Board,
Texas Natural Resources Information System

In addition, four regional offices were opened, in Res-
ton, Va., Rolla, Mo., Denver, Colo., and Menlo Park,
Calif., to provide convenient customer access and

complete acquisition of information at the local level.

For information on aerial photography, the Na-
tional Cartographic Information Center has developed
the Aerial Photography Summary Record System. To
date, nine Federal agencies have provided the Cen-
ter with data on coverage and technical characteristics
of vast photograph collections and on plans for new
photography projects, in digital form for direct input
to the system. Several workshops were held with the
cooperating agencies to explain the system’s capabil-
ities and how to code and retrieve information.

The National Cartographic Information Center is
coordinating the transfer of Geological Survey geo-
detic data to the National Oceanic and Atmospheric
Administration, which is assembling the National
Geodetic Data Base. This year, the Survey mapping
centers began organizing the records for 40,000 hori-
zontal control stations. The tasks of evaluating and
formatting the numerical observation data have be-
gun, and new text-processing equipment is being
acquired for digitizing the station descriptions. The
transfer of data is slated for completion in time to
lend support to the upcoming readjustment in 1983
to the new North American Datum.

RESEARCH AND RELATED DEVELOPMENTS

The Survey is continually searching for ways to im-
prove mapping productivity and to respond more
quickly to users’ diverse requirements. Among the
new instruments and technological developments in-
vestigated during the year (U.S. Geological Survey,
1976), the following seem particularly important to
the future of cartography:

® Inertial surveying systems.—Adaptation of inertial
navigation systems to ground surveying prob-
lems promises to provide the needed accuracy
and to make control surveys far more productive.
Ground positions and elevations can be estab-
lished automatically by inertial measuring sys-
tems carried in a truck, helicopter, or light plane.
A Litton Auto-Surveyor owned by the Bureau of
Land Management was brought to Denver for
tests oriented to Geological Survey map control
requirements; the resulting horizontal positions
generally agreed within half a meter, but vertical
accuracy was inadequate for most 1:24,000-scale
mapping. A military version of the system, on
loan from the Defense Mapping Agency, was
used for the first production test in Maine, a
mapping project requiring ground data for nearly
one-quarter of the State; the results are currently
being evaluated. The Aerial Profiling of Terrain

79



80

System is being designed for the Survey by the
Charles Stark Draper Laboratory (Cambridge,
Mass.) to carry a three-coordinate scheme of
reference in a light airplane, to an accuracy of
0.15 meter vertically and 3 meters horizontally.
Design of the system was prompted by the need
for flood-plain delineation, but other potential
field applications include establishing map con-
trol and obtaining map elevation information.
The contract work has focused on maximum
accuracy with light-weight and low-power ele-
ments, and the design phase is expected to be
completed in December 1976.

e Advanced image-correlation system.—This year the

Survey acquired a Gestalt Photo Mapper Il
(GPM2), the first production model in the United

States or elsewhere. The GPM2 (fig. 35)
automatically corrects for the distortion in
the aerial imagery and concurrently produces
orthophotographs and  the corresponding
terrain  data in  contour and  digital
(magnetic-tape) form. The entire process is ex-
ecuted under computer control with the op-
erator intervening occasionally to assist in
correlating the images. Production time is related
to various characteristics of the aerial photo-
graphs and of the terrain pictured; during 2
months of operation, production time has ranged
from 1 to 7 hours to process the overlap area of
a stereographic pair of photographs.

e Digital cartographic data.—In digital form carto-

graphic data can be processed rapidly and eco-

b

FIGURE 35.—The Survey has acquired a Gestalt Photo Mapper I, an advanced mapping system that concurrently produces an

orthophoto, a contour drawing, and digital terrain data.




nomically and can be related with other types of
data. The product can be a computer model or
a map of selected content and scale. This year
the Survey began equipping the mapping centers
for digitizing mapped information (planimetric
features such as the public land net) or for
digitizing directly from aerial photographs (topo-
graphic features such as drainage and relief). An
interim structure for the Digital Cartographic
Data Base is being designed for use with the new
hardware. Special-purpose cartographic data
bases are being acquired from the Bureau of the
Census and other agencies and adapted for Sur-
vey use. A pilot project is being carried on within
the Survey, in connection with research on
energy sources, to determine how best to digi-
tize terrain elevations and planimetric data; the
objective is to combine the surface data with
digitized subsurface data on geologic structures
in a National Coal Resources Data System so as
to readily provide statistics on coal volume and
overburden.

e Digitally controlled differential rectifiers—The Dig-

ital Profile Recording and Output System was
developed by the Survey to provide terrain data
that can control the offline production of or-
thophotos, contour plots, and slope information.
The first production unit went into operation this
year. The design of the system is sufficiently
flexible to accommodate several types of profil-
ing instruments and film-exposing units. This ap-
proach is proving worthwhile and is thus being
adapted to three other profiling instruments and
two other exposing units.

® Digital processing of imagery.—The Geological

Survey Center of Astrogeology at Flagstaff, Ariz.,
has been developing techniques for digitally cor-
relating imagery and elevation data to form a
new altered image. A stereographic pair of Land-
sat images was produced by digitally introducing
relief displacement (parallax) into one image;
when the original and processed images are
viewed together, the observer sees a stereoim-
age. Another application is the production of
shaded-relief renditions of maps. The digital ter-
rain data are converted to values of siope, which
are used to compute the brightness levels (based
on the desired Sun angle and direction) that con-
trol production of the shaded image. Computer-
generated shaded-relief maps were prepared that
range in scale from 1:24,000 to 1:250,000.

® Coastal Zone Mapping Handbook.—A draft edition

of the Coastal Zone Mapping Handbook, a joint
project of the Geological Survey and the National
Oceanic and Atmospheric Administration, was

completed and subsequently reviewed by 200
Federal and State agencies. The handbook in-
cludes general guidelines for mapping coastal
areas, sources of technical assistance and data,
and product samples. Many people think that a
more definitive map representation of the na-
tion’s wetlands is needed and should be based
on a standard wetland classification system. The
Survey is investigating the problem by experi-
mentally mapping wetlands in Florida, Georgia,
Mississippi, and South Dakota, areas which vary
significantly in vegetation and other character-
istics.

® Experimental color orthophotoquad.—Success in

applying color to Landsat multispectral imagery
shifted attention back to the earliest method of
obtaining color pictures from black-and-white
records. That method is to obtain at least two
spectrally filtered records of the same area on
black-and-white film and apply suitable color
inks on a printing press. In this way, the Survey
is experimentally adding color to the orthophoto-
quad. Real contrast and high resolution are ob-
tained by taking simultaneous aerial pictures on
panchromatic and black-and-white infrared films.
The color contrasts provided in lithoprinting help
the user interpret the perhaps unfamiliar aerial
view. This technique was used to prepare several
color renditions of a specimen image map for
the U.S. Customs Service; one of these renditions
will be chosen to complete the mapping of a
320-km strip along the United States-Canadian
border.

® Metrication.—After the passage of the Metric Con-

version Act of 1975, a representative group of
150 Federal, State, and private organizations that
will be affected by metric conversion in mapping
were asked for opinions and advice on technical
details of metrication. The replies showed prefer-
ence for the 1:25,000 scale for 7.5-minute quad-
rangle maps and the contour-interval sequence
of 1,2, 5,10, 20, 50, and 100 meters. The replies
from States varied widely, from preferring to
metricate now to insisting on waiting until 1:24,-
000-scale coverage is complete for the State.
Individual State plans for completing 7.5-minute
coverage and metricating will consider the prob-
lems and requirements of the State concerned.
New metric topographic mapping commenced in
New York with a project comprising thirty-two
1:25,000-scale quadrangles covering the area
where the 1980 Winter Olympics will be held.
Also, all new 1:100,000-scale maps will be metric
as well as complete revisions of published maps.
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in an experimental format consisting of three

), a catalog of published Virginia maps, and a catalog of

FIGURE 36.—The Virginia index to topographic maps is the first to be produced

elements: The index to topographic and other map coverage (above
map data that provides information on other available products.
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® Prototype State index to topographic maps and

other map products—The present system of
providing information on the availability and
coverage of cartographic data was critically re-
viewed. The first result is a new format for State
map sales indexes, redesigned to improve read-
ability and economy of maintenance. The new
Virginia index map (fig. 36, p. 83) in black, gray,
and red is much easier to read than the former
light-green rendition with black overprint. One
standard fold will replace the 11 fold sizes now
used. New typefaces were chosen, and insets
were added to show coverage in several map
series. Two companion catalogs, one for pub-
lished maps and the other for map data, with
detachable order forms, will accompany the
new index map.

® Cartographic applications of satellite imagery.—

The studies of cartographic applications of satel-
lite imagery continued, with both Landsat-1 and
-2 still functioning. A 1:500,000-scale satellite
image mosaic of Georgia (fig. 37) that shows the
general extent of the flood plains was prepared
for State use in regional geologic studies. A
fundamental problem is the best way of proces-
sing Landsat data for distribution in image form.
A second edition of the Upper Chesapeake Bay
satellite image map shows the improvement due
to digital image processing. Other experiments
indicated that conventional photoprocessing of
spectral records into a color composite may not

be optimum for some mapping purposes. Con-
sultation and coordination with mapmakers and
others throughout the world indicate that car-
tographic applications of Landsat data are mani-
fold and accelerating. For example, Canadians
are using Landsat imagery to revise maps at scales
as large as 1:50,000, and the U.S. Defense Map-
ping Agency has used the imagery to revise hy-
drographic charts of international waters.
However, should operational spacecraft retaining
the basic specifications of the experimental Land-

sats be launched to maintain the established

sequence and flow of repetitive and consistent
coverage now relied on by several nations that
have established receiving stations, it must be
understood that the data are directly usable only
at small scales—generally 1:500,000 and smaller.
Experience shows that Landsat imagery must be
supplemented by other more detailed and larger
scale data to provide cartographers with all the
information they need to produce complete
topographic maps at scales of 1:250,000 and
larger.
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4 FIGURE 37.—Satellite image mosaic of Georgia (scale of the original is 1:500,000).
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Geologic and Mineral Resource
Surveys and Mapping

OVERVIEW

The national program of geologic research and in-
vestigations, under the direction of the Geologic Di-
vision, continues to study the physical resources and
geologic processes that substantially influence our
lives. The relationship of geologic research to human
welfare is particularly significant in:
® Geologic hazards such as earthquakes, volcanic

eruptions, and landslides in urban and suburban
areas.
® Development and use of energy resources, includ-
ing oil and gas, coal, uranium, and geothermal
waters, and the effects on the environment of the
Earth’s surface and atmosphere.
® Depletion of known mineral reserves and the cor-
responding impacts on national and world econ-
omies.
To assist in the solution of such problems, the Geo-
logic Division conducts an extensive research and
investigation program that provides geological, geo-
physical, and geochemical information on geologic
hazards, land resources, and mineral and energy re-
sources. The national geologic program is divided
into four subactivities: Land Resource Surveys; Min-
eral Resource Surveys; Energy Resource Surveys; and
Offshore Geologic Surveys.

Land Resource Surveys provide basic geological,
geophysical, and geochemical data required to eval-
uate the Nation’s land resources. Other research pro-
grams of this subactivity are aimed at mitigating
geologic hazards, identifying the environmental prob-
lems created by developing and utilizing energy re-
sources, and investigating the geologic processes and
historical geologic events that lead to the physical
and chemical composition and structure of the Earth,
Moon, and planets.

Mineral Resource Surveys provide information on
the resource assessment of metallic and nonmetallic
minerals by studying the geology, geochemistry, and
geophysics of known mineral occurrences and poten-
tially mineralized areas and by developing new or im-
proved exploration techniques. The mineral resource
assessment programs respond to legislative actions
such as the Geological Survey’s Organic Act (1879),
the Strategic Raw Materials Act (1938), the Wilder-
ness Act (1964), the Mining and Minerals Policy Act
(1970), and the Alaska Native Claims Settlement Act
(1971).

Energy Resource Surveys provide updated informa-
tion on the location, quantity, and quality of the Na-
tion’s energy resources through studies of coal, oil
and gas, oil shale, uranium and thorium, and geother-
mal areas.

Oftshore Geologic Surveys provide assessment of
the potential mineral and energy resources of the
submerged continental margins of the United States
and determine the geologic hazards that may affect
the environment in developing and utilizing off-shore
resources.

Budget and Personnel

In fiscal year 1976, obligations of the Geologic and
Mineral Resource Surveys and Mapping activity were
$92.3 million. This amount was supplemented by
approximately $1.5 million from 15 States and $21.6
million from other Federal agencies and non-Federal
sources (table 10 and fig. 38).

At the end of fiscal year 1976, the Geologic Divi-
sion had 2,119 permanent full-time employees and
590 temporary or part-time employees.

Direct
Federal program

et OFA $16.4

TOTAL PROGRAM FUNDS

FIGURE 38.—Sources of fiscal year 1976 funds for Geologic and
Mineral Resource Surveys and Mapping (dollars in millions).
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Highlights

Major highlights of fiscal year 1976 included the

following events and accomplishments:

® Discovery of an anomalous uplift, up to 25 centi-
meters (12 inches) in an area larger than 12,000
square kilometers (4,600 square miles) in south-
ern California, which may be a precursor to an
earthquake.

® Revision of the standard classification chart of
landslides and slope movement for use by en-
gineers. '

® Location of significant mineralization in the Scotch-
man Peak Wilderness study area, Montana-Idaho,
which is similar to the strata-bound copper de-
posit being developed 3.2 kilometers (1.9 miles)
to the east.

® Completion of mineral resource assessment for ap-
proximately one-third of the land area being
considered for preservation under Section 17(d)
(2) of the Alaska Native Claims Settlement Act.

e Compilation of mineral resource information for
23 Indian reservations totaling 3.2 million hec-
tares (7.9 million acres) in Colorado, Michigan,
Nevada, New Mexico, Utah, and Wisconsin.

® Description of the geologic character, age, and
origin of United States ball clay and fireclay
deposits used for making high-grade refractories.

® Compilation of the mineral and water resources re-
port for the State of Wisconsin.

® Comparison of the approach and efficiency of re-
source programs conducted in Canada and

TABLE 10.-——Geologic and Mineral Resource Surveys and Mapping activity and Alaska Pipeline Related Investi-
gations activity obligations for fiscal years 1975 and 1976 and transition quarter by programs (dollars

in millions)

[Data may differ from that in statistical tables because of rounding]

Fiscal year Fiscal year Transition
Program 1975 1976 quarter
Total _ . $114.48 $115.44 $32.17
Direct Programs _ o e 89.02 92.32 24.81
Land Resource Surveys _ . _ . 33.38 34.08 9.68
Earthquake Hazards - _________________ 10.97 11.26 3.78
Volcano Hazards -~ . _____. 64 .68 a7
Environmental Aspects of Energy - ___________________ 5.35 5.23 1.21
Arctic Environmental Studies . _._ .. ___________________ .40 37 10
Engineering Geology - o ____ 1.26 1.29 .36
Regional Mapping and Analysis . _________________ 14.76 15.24 4.06
Regional Geology - __.
Geophysical Surveys ___ o ___ 9.34 9.22 2.48
Geochemical Surveys ___ . ______
Dating and Correlation .. _____________________. 432 4.76 1.26
Geologic Processes 1.10 1.26 .32_
Mineral Resource Surveys _ ..o ___. 18.02 19.78 531
Mineral Resource Assessment _________________________ 7.77 6.97 1.89
Wilderness Areas e 1.24 1.46 .35
Alaska o e 2.52 3.48 1.03
Conterminous States __._____ . ________________. 1.67 1.85 46
Mineral Discovery Loan Program ____________________ .25 18 .05
Mineral Commodity Assessment ____ . ________. 2:09 ) 2.02 54
Critical Commodities _______ . ______ 1.50 1.48 42
Minerals for Energy Production __._._________________ .59 .54 12
Mineral Information Systems and Analysis _ . __________ .96 1.66 .69
Resources Processes Technology - ______________. 5.14 5.23 1.27
Resource Techniques in Geochemistry and Geophysics ____ 4.14 3.90 .92
Energy Resources Surveys ________ . ________________ 22.38 23.00 5.86
Coal o e 1.64 2.32 .51
Oil and Gas - oo 4.93 5.14 1.23
Oil Shale _ . 1.19 1.07 .28
Uranium and Thorium ___________________________. 4.23 4.45 1.07
Geothermal Energy ..o 9.06 8.65 2.55
Energy Resource Data System _.__ . __________________ 1.33 1.38 .22
Offshore Geologic Surveys _ .. o __._. 15.24 15.47 3.96
Oil and Gas Resources Appraisal ______________________ 10.07 9.49 2.24
Environmental Investigations ___ .. _ . _________________. 3.93 4.50 1.37
Marine Geology Investigations ___ . ___ . _ . ______.__ 1.24 1.49 .35
Reimbursable Programs .. _ o e 25.46 23.12 7.36
State, counties, and municipalities .. _________________.__ 1.55 1.48 .38
Miscellaneous non-Federal sources . _____________._._ 3.75 5.24 112
Other Federal agencies - ____ . ___-__ 20.16 16.40 5.86
Alaska Pipeline Related Investigations ____________________.__ 34 31 4 .08




United States in terms of existing public policies
for the mineral industries.

® Studies of Landsat images for lineaments, struc-
tural zones, and hydrothermal alteration of
rocks and soils that have proven effective in
focusing attention on potential ore deposits in
Alaska, Arizona, Nevada, Mexico, Brazil, and
Pakistan.

® Completion of geologic maps for about 2,590
square kilometers (1,000 square miles) of an
area bearing low-sulfur coal in Wyoming, Mon-
tana, Kentucky, Virginia, and West Virginia.

® Initiation of a 5-year program with the Energy Re-
search and Development Administration to eval-
uate and characterize black shales in the
Appalachian and lilinois Basins.

e Continuation of geologic studies in Alaska that re-
sulted in significant discovery of a potential
uranium-thorium deposit.

LAND RESOURCE SURVEYS

Earthquake Hazards

The goal of the earthquake prediction and hazard-
mitigation program is to reduce casualties, damage,
and social and economic disruption caused by earth-
quakes. The social, economic, and political actions
that can be taken to attain this goal are based on tech-
nological capabilities that require development
through research. The primary objectives of this re-
search are to develop capabilities to:

® Predict the time, place, magnitude, and effects of
earthquakes so that effective preparatory action
can be taken.

e Control or alter seismic phenomena to make them
less hazardous.

® Assess seismic risk and evaluate earthquake haz-
ards so that appropriate construction and land-
use plans can be implemented.

¢ Improve economically feasible design and construc-
tion methods for building earthquake-resistant
structures of all types and for upgrading existing
structures.

® Understand the factors that influence public utiliza-
tion of earthquake-mitigation methods and
information.

Responsibility for research on these objectives is
shared between the Survey and the National Science
Foundation, which is responsble for the last two
objectives.

Highlights of the prograrﬁ during fiscal year 1976
included:

e Discovery of an anomalous uplift of up to 25 centi-
meters (12 inches) in southern California (Castle
and Yerkes, 1976). This uplift, which began about
1960 and has grown to include an area of more
than 12,000 square kilometers (4,600 square
miles), clearly seems to represent an episode of
anomalous crustal deformation in the region and
may be the precursor of a large earthquake in the
region (fig. 39).

e Investigation of the Chinese methods used in pre-
dicting earthquakes. China has suffered greatly
from earthquakes. The greatest earthquake disas-
ter known occurred there in 1556 when over
800,000 people died. About 100,000 died in 1920
from a magnitude 8.6 shock in Kansu and Shansi
Provinces, and in 1927 about 200,000 were killed
by a tremor of magnitude 8.3 near Nanshan.
Two additional disastrous earthquakes in 1966
(casualties unknown) prompted the government
of the People’s Republic of China to launch an
intensive effort to predict earthquakes. Surpris-
ingly, more than 10,000 trained workers and
many amateurs are engaged in the program,
which utilizes much modern equipment. In 1976,
a delegation of Survey scientists visited the Liao-
ming region to study the Chinese methods of
predicting earthquakes, just prior to the magni-
tude 8.0 earthquake in Hopeh Province on July
27-28, 1976, that may have killed approximately
500,000 people.
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