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Message from the Director

Each year as I review the highlights
and accomplishments of the past 12 months
for this introduction, I am reaffirmed in the
basic commitment of the U.S. Geological
Survey to provide “Earth Science in the
Public Service.” We are both proud of that
motto and mindful of the vigilance and
cooperation necessary to produce quality
earth science that serves the public need
and the public good.

It is easy sometimes for us as scien-
tists to get wrapped up in our research and
investigations and to forget that we are
public servants as well as scientists. We
must be ready with our science and with
our time to meet the needs of legislators,
policymakers, and the public for earth sci-
ence information. Through this Yearbook,
we have an opportunity to present our
science as a public service and to fulfill our
responsibility as public servants.

Perhaps the most telling theme of the
pages in this volume is that of cooperation.
Only by working together across lines of
scientific disciplines and across lines of gov-
ernmental responsibility can we achieve
the level of excellence needed to provide
earth science for the common good.

Through our extensive cooperative
efforts with more than 1,000 other agencies
and organizations we achieved some im-
pressive results during the year. At the
Federal level, we completed a four-year
cooperative project between our bureau
and the U.S. Bureau of the Census to help
them prepare enumerator maps for the
1990 Decennial Census, and, in the process,
we completed a computerized data base of
our 1:100,000-scale map series far ahead of
scheduled expectations.

Our cooperative effort to provide the
basic hydrologic information for Connecti-
cut’s ground-water protection program,
described in one of the lead essays, is just
one example of how the Survey’s broad-
scale national earth-science programs also
serve State and local needs.

The USGS also has a vital program of
international cooperation. The essay that
describes our efforts with Canada to under-
stand the geology beneath the Great Lakes

is an excellent example of how effectively
science can reach across international bor-
ders. For nearly half a century now, the
USGS has provided technical assistance in
foreign countries and has conducted train-
ing in geology, hydrology, and cartography
for visiting scientists from around the
world. In the coming years, our interna-
tional view will become more intense as the
United States hosts the 28th International
Geological Congress in Washington, D.C.,
in July 1989, which will bring the most
prestigious earth scientists from more than
100 nations to the United States. We are
also looking forward to several new initia-
tives getting underway to provide scientific
expertise and assistance to other nations in
dealing with natural hazards and their
effects on a worldwide scale.

Exciting new applications of geo-
graphic information systems have afforded
us an opportunity to conduct cooperative
science that crosses discipline and organi-
zational lines. Our geographic information
systems laboratory has become an exciting
arena where scientists from every field of
the geosciences have aceess to an extensive
array of earth-science data in computer-
generated format for analyzing a host of
natural-resource and land-use problems.
Here too, cooperation has been the hall-
mark of this effort’s success. We have
conducted demonstration projects with
several State agencies and have a regular
program for training other interested agen-
cies in this new technology.

We continue to conduct research that
is on the cutting edge of science — seismic
imaging that is revealing the structure of
the deep crust of the Earth, advanced
cartographic systems that are producing
modern maps of incredible accuracy more
rapidly than ever before, and complex com-
puter modeling and sampling of organic
compounds in water that is giving us a
much better and much needed understand-
ing of the fate and transport of these con-
stituents in water systems.

USGS research is also at the forefront
of many issues of national concern —
assessing the Nation’s strategic and critical
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minerals to help ensure our domestic eco-
nomic security, assessing the quality of the
Nation’s surface- and ground-water re-
sources, and applying our extensive knowl-
edge of cartography and remote sensing
to develop innovative approaches to the
solution of many land- and resource-
management concerns.

Conducting the research and investi-
gations of our multidisciplinary programs is
only half of our mission. Our work is not
done until we disseminate the results of our
investigations and research to those who
need earth-science information to solve
land-use problems, to better develop and
manage the Nation’s natural resources, and
to understand and mitigate the effects of
natural hazards. Through these efforts to
effectively communicate earth-science
information, the USGS remains committed
to conducting science that serves the
Nation.

Few Federal agencies can claim the
longevity of service or the stability of mis-
sion of the U.S. Geological Survey. For 109

U.S. Geological Survey Yearbook 1987

years now we have been the Nation’s earth
scientists, fulfilling our original mission to
conduct systematic and scientific “classifi-
cation of the public lands, and examination
of the geological structure, mineral
resources, and products of the national
domain.” We are aware of the trust which
has been placed in us by the taxpayers and
legislators of this country to fulfill that
mission.

With that primary mission and that
trust in mind, the USGS dedicated itself
during the year to the activities docu-
mented in the following pages. As much as
this volume is an opportunity to look back,
it is also a challenge to look to the future
and to recommit ourselves and our science
to providing to the Nation the information
by which the public and its officials make
informed decisions concerning the wise use
of our Nation’s resources. It is with pride of
accomplishment and dedication of purpose
that I present to you this Yearbook of the
U.S. Geological Survey.

At i

Dallas L. Peck
Director

Lake Huron at Light House
Park, Huron County, Michigan.
(Photograph by Michael J.
Sweat, U.S. Geological Survey.)
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Perspectives

International Cooperative Program
Studies the Earth’s Crust Beneath

the Great Lakes

By William F. Cannon

The Great Lakes cover about 98,000
square miles of the Earth’s surface, an area
approximately equal to the combined land
areas of the States of Wisconsin and Mich-
igan. Because the waters of the lakes con-
ceal the bedrock beneath them from direct,
conventional geologic mapping and study,
the lakes represent a large gap in our
understanding of the geologic nature and
evolution of the central part of the North
American Continent. Many major geologic
features, well studied on land, project
beneath the lakes, and many key areas
where these major features meet or inter-
sect are beneath the lakes. Geologists and
geophysicists have realized for many years
that the geologic relationships hidden
beneath the lake waters hold important
" keys to unraveling the geologic evolution of
both the immediate region and the North
American Continent in general.

In addition to the scientific questions,
many practical problems can be better
addressed by defining the geology beneath
the lakes. Geological data can be used to
identify the distribution and magnitude of
energy and mineral resources, the location
and severity of geologic hazards, and the
suitability of areas for specialized develop-
ment, such as nuclear plants and toxic-
waste isolation sites. All of these issues are
major societal concerns, especially in view
of the many large and expanding popula-
tion centers along the lake shores in both
the United States and Canada. The geology
beneath the lakes, immediately adjacent to
these population centers, is probably the
least well known of any place in the United
States.

GLIMPCE

Because of these scientific and practi-
cal concerns, a consortium of U.S. and
Canadian scientists was organized. in
November 1986 to renew efforts to study

* the subsurface beneath the Great Lakes.

The consortium, called the Great Lakes
International Multidisciplinary Program
on Crustal Evolution—GLIMPCE, for
short—was organized by the U.S. Geolog-
ical Survey (USGS) and the Geological Sur-
vey of Canada (GSC). It includes a wide
variety of earth scientists from the two
organizing agencies, from State and Pro-
vincial geological surveys, and from many
U.S. and Canadian universities. The mem-
bers represent an enormous source of infor-
mation and expertise on the geology sur-
rounding the lakes, as well as the geology
as it is inferred beneath the lakes as a
result of geophysical surveys. The mem-
bers have agreed to share existing ex-
pertise and, more significantly, to share
capabilities, equipment, and costs for con-
ducting critically needed new surveys.

1986-87 Surveys

In August and September of 1986, the
first major surveys of GLIMPCE were
conducted. They consisted of “marine” seis-
mic surveys in Lake Superior, Lake
Huron, and Lake Michigan, and aero-
magnetic surveys of Lake Huron. Aero-
magnetic surveys of Lake Superior were
conducted in the summer of 1987.

Perspectives
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Figure 1. Generalized geologic
map of the Great Lakes region
showing location of seismic re-
flection profiles in the lakes
and location of stations where
seismic refraction data were re-
corded on land and on the lake
bottom. Surveys were designed
to examine major crustal fea-
tures such as the Mid-Continent
Rift (Lines C, B, A, F, G, H), the
Grenville Front (line | ), and the
Penokean fold belt (lines H
and 1).

The USGS and GSC jointly contracted
the services of a commercial seismic sur-
veying vessel that had been performing
surveys off the Atlantic coast and brought
it into the lakes. The ship acquired 850
miles of seismic reflection profiles (fig. 1).
In this technique, air guns that release
blasts of compressed air beneath the lake
surface generate strong sound waves,
which propagate to the lake bottom and are
transmitted deep into and through the
Earth’s crust. Portions of these waves are
reflected from contacts of rock bodies that
have contrasting acoustic properties, and
these “echoes” are recorded on a series of
hydrophones towed behind the ship (fig. 2).

920 906 88° 860

Sophisticated computer processing of
these recorded echoes at USGS facilities in
Denver, Colorado, and at GSC facilities in
Ottawa, Ontario, reconstructed a picture of
the distribution of rock bodies at depths as
great as 36 miles. From this picture, scien-
tists were able to construct the first cross
sections of the geology beneath the lakes.

At the same time the reflection pro-
files were being acquired, teams of geo-
physicists were recording the air gun sig-
nals on the land around the lakes, on
islands, and with special seismometers
deployed on the lake bottom. This phase
of the experiment was conducted by per-
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sonnel from the USGS, the GSC, and

the universities of Wisconsin-Madison,
Wisconsin-Oshkosh,  Southern Illinois,
Western Ontario, and Saskatchewan. In
this case, the acoustic signals recorded
from the air gun blasts were refracted
waves, that is, waves that were bent and
redirected by changes in acoustic velocities

in the subsurface and measured at dis-
tances as much as 120 miles laterally from
the air gun. The refraction surveys provide
important information on the velocity
structure of the crust and, especially when
used together with the reflection results,
permit tightly constrained interpretations
of the subsurface geology.

Figure 2. A, Seismic “streamer”
cable being deployed behind
survey ship. The almost 2-mile-
long cable contains a series of
hydrophones, which record
echoes of acoustic waves re-
flected from the lake bottom
and from rock layers in the sub-
surface and transmit the signals
to recording equipment
onboard. B, The seismic-
reflection surveying system in
operation on Lake Superior. Air
guns in four arrays marked by
the orange floats are towed be-
hind the ship about 30 feet be-
neath the surface. Powerful
blasts (equivalent to the deto-
nation of about 30 pounds of
dynamite) of compressed air are
released from the guns to gen-
erate sound waves. These
sound waves, under suitable
conditions, can penetrate to
depths of 40 miles or more into
the crust beneath the lakes and
be reflected so that their ech-
oes are recorded by hydro-
phones along the streamer
cable that stretches for almost
2 miles behind the ship about
30 feet below the surface. Large
masses of bubbles visible just
behind the orange floats mark
the position of an air gun blast.

Perspectives 3



Figure 3. Aeromagnetic map of
part of Lake Huron and
surrounding areas prepared by
the Geological Survey of Can-
ada. This map, which portrays
the differing magnetic attraction
of rocks in the subsurface, is
colored so that areas of strong-
est attraction are shown in
warm colors and areas of pro-
gressively lower attraction are
shown by progressively cooler
colors (see explanation on fac-
ing page; in nanoteslas). The
data are further processed by
computer to generate a false
shaded-relief image in which
areas of greatest attraction are
shown as “hills” and “ridges”
and areas of low attraction are
shown as “valleys” and
“basins.” This “topography” is
displayed as if it were being
illuminated from the east. This
technique enhances the visual
display of the magnetic grain
and gradients (slopes) in the
magnetic field. Some of the
more prominent features shown
by the map are the Grenville
Front, a major boundary be-
tween the Grenville Province on
the east, about 1.7 billion years
old, and older provinces on the
west; major masses of intrusive
granites (shown as outlined cir-
cular and elliptical features la-
beled GP) believed to have
been formed about 1.5 billion
years ago; and the boundary
between the Hudsonian Prov-
ince and the Central Plains
Province.

Aeromagnetic surveying over Lake
Huron and Lake Superior was conducted
by an aircraft system owned and operated
by the GSC, with support by the USGS.
This type of surveying detects subtle
changes in the Earth’s magnetic field
caused by differing magnetic properties in
rocks beneath the aircraft. An area is
mapped as the plane flies a series of parallel
traverses and the plane’s location and the
measured magnetic field are recorded on
magnetic tape. Later, computer processing
and plotting are used to produce maps (fig.
3). The magnetic properties and other
geophysical information can be used to

4  U.S. Geological Survey Yearbook 1987

infer the distribution of various rock types
in the relatively near subsurface.

Results
Seismic Reflection Profiling

The seismic reflection profiling was
successful in detecting structures both in
the near subsurface and at great depth. In
some areas, the profiles produced star-
tlingly clear images of structures in great
detail throughout the total crustal thick-
ness. In a profile from eastern Lake Supe-
rior (fig. 4; see fig. 1 for location), layered
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“packages” of reflective rock units were
detected to depths as great as 18 miles.

Projection of these rock units onto land
shows that they are volcanic flows of basalt
alternating with layers of sedimentary
rocks. Study of these units on land indi-
cates they were deposited in a feature
known as the Mid-Continent Rift, a major
continental-scale structure that curves in a
broad arc from Kansas through Lake Supe-
rior and into southern Michigan. The rift
formed about 1.1 billion years (b.y.) ago as
the North American Continent began to
break apart along a line coincident with the
current location of the rift. Rocks older
than 1.1 b.y. were thinned by stretching
and fracturing, and the basalts and sedi-
ments were deposited into the resulting
depressions. The rifting process, had it
continued, would have caused total separa-
tion of the continent on either side of the
rift and the formation of an ocean basin like
the present-day Atlantic Ocean. For rea-
sons not yet fully understood, the rifting
stopped before complete continental sepa-
ration occurred, and as a result, the proc-
ess of continental separation was “frozen
into” the crust. Because of these circum-
stances, the seismic profiles not only are
important in deciphering the geology of the
immediate area but have much broader
application in understanding the processes
of continental rifting in general. The 18-
mile-thick rift fill shown on figure 4 is the
greatest thickness of such rocks ever iden-
tified anywhere on Earth, and, therefore,
the area seems to represent a unique pre-
served example of the later stages of con-
tinental rifting.

A general interpretation of the rift
shows that it formed in 2.6-b.y.-old Arch-
ean rocks, which were originally about 25
miles thick but then were greatly thinned
to current thicknesses of no more than 6
miles beneath the center of the rift (fig. 5).
During attenuation, the enormous thick-
ness of basalt and sedimentary rocks was
deposited into the developing rift basin.
The contact between the crust and under-
lying mantle, called the Mohorovicic dis-
continuity (commonly referred to as
“Moho”), is also well shown in this profile
(fig. 4) as an essentially horizontal contact
across the entire rift.

This profile and others in Lake Supe-
rior and northern Lake Michigan have pro-
vided remarkable new data on the struc-
ture of the rift. The ongoing interpretation
of the data by a large number of partici-
pants in GLIMPCE is revolutionizing our
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TIME, IN SECONDS

Figure 4. A portion of seismic
reflection section F (see fig. 1
for location) that crosses the
Mid-Continent Rift. The heavy
black lines represent locations
of rock interfaces that strongly
reflect sound waves. The data
are recorded as travel times
(left-hand scale) that indicate
the elapsed time, in seconds,
from an air-gun blast to the re-
corded echo. These times can
be approximately converted to
kilometers (right-hand scale) by
assuming an average sonic ve-
locity of 6 kilometers per sec-
ond. The section reveals an
enormous graben (down-
dropped fault-bounded block)
beneath the lake, far larger than
previously predicted. The strong-
est reflections are caused by
basalt flows and interlayered
sedimentary rocks within the
graben. Weaker but still promi-
nent reflections are caused by
sedimentary rocks. The prerift
Archean rocks are largely trans-
parent, producing strong reflec-
tions only locally. The crust-
mantle boundary (Moho) is
clearly visible as a band of
nearly horizontal reflections
about 25 miles (40 km) deep.
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understanding both of the geologic history
of the Lake Superior region and of conti-
nental rifts in general.

Aeromagnetic Mapping in Lake Huron

The geology of Precambrian (more
than 570 million years old) rocks beneath
Lake Huron is critical to understanding the
evolution of the Precambrian basement in
North America because three major geo-
logic provinces intersect beneath the lake.
The Precambrian rocks are covered not
only by the lake waters but also by a
southwestward-thickening sheet of nearly
flat-lying younger Paleozoic strata that
increase in thickness from zero near the
north shore to more than 9,000 feet in the
southwest. Fortunately for our purposes,
these rocks have almost no magnetic prop-
erties and are therefore “transparent” to
the aeromagnetic technique. The strong
magnetic character of rocks in Lake Huron
(fig. 3), therefore, shows the nature of the
underlying Precambrian rocks, although
the general loss of detail toward the south-
west is caused by increasing thickness of
Paleozoic rocks and the consequent greater
vertical distance between magnetic rocks

6 U.S. Geological Survey Yearbook 1987

KILOMETERS (approximate)

and surveying instruments. The new aero-
magnetic map (fig. 3) clearly shows the
boundaries of the three major provinces, as
well as a variety of features within each
province.

The Grenville Front, a sinuous north-
south feature, separates the 1.1-b.y.-old
Grenville Province on the east from the
Central Plains Province and Hudsonian
Province on the west. The Central Plains
Province underlies a large area of the mid-
western United States but is nearly every-
where covered by younger strata. This
province is generally poorly understood,
because it has been studied only from drill
cores and by aeromagnetic and other
geophysical techniques. In general, it con-
sists of a variety of metamorphic and igne-
ous rocks roughly 1.7 b.y. old. Beneath
Lake Huron, the Central Plains Province
seems to be further complicated by the
intrusion of large masses of granitic rocks
that appear as circular to elliptical anoma-
lies on the aeromagnetic map (fig. 3). At
the two northernmost anomalies, where
Paleozoic strata are thin to absent, the
bedrock has been known for many years to
consist of granitic and related rocks about
1.5 b.y. old. Similar-appearing anomalies



farther south are therefore interpreted to
be similar bodies of 1.5-b.y.-old granite.

Along the northern shore of the lake,
sedimentary rocks of the Huronian Super-
group, more than 2.2 b.y. old, are exposed
in a fold belt known as the Hudsonian
Province. These rocks are generally weak-
ly magnetic but, nevertheless, produce a
distinct magnetic signature that can be
traced southward beneath the lake. The
contact between the Hudsonian and Cen-
tral Plains Provinces can be located by the
distinet change in magnetic signature
between the two provinces.

Thus, a first step has been made at
constructing a geologic map of Precam-
brian rocks beneath Lake Huron. Addi-
tional geologic and geophysical data gath-
ered during planned future surveys will
add additional detail and constraints to the
interpretations that are now based solely
on the aeromagnetic data.

Further GLIMPCE Activities

GLIMPCE has made remarkable sci-
entific progress in its first full year of
operations, largely because of outstanding
cooperation and coordination of efforts
among many government and academic
institutions in both the United States and
Canada. Much work remains for the future,
however, in order to complete interpreta-
tions of existing data, as well as to perform
new surveys and mapping. At a planning
workshop with 75 participants, long-range
research goals were identified, and plans
and objectives are being developed. Future
surveys could include additional seismic

Postvolcanic sedimentary rocks

Sedimentary rocks with some interlayered
basalt flows

Basalt flows and interflow sedimentary
rocks

Archean crystalline rocks

Fault

and aeromagnetic investigations and other
types of geophysical surveys. Geological
and geophysical studies are also needed on
land to correlate exposed rocks near the
shore with those inferred beneath the lakes
in order to achieve a comprehensive under-
standing of the geologic evolution of the
Great Lakes region.

Figure 5. Generalized
sequence of events that formed
the Mid-Continent Rift as it ap-
pears on line F. A, About 1.1
billion years ago, Archean rocks
of the Superior Province, about
2.6 billion years old, began to
pull apart laterally. Steep faults
developed, and the area
between the faults subsided.
Eruption of large basalt flows
began so that flows generally
filled the graben as it subsided.
B, The graben subsided uni-
formly for about 9 miles and
was filled by basalt flows and
interflow sedimentary rocks. C,
The graben floor broke up as
further subsidence continued
so that older flows were folded
and tilted. Volcanism ceased,
but subsidence of as much as 6
miles continued as a thick,
postvolcanic sedimentary sec-
tion filled the graben.
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Figure 1. Population distribution

in Connecticut. (Each dot repre-

sents 1,000 people.)

Cooperative Efforts in
Ground-Water Protection—

A Connecticut History
By Robert L. Melvin, Hugo F. Thomas, and Robert E. Moore

Ground water accounts for 12 percent
(144 million gallons per day) of all fresh-
water withdrawals in Connecticut and sup-
plies drinking water to a third of the State’s
population (fig. 1). Water is withdrawn
through 1,200 community wells (public
supply), 3,300 non-community wells (res-
taurants, hospitals, schools, and so forth),
and more than 250,000 individual home
wells. Efforts to protect ground water go
back at least 20 years to passage of the
Connecticut Clean Water Act in 1967. Con-
necticut today has a comprehensive ground-
water protection strategy. In developing
this strategy, the State has relied heavily
upon natural-resource information, largely
developed through cooperative efforts with
the U.S. Geological Survey (USGS). Mod-
ern topographic, geologic, and hydrologic
maps, long-term basic data and statistics
on water quality and use, quantitative eval-

uations of aquifers, and process-oriented
hydrologic research are essential compo-
nents of the natural-resource information
base on which the State relies.

The goal of Connecticut’s ground-
water protection strategy is, wherever fea-
sible, to restore all ground water to or to
maintain it at drinking-water quality with-
out treatment. The strategy for achieving
this goal is based on a partnership between
the State and its 169 municipalities for the
management of this resource. The goal and
strategy are derived from the Connecticut
Clean Water Act of 1967, which mandated
the prevention and control of water pollu-
tion through a system of water-quality
standards and permit and enforcement
authorities. The purpose of the Act is to
protect and enhance the waters of the State
for public health and welfare, water sup-
plies, fisheries, recreation, and all similar
uses (fig. 2).
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Figure 2. Land-use diversity in
Connecticut. A, The uplands of
eastern and western Connecti-
cut consist mainly of undevel-
oped woodland. This view is of
the Housatonic River Valley in
northwestern Connecticut.
(Photograph by Leslie Mehrhoff,
Connecticut Department of En-
vironmental Protection.)

Figure 2B. The Connecticut Val-
ley Lowland contains some of
the best agricultural land in
New England. This scene of to-
bacco land (foreground) is rap-
idly disappearing in the face of
urban development. Steep ba-
salt ridges within this lowland
(background) remain undevel-
oped. (Photograph by Michael
Bell, Connecticut Department
of Environmental Protection.)

Perspectives 9



Figure 2C. The City of Hartford,
adjacent to the Connecticut
River, is typical of the State’s
urban areas. Land use includes
commercial, industrial, institu-
tional, and residential. (Photo-
graph by Leslie Mehrhoff, Con-
necticut Department of
Environmental Protection.)

Figure 3. Schematic diagram of
ground-water circulation in
stratified drift and bedrock in
Connecticut. (Modified from
Connecticut Water Resources
Bulletin 21, p. 41.)

Although the State’s Clean Water Act
was passed in 1967, a ground-water strat-
egy was not defined until 1980 when Con-
necticut’s Water-Quality Standards and
Classifications were revised. Until that
time, information on the ground-water flow
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system and other relevant factors, such as
waste-disposal activities, was inadequate
to develop an overall strategy and a state-
wide system of quality standards and clas-
sifications for ground water. Supported by
State Drinking-Water Standards that
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define potability, the Water-Quality Stan-
dards are used to set and control water
uses. Ground water in all areas of the State
has been mapped and classified in one of
four standards of use. This system is the
keystone for all ground-water management
programs. The system provides the highest
levels of protection for over 90 percent of
Connecticut’s ground water, prohibits
many activities in areas that overlie those
waters, and establishes the basis for the
siting and cleanup of land-based waste-
disposal facilities. As a final key element,
the ground-water strategy in Connecticut
is not considered a distinct entity. Owing to
the hydrologic setting, this strategy is
looked upon as a component of a more
comprehensive water-quality strategy that
. includes both ground water and surface
water. The hydraulic connection between
ground water and surface water, the local-
ized nature of most ground-water flow sys-
tems, and the fact that the divides between
ground-water and surface-water drainage
basins coincide in many areas have all
played an important role in the develop-
ment of the State’s ground-water protec-
tion programs (fig. 3).

The ground-water strategy developed
from the Water Quality Standards encom-
passes a series of State- and locally-
administered programs that were designed
on the basis of the hydrogeology, potential
pollution sources, and ground-water uses of
the State. The management elements that
are part of the strategy cover a broad range
of activities. Most of these elements, how-
ever, rely to some degree on a general
understanding of the probable impacts
of different human activities on water qual-
ity; the relations between ground water
and surface water; the hydrodynamics of
ground-water flow, including the effects of
pumping water from wells; and the trans-
port and fate of chemical substances in the
saturated zone.

Resource Information

Today, in Connecticut, it is common
practice for State and local agencies to
support water-quality and related land-use
decisions with a wealth of natural-resource
information. Such information also pro-
vides the physical and conceptual frame-
work for most of the ground-water protec-
tion programs that have been developed

(fig. 4). The source of that wealth of infor-
mation can largely be attributed to almost a
century of cooperation between the State
and the USGS. Equally valuable contribu-
tions were also made through informal col-
laboration between the State, USGS, and
the university community, including the
first modern-era bedrock geologic map of
Connecticut, compiled in 1907, and the first
map of the glacial geology of the State,
prepared in 1929.

Cooperative Programs

Connecticut State agencies had some
of the earliest formal cooperative programs
with the USGS. An agreement to produce
topographic maps of the State was con-
cluded in 1890, and in 1911 a cooperative
program to inventory ground-water re-
sources was initiated. In 1972, the State of
Connecticut created the Department of
Environmental Protection and formed a
central unit, the Natural Resources Cen-
ter, to be responsible for the integration of
all natural-resource data collection. Since
then, this unit has been responsible for
managing almost all cooperative programs
and for disseminating the resulting infor-
mation to the user community. The natural-
resource information most widely used in
ground-water protection programs was
largely obtained through mapping, moni-
toring, and process-oriented hydrologic re-
search conducted during the past 40 years.

It is only natural that the earliest
cooperative program produced topographic
maps of the State. Besides the inherent
information on hydrography, relief, and
culture, these maps provide the standard
base necessary for resource inventories
and field-oriented research.

In 1985, consistent with a philosophy
that led to the partnership 95 years earlier,
Connecticut entered into a cooperative
agreement with the USGS to produce and
maintain statewide coverage of standard
digital data of the 1:24,000-scale-series
maps. The digital data will be used in a
computerized geographic information sys-
tem that will serve as the predominant
source of digital maps in Connecticut.

After nearly a half century of informal
relations, the Connecticut Geological and
Natural History Survey, USGS, and other
members of the geological community met
in 1948 to develop a unified long-range
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Figure 4. Principal aquifers in
Cennecticut.
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program of geologic research. Seven years
later, in 1955, a formal cooperative pro-
gram to conduct bedrock and surficial geo-
logic mapping of the State began. Over the
next 30 years, Federal and State geolo-
gists, including several also affiliated with
universities, worked to complete the pro-
gram, which led to publication in 1985 of a
1:125,000-scale bedrock geologic map of the
State that synthesized the results of the
bedrock mapping. Cooperative efforts are
presently underway to digitize the geologic
data and incorporate them in Connecticut’s
geographic information system.

The modern era of cooperative hydro-
logic studies began in 1960 with State adop-
tion of the “Long Range Plan for Connect-
icut.” This plan was prepared, at the
request of the State, by the Connecticut
Water Resources Division Council, and
it called for a series of comprehensive
hydrologic studies for each major drainage
basin in the State. A cooperative program
for these studies was initiated in 1961 and
completed in 1975. In each basin, hydrolo-
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gists defined streamflow and water-quality
characteristics; mapped the extent, lithol-
ogy, and hydraulic properties of stratified-
drift aquifers; evaluated water quality
in streams and aquifers; identified and
described existing water-supply and waste-
disposal systems; and analyzed the poten-
tial for additional development of surface-
and ground-water resources. These in-
terdisciplinary basin studies benefited
considerably from the modern topographic
and geologic maps that were produced
through the other cooperative programs.
In turn, the hydrologic studies contributed
to the completion of geologic mapping and
set priorities for the revision of topographic
maps.

Integrating Hydrogeologic Data
To Protect Ground Water

Between 1970 and 1980, there was a
significant transition in the USGS coopera-
tive programs in Connecticut. Although



map inventories and research continued, a
major part of the programs was devoted to
interdisciplinary efforts to provide prod-
ucts that were directly applicable to land-
use and related water-resources planning
and management, including ground-water
protection. This new direction had its roots
in the 1960’s, in response to increasing
public demand that future development
and growth should be in harmony with the
environment. The State of Connecticut,
which by 1980 had a relative abundance of
natural-resource data, provided an ideal
laboratory for determining how those data
could be integrated into planning and man-
agement activities.

The Connecticut Geology-Soil Task
Force, an informal volunteer group that
included members of the USGS, U.S. Soil
Conservation Service, and five State agen-
cies, was created in 1969 to “help resolve
conflicts between limitations imposed by
the natural environment and the require-
ments of our expanding population.” As
part of their activities, members of the
Task Force selected the area covered by
the Ellington 7.5-minute quadrangle map
in north-central Connecticut as a demon-
stration area for studying ways to develop
flexible interpretation systems for planners
and those empowered to regulate land and
water use. The report on this work showed
how geologic, hydrologic, and soil data
could be integrated to provide a base for
land- and water-use planning and manage-
ment. Single-factor maps were the key tool
used in evaluating intended land or water
use. These maps, developed at a common
scale, included existing inventory prod-
ucts, such as topographic maps, and deriv-
ative products, such as depth-to-bedrock
maps, that aggregated information from
soil surveys, geologic mapping, and hydro-
logic studies (table 1). The Ellington exam-
ple demonstrated how the relevant single-
factor maps could be selected from
management guidelines or regulations and
used, either singly or stacked together as
overlays, in order to rule out areas unsuit-
able for a particular use or to locate areas
where characteristics may be suitable or
even ideal for a particular use. These
- single-factor maps were in a sense paper
forerunners of the integrated, on-line data
bases that form the geographic information
system now being developed.

In 1971, the USGS began the Connect-
icut Valley Urban Area Project (CVUAP).

The goal, similar to that of the Connecticut
Geology-Soils Task Force, was to provide
“earth-resource information in a form that
is readily understandable and readily avail-
able to planners and other decision makers
responsible for land use and resource man-
agement.” The CVUAP study area in-
cluded about 5,000 square miles in parts of
Connecticut, Massachusetts, New Hamp-
shire, and Vermont, and was selected
owing to the availability of natural-
resources information (particularly in Con-
necticut) and the success of the methodol-
ogy developed for the Ellington area. The
study was conducted in cooperation with
the States of Connecticut and Massachu-
setts. During a 6-year period, more than
200 single-factor maps were produced.
After 1976, in order to finish selected
hydrologic products, the study was contin-
ued in Connecticut as part of that State’s
cooperative program. During the CVUAP,
demonstrations on the applications of the
map information were given continuously
to groups of State, regional, and local plan-
ners in order to encourage the subsequent
use of natural-resource information in deci-
sionmaking. The NRC has continued this
dialogue with the user community through
workshops, guidebooks, and other out-
reach programs for local land-use commis-
sions.

The final phase of the integration proc-
ess, the use of natural-resource information
in ground-water protection programs,
began in 1977 with the State “208” pro-
gram, mandated by Section 208 of the
Federal Clean Water Act. The Connecticut
program included cooperative studies with
the USGS to assess areas of existing and
potential ground-water contamination and
to develop methods for defining recharge
areas of major aquifers and areas contrib-
uting flow to major pumping centers. This
work used much of the information on
ground-water flow systems and aquifer
boundaries obtained through earlier coop-
erative inventories and hydrologic re-
search, the techniques of single-factor map
production and aggregation developed by
the CVUAP, and néw techniques of simu-
lation modeling of stratified-drift aquifer
systems that were developed through
USGS research.

As an example of the use of natural-
resource information for ground-water pro-
tection that was developed through the
“208” program, researchers were able to
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Table 1. Matrix of single-factor
maps, used in the Ellington 7.5-
minute quadrangle example,
derived from basic-data
sources. This example shows
the types of single-factor maps
used in planning for domestic
municipal solid-waste disposal
and placement of utility corri-
dors.
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delineate the three land areas that are
sources of recharge for a stratified-drift
aquifer in western Connecticut (fig. 5).
The first area includes land overlying the
aquifer where recharge is derived from
precipitation that percolates to the water
table. The limits of this area were deter-
mined from surficial geologic maps and
hydrogeologic maps. Adjacent till and bed-
rock areas that are not drained by peren-
nial streams also contribute recharge,
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either from subsurface inflow or from infil-
tration of runoff near the margins of the
aquifer. Finally, studies of this aquifer and
others elsewhere in Connecticut show that
they are hydraulically connected to the
streams that traverse them. Pumping is
therefore likely to induce recharge from
the stream, and the entire upstream drain-
age area that contributes runoff will consti-
tute a third recharge area. The limits of
this area can also be defined by the drain-



age divides as determined from topo-
graphic maps. This three-fold division of
recharge areas and the technique for esti-
mating their extent are applicable to most
of the stratified-drift aquifers in Connecti-
cut, and this knowledge can provide a
framework for local aquifer-protection pro-
grams. Many towns in Connecticut have
adopted programs that regulate activities
in the recharge areas through zoning and
site-plan review. For large stratified-drift
aquifers, flow modeling has been used to
limit the protection to the area that con-
tributes flow to a specified pumping center.

The concepts and products developed
from the CVUAP, the drainage-basin stud-
ies, and the “208” cooperative programs
influenced the Department of Environmen-
tal Protection to extend standards and clas-
sifications to ground water. The drainage-
area maps provided a suitable physical
framework for classifying both surface and
ground water in most of the State. Within
each basin unit, existing information on
aquifer boundaries, locations of public-
supply wells and known or potential con-
taminant sources, water quality, and land
use was plotted, tabulated, and updated
where necessary. To identify areas of the
State where hydrogeologic conditions were
most favorable for the discharge of wastes,
criteria were first developed for factors
such as the lithology and thickness of mate-
rials above and below the water table and
their proximity to ground-water discharge
zones. Single-factor maps of these features
were developed and used to aid in identify-
ing suitable areas.

Ground-Water Protection in the
Future

Today Connecticut has a comprehen-
sive ground-water protection strategy, an
abundance of natural-resources informa-
tion to aid in protecting this resource, and,
in the State’s Natural Resources Center
(NRC), a central facility for disseminating
this information to the user community.
But where will the State go from here?
What natural-resources information will be
needed in the future? The general direction
is clearly toward basinwide management of
all water in order to satisfy competing
demands for this resource. This demand for
water will result in the continued integra-
tion of surface- and ground-water quality

protection programs and will require a
thorough understanding of the hydrology
of each major drainage basin.

Cooperative programs are continuing
to move from natural-resource inventor-
ies to monitoring and process-oriented
research. Current ground-water protec-
tion activities include monitoring of
surface-water quality, streamflow, and
ground-water levels to characterize dy-
namic changes; a comprehensive water-use
program; investigations of the hydraulic
characteristics of till; and studies of the
occurrence of natural radionuclides and
pesticides in ground water. In two other
studies that are funded by the Federal
program, hydrologists are investigating
relations between ground-water quality
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Figure 5. Delineation of
recharge areas for a stratified-
drift aquifer near Cannondale

in

southwestern Connecticut. (In-
formation retrieved and plotted
through the Connecticut Geo-

graphic Information System.)
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Figure 6. High- and moderate-

yield aquifer areas.
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and land use in stratified-drift aquifers and
the factors that control induced recharge.

Two State management programs that
are in their infancy illustrate the general
direction of future cooperative efforts to
protect ground water. The development of
an Aquifer-Wellhead Protection Program
for high- and moderate-yield aquifers pro-
poses several management measures that
range from land acquisition of well sites to
regulatory prohibitions and zoning con-
trols. Successful implementation will be
highly dependent upon hydrogeologic data,
maps, and analytical methods for accu-
rately defining aquifer boundaries, areas of
aquifers contributing water to pumped
wells, potential well sites, and aquifer
recharge areas. Some information exists
for all of the 158 high- and moderate-yield
stratified-drift aquifer areas identified in
Connecticut (fig. 6), but this information is
often insufficient to meet the needs of this
program. Providing comprehensive scien-
tific information needed for each area in a
reasonable time frame presents a signifi-
cant challenge. Through the cooperative
program, new applications of geophysical
methods for characterizing stratified-drift
aquifers are presently being tested.

The State’s Water Use and Allocation
Program presents another challenge for
the cooperative program. Competition for
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finite water resources has already caused
degradation in the quality of surface waters
in some basins to the extent that careful
monitoring will be required to prevent fur-
ther degradation of these waters to the
point where they fail to meet water-quality
criteria. As more ground water that would
normally discharge to these streams is
diverted by pumping from wells, the
water-quality problems will intensify. The
Department of Environmental Protection
(DEP) has instituted a permit system for
water use and withdrawal in order to make
the best use of the available resources.
Permit decisions will rely heavily on flow
models of stream-aquifer systems, long-
term streamflow data (particularly low-
flow characteristics), water-quality data,
and predictive water-quality models.
Water-use information will also be relied
upon to quantify existing water use in each
basin and to estimate future uses and
demands.

The DEP, using data from USGS coop-
erative studies, has identified other major
information needs that are essential for
managing ground water and will develop a
new long-range plan to meet these needs.
Foremost among these are information on
the nature of the ground-water flow system
in fractured bedrock; relations between
land use and ground-water quality in bed-
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rock aquifers; the transport and fate of
chemical contaminants in the subsurface;
and the suitability of fine-grained glacial
deposits for waste disposal.

How will all the existing and new
information be managed, analyzed, inte-

grated, and disseminated? Through the
cooperative program, a USGS/NRC pilot
project in 1985 demonstrated the efficiency
and flexibility of computerized geographic
information systems for such tasks. This
pilot project led to the creation of the

Figure 7. Map of the Broad
Brook quadrangle in
north-central Connecticut
showing selected information
for water-supply planning. (In-
formation retrieved and plotted
through the Connecticut Geo-
graphic Information System.)
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Connecticut Geographic Information Sys-
tem, which is being developed by the NRC
with support from the USGS and State
agencies. The Connecticut Geographic In-
formation System is already being used for
statewide water-supply planning and,
when fully operational, is expected to be
one of the most powerful tools for ground-
water protection programs (fig. 7).

The USGS cooperative program will
continue to provide the science, data man-
agement concepts, and predictive tools for
Connecticut to further develop and fully
implement the ground-water management
programs that are essential elements of the
State strategy for ground-water protec-
tion. The ground-water strategy that has
been such a productive Federal-State coop-
erative effort in Connecticut may be a
model for other States; perhaps it will
serve as a springboard to other similar
programs elsewhere in protecting the
Nation’s vital ground-water resources.

Robert L. Melvin, U.S. Geological Survey;
Hugo F. Thomas, Connecticut State Geologist; and
Robert E. Moore, Assistant Deputy Commissioner,
Connecticut Department of Environmental Protec-
tion.




Geographic Information System
Applications in the Earth Sciences
By John L. Place and David A. Nystrom

Introduction

A geographic information system
(GIS) is a computer hardware and software
system designed to collect, manage, ana-
lyze, and display spatially referenced data.
In the simplest sense, a GIS automates the
manual process of gathering and analyzing
the wide variety of data needed to make
land-use and resource-management deci-
sions and solve earth-science problems.

Because GIS capabilities allow scien-
tists to process and interrelate many more
kinds of data than before, it is now possible
to examine problems and to broaden scien-
tific understanding in new ways. For exam-
ple, scientists might combine and analyze
data on vegetation, soils, surficial geology,
rainfall, and runoff measurements within
the same hydrologic drainage basin to
study soil permeability or soil erosion.

The growing urban population has
placed increased demands on the Nation’s
natural resources and the environment.
Frequently, Federal and State agencies
must respond quickly to complicated prob-
lems involving the assessment and manage-
ment of natural resources or the monitor-
ing or mitigation of natural and manmade
hazards. The U.S. Geological Survey, for
example, is often called upon to provide
earth-science information quickly to aid in
mitigating the effects of hazards such as
earthquakes and landslides. A GIS is a
valuable tool that helps USGS scientists to
provide this information more rapidly, effi-
ciently, and effectively.

Geographic Information Systems
at the U.S. Geological Survey

The USGS and the State of Connecti-
cut initiated a joint demonstration project
in 1984 to evaluate the effectiveness of
using a GIS in ongoing data collection,
maintenance, and analytical programs of
the Connecticut Natural Resources Cen-

ter. The project solved several problems
related to the quality of existing digital and
mapped data, the mechanics of processing
large natural-resource data bases, and the
compatibility of digital data among differ-
ent systems. The project successfully dem-
onstrated GIS effectiveness for industrial
site selection and determination of ground-
water availability.

Encouraged by the results of the Con-
necticut demonstration project and other
application studies, the Director of the
USGS issued a bureauwide GIS policy
statement to establish a sound GIS re-
search base, to conduct cooperative appli-
cation projects, to exchange digital data
bases, and to provide a funding mechanism
for encouraging the use of this new tool in
USGS investigations.

Specific goals in the policy statement
include:
® GIS research—Investigate advanced
techniques to exchange digital spatial data;
explore advanced computer-system archi-
tectures and techniques using improved
data structures; apply knowledge-based
inference models, expert systems, and nat-
ural query languages to multiple digital
data bases and existing spatial data-
handling techniques; and apply GIS tech-
nology to major missions of the Survey.
® Multidisciplinary demonstration proj-
ects—Develop projects that involve the
USGS and local, State, and other Federal
agencies, and provide those agencies with
training and assistance in GIS technology
and applications. Implement interdivisional
application projects within the Survey to
broaden GIS expertise and expand the
existing network of shared resources
(hardware, software, and data bases) and
technique development.
© Federal government coordination—
Encourage governmentwide GIS educa-
tion, technology transfer, and definition of
GIS research requirements through com-

mittees such as the Interior Digital Cartog-

Facing page photograph by
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Figure 1. The users’ area of the

U.S. Geological Survey GIS Re-

search Laboratory in Reston,
Virginia. The laboratory is de-

signed for multidisciplinary co-

operative research.

Figure 2. Location of GIS
projects underway in FY 1987.

raphy Coordinating Committee and the
Federal Interagency Committee on Digital
Cartography.

® Exchange of earth-science and other
spatial data—Develop automated inter-
faces among various earth-science data
bases and GIS’s and make it easier to
access and exchange digital spatial data
bases by developing standards for earth-
science data.

In fiscal year 1987, the USGS estab-
lished a GIS Research Laboratory in
Reston, Virginia (fig. 1), to provide an
interdivisional, multidisciplinary environ-
ment for research, development, and appli-
cation of GIS technology. Additional GIS
facilities are being established in Denver,
Colorado, and Menlo Park, California, and
capabilities are being increased in an exist-
ing facility in Sioux Falls, South Dakota.
Future expansion of GIS capability is
planned for Survey offices in Rolla, Mis-
souri, and Anchorage, Alaska. This concen-
tration of GIS technology and resources at
key locations will make available a broader
range of computer-based hardware and
software than is now available at dispersed
field locations.
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At present, GIS activities in the Sur-
vey represent a broad-based, bureauwide
approach to developing GIS technology in
support of national earth-science informa-
tion needs. The Information Systems Divi-
sion is assessing GIS hardware capabilities
and microcomputer applications, develop-
ing the Earth Science Information' Net-
work and the Earth Science Data Direc-
tory, and studying the merging of artificial
intelligence and GIS technologies. The
Geologic Division is using GIS software
capabilities such as gridding, contouring,
feature extraction, overlay, and display to
manipulate and analyze geologic data. The
Water Resources Division, the largest
user, has GIS facilities in 40 of its State
locations and has linked them with a dis-
tributed information system called GEO-
NET. The National Mapping Division is
developing advanced techniques for spatial
data manipulation, analysis, and display.

Cooperative Projects Using Geo-
graphic Information Systems

In addition to the GIS projects under-
way within the Survey, the bureau is also
working with other Federal and State
agencies on a number of cooperative GIS
projects (fig. 2). The projects are geo-
graphically dispersed and the objectives
are varied, ranging from the study of pol-
lution in the Elizabeth River, Virginia, to
the determination of potential landslide
areas in California. The following descrip-
tions of several of the projects illustrate
how GIS technology can be used to com-
bine, analyze, and display a variety of
digital data to suit a broad range of
objectives.

In the Elizabeth River Project, more
than 30 earth-science and natural-resource
data bases are being integrated in a GIS to
study pollution problems in and near Nor-
folk, Virginia, in cooperation with the U.S.
Environmental Protection Agency. The
Elizabeth River basin, in southeastern Vir-
ginia, drains approximately 205 square
miles of some of the most heavily industri-
alized and developed areas on the Chesa-
peake Bay watershed. A GIS will be used
to study and analyze the interaction
between the ground-water system and the
river, including the relationship of ground-
water flow to the potential movement of
toxic chemicals.



The San Mateo County Project, on the
San Francisco Peninsula, California, com-
bines geologic, hydrologic, cartographic,
and geographic data to model changes in
land use relative to geologic constraints.
GIS technology will help scientists analyze
the relationship of topography to landslides
and other processes and develop methods
to determine hydraulic and ridge-line net-
works. Using data on land use, debris flow
susceptibility, rate of rainfall infiltration,
slope, earth materials, transportation, and
drainage, scientists will be able to identify
areas in San Mateo County subject to
potential flooding or landslide problems.

N47038'45", W99944'00"

In a recently completed cooperative
effort with the Bureau of Reclamation,
specialized GIS software was used to
manipulate digital elevation data to derive,
display, and analyze hydrologic character-
istics in glaciated pothole terrain in North
Dakota (fig. 3). The hydrologic characteris-
tics were incorporated into a watershed
model that will allow the Bureau of Recla-
mation to compute the probable maximum
flood volume for the James River basin
upstream from the dam at Jamestown,
North Dakota, and to evaluate the need for
structural changes to the dam.
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Figure 3. Analysis of test site 3
from the James River Hydrology
Project. Above, Computer-
delineated potholes are shown
in red draped on a shaded-relief
presentation of elevation data.
Below, Potholes that were se-
lected for runoff modeling are
shown with their watersheds
and pour points and sample
tabular information.
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Figure 4. Bedrock geologic map
of test area in western Maine
near Kingfield. Map was digi-
tized from the Maine Geologi-
cal Survey’s 1985 Bedrock Geo-
logic Map of Maine.

Figure 5. Color composite im-
age of same area with digitized
geologic contacts and faults su-
perimposed. The image, cen-
tered on the Lexington batho-
lith, combines magnetic and
gravity data to show subsurface
details. Coincident magnetic
and gravity lows produce blue
or black areas, such as over the
Lexington batholith. The batho-
lith is probably thickest beneath
the blue area. Coincident highs
produce yellow or white areas
and commonly indicate mafic
rocks. Coincident magnetic
highs and gravity lows produce
magenta areas and commonly
indicate pyrrhotite-rich meta-
morphic rocks. The image rep-
resents one of many combina-
tions of geophysical and
geologic data of the area.

The San Juan Basin Project, located in
the Four Corners region of Arizona, New
Mexico, Utah, and Colorado, will use GIS
technology to develop the general auto-
mated data compilation, data analysis, and
map-production capabilities needed for
regional geologic and hydrologic resources
studies. GIS capabilities will be applied
specifically to complete the analysis of the
San Juan basin regional aquifer system.
The development of new GIS program
interfaces to high-accuracy automated car-
tographic drafting systems also will allow
direct generation of publication-quality car-
tographic products.

One of the objectives of the John Day
River Basin Project in northeastern Ore-
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gon is the development of a prototype GIS
for use by State agencies in the manage-
ment of water resources. A central reposi-
tory of spatial information about the river
basin will provide query, analysis, and dis-
play capabilities for developing water-
supply and water-management alterna-
tives. In a second phase, the GIS will be
used to prepare a management document
that will describe existing conditions of
natural resources, predict future condi-
tions, and suggest management alterna-
tives for achieving various levels of devel-
opment in the basin.

The Quebec-Maine-Gulf of Maine Glo-
bal Geoscience Transect Project will use a
number of different GIS’s to integrate geo-
logie, topographic, magnetie, gravity, and
seismic reflection and refraction data to
create three-dimensional models of the
Earth’s crust. The transect is approxi-
mately 880 km (500 miles) long, 100 km (60
miles) wide, and as much as 50 km (30
miles) deep, beginning in southeastern
Quebec, crossing Maine to Penobscot Bay,
and continuing from Penobscot Bay across
the Gulf of Maine to Georges Bank and the
continental edge. Digital data for a test
area approximately 50 by 75 km (30 by 45
miles) near Kingfield, Maine, have been
used to evaluate the models and processes
that will be applied to the larger study area
(figs. 4, 5).

GIS for the Future

In addition to the projects mentioned,
numerous other projects are underway,
including the application of GIS technology
to resource management in the greater
Yellowstone area in Wyoming, Montana,
and Idaho; the assessment of irrigation-
drainage quality near Dakes, North
Dakota; and the geochemical interpretation
of soil, shallow aquifer material, and
ground water in the Carson River basin,
Nevada-California.

The powerful capabilities of GIS’s offer
new possibilities for integrating, analyzing,
combining, and comparing earth-science
data obtained from a variety of sources.
The USGS will continue to investigate new
ways to apply this tool in mission-oriented
studies and in the generation of digital and
graphic products to fulfill earth-science
information needs.



Significant Accomplishments

of Research Programs: 1987

Variability Within
Ore-Deposit Models—
An Example From the
Red Dog Zinc Deposit,
Northwestern Alaska

By Jeanine M. Schmidt

The Red Dog deposit is the second
largest known zinc deposit in the world,
with announced reserves of 77 million met-
ric tons of 17.1 percent zinc, 5 percent lead,
and 82 grams per metric ton of silver.
When production begins in 1990, Red Dog
will be the largest, predominantly base-
metal lode mine operating in Alaska.

The discovery of the Red Dog deposit
by I.L. Tailleur of the USGS was first
published in 1970. The USGS, in coopera-
tion with the operating partners of the Red
Dog deposit, Cominco American, Inc., has
been conducting detailed geologic studies
in the area since 1984. The Red Dog
deposit, located about 85 miles north of
Kotzebue in the DeLong Mountains of
Alaska, is owned by the Northwest Alaska
Native Corporation. .

Red Dog is a member of the
“sediment-hosted massive sulfide” or
“sedex” zinc-lead class of deposits. The ore
is stratabound and hosted in black shales
and subordinate black limestones of Missis-
sippian to Pennsylvanian age (290 to 360
million years (m.y.) old). The deposit was
subjected to intense faulting and moderate
folding during the Jurassic to Early Creta-
ceous (63 to 205 m.y. ago) formation
of the Brooks Range fold-and-thrust belt.
Because of this tectonic setting, previous
geologic investigations focused on identify-
ing the local stratigraphic and structural
complexities of the deposit and defining
portions that are repeated by thrusting or
removed by faulting and erosion. The
USGS completed extensive relogging of

drill cores from the deposit in fiscal year
1987; petrographic, fluid-inclusion, and
stable-isotope studies of the sulfide miner-
alization and host rocks in order to deter-
mine the mineralogy, textures, and genesis
of the deposit are ongoing.

These new data suggest that Red Dog
differs in many ways from a classic sedex
model. In the classic model (fig. 1), sheet-
like bodies of laminated, fine-grained and
pyrite-rich massive sulfides, often with
monomineralic layers, are usually thinly
interbedded with sediment. In contrast,
ore from the Red Dog Main deposit (fig. 2)
is very rarely laminated, is low in pyrite,
has very abundant finely dispersed silica
gangue in a predominantly semimassive
sulfide rock without significant sedimen-
tary interbeds, and is overlain by a thick
and extensive barite layer.

Classic sedex deposits are interpreted
to form directly on the sea floor by the
exhalation of basinal brines or convected
hydrothermal fluids into seawater. Precip-
itation and gravity settling of sulfides are
produced by the mixing of this fluid with
seawater near the vent area and subse-
quent dilution, pH change, and cooling.
Subsurface mineralization in the sedex
model shown on figure 1 is limited to minor
iron-sulfide-rich stringers and veins within
the vent area and minor associated silica or
carbonate alteration of wall rocks. In con-
trast, the Red Dog deposit contains few
sedimentary/clastic or exhalative type
ores, and contains very common replace-
ment and multistage ore textures, in which
earlier stages of sulfide mineralization are
overprinted by sulfide veining and solution
breccias. A zonation of ore types is
observed in much of the main deposit, and
a baritic cap, often containing sulfides in
the lower portion, overlies siliceous semi-
massive to massive sulfides. These latter
sulfides laterally grade into silica rock con-
taining only disseminated sulfides and then
outward into silicified shale. Diagenetic
barite blades and nodules, carbonate
rhombs, and radiolaria and sponge spicules
(fossils) within the host shale are replaced
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Figure 1. Idealized sedex
(sediment-hosted massive sul-
fide) deposit model.

Figure 2. Idealized model of
Red Dog lead-zinc deposit,
northwest Alaska.
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by silica and (or) sulfides toward the center
of the orebody. Preserved pyrite fram-
boids, sponge and crinoid fragments, barite
blade pseudomorphs, and other textures in
the semimassive and massive ores suggest
that a large portion of the deposit formed
by growth in and replacement of unconso-
lidated sediment, rather than by precipita-
tion of sulfides in the water column.

The unusually high lead and zine
grades and large size of the Red Dog
deposit may be a direct result of processes

such as infiltration, dissolution and replace-
ment of sediment and early mineralization,
and continued upward growth of the
deposit beneath an impermeable barite
cap. None of these characteristics or pro-
cesses, however, are considered to be typ-
ical of sedex lead-zinc deposits. Thus, the
Red Dog deposit emphasizes the need for
conducting detailed site investigations in
order to construct deposit models that
reflect the multitude of diversified features
found in mineralized areas.

Seawater

50 m
100 m
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New Midcontinent
Basement Geologic
Map Provides Basis for
Evaluation of Hidden
Mineral Resources

By Paul K. Sims

Background

The midcontinent region of the United
States is renowned for its world-class base-
metal mining districts, including the Upper
Mississippi Valley lead-zinc district, the
Illinois-Kentucky fluorspar district, the
Southeast Missouri lead-zine district, and
the Tri-State (Missouri-Kansas-Oklahoma)
lead-zine district. All these districts are
hosted by flat-lying carbonate rocks of
Paleozoic age (as old as 570 million years).

Hidden beneath these well-known
mines may be mineral resources of compa-
rable value. The complex Precambrian
rocks (more than 570 million years old),
which come to the surface in Minnesota and
Wisconsin and in the St. Francois Moun-
tains of southeastern Missouri, are now
being investigated for their resource poten-
tial. The Precambrian rocks exposed in
Minnesota and Wisconsin contain the
famed iron ores of the Lake Superior dis-
trict and other valuable unmined metal
deposits; those exposed in Missouri host
significant iron ore bodies, some of which
have associated base metals, principally
copper. The rocks in these exposed seg-
ments extend into the subsurface. Drilling
also has shown that the basement contains
several other Precambrian terranes that
have potential for other kinds of mineral
deposits.

As part of the USGS Midcontinent
Strategic and Critical Minerals Project, a
Precambrian basement map of the north-
ern midcontinent was compiled in coopera-
tion with the Geological Surveys of Arkan-
sas, Illinois, Iowa, Kansas, Minnesota,
Missouri, Nebraska, Oklahoma, South
Dakota, Tennessee, and Wisconsin (fig. 3).
The map is based primarily on rock types

encountered by 1,500 drill holes that pene-
trated the Precambrian basement. Good-
quality aeromagnetic and gravity data,
which generally were not available until
fairly recently, were used to infer the
structural trends, extent, and boundaries
of the rock bodies identified in the drill
holes. The geology was interpreted in
terms of the tectonostratigraphic terrane
concept, which has been successfully
applied to delineate groups of closely
related rocks in exposed areas in the Lake
Superior region.

Known and potential mineral
resources

The Precambrian basement of the
northern midcontinent has a high potential
for undiscovered mineral resources be-
cause many of the terranes are favorable
for ore generation. Exposed parts of the
region—the Lake Superior district in the
north and the southwest Missouri district
in the southeast—have a combined produc-
tion of iron and copper ores valued at
several tens of billions of dollars. Recent
discoveries of as yet unmined deposits that
contain large zinc-copper and copper-
nickel-cobalt-platinum resources in the
Lake Superior region are further encour-
agement for exploration in this area. The
relatively shallow depth of much of the
buried basement—in about two-thirds of
the mideontinent area the basement is less
than 3,000 feet below the surface—is
another positive factor.

Another intriguing possibility is that
the Middle Proterozoic anorogenic St.
Francois and Spavinaw granite-rhyolite
terranes may contain deposits of the Olym-
pic Dam type. The Olympic Dam deposit,
at Roxby Downs, South Australia, is one of
the world’s premier metal deposits, which
is now being developed for production. It is
reported to contain at least 2,000 million
metric tons of ore that has an average
grade of 1.6 percent copper, 0.06 percent
uranium oxide, 0.6 grams per metric ton of
gold, and 3.5 grams per ton of silver. The
deposit occurs within an area dominated by
Middle Proterozoic anorogenic magmatism,
and the ores are hosted by coarse clastic
sedimentary rocks, which are interpreted
mainly as breccias. Such an ore-forming
environment could be present in south-
western Missouri and adjacent parts of
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Figure 3. Geologic map of base-
ment rocks in the midcontinent
region. Potential mineral
resources are listed for specific
major terranes.
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Arkansas and Kansas. This area in partic-
ular and other areas in the granite-rhyolite
terranes merit serious consideration for
exploration.

Early Mesozoic Basins
Workshop

By Gilpin R. Robinson, Jr.,
and Albert ]. Froelich

Approximately 110 participants from
government institutions, eastern universi-
ties, and the petroleum and mining indus-
tries gathered at a workshop on the geol-
ogy of the early Mesozoic (180-230 million
years (m.y.) old) basins of eastern North
America, held at the USGS National Cen-
ter during May 1987. The workshop was
designed as a forum where scientists could
meet to present results and exchange
ideas, with the goal of developing a geo-
logic framework to support mineral and
energy resource studies. Significant results
include the following:

Organic geochemical analyses and
thermal maturity indices of Mesozoic
organic-matter-rich shales show, in the
Newark basin of New Jersey and Pennsyl-
vania, that Triassic shales (approximately
225 m.y. old) are overmature with respect
to petroleum generation but that Jurassic
shales (approximately 195 m.y. old) contain
both mature and immature sections. Trias-
sic shales in the Taylorsville and Richmond
basins of Virginia are mature with respect
to hydrocarbon generation, and hydrocar-
bon shows are reported from oil test holes.
Migration of liquid hydrocarbon in many
other basins is directly indicated by its
occurrence in fluid inclusions and as bitu-
men in veins. The basinwide continuity,
thickness, and high organic-carbon content
of the mature Triassic and Jurassic shales
indicate a petroleum source of potential
commercial interest in some cases. Strati-
graphic and structural traps for hydrocar-
bons may be present in early Mesozoic
basins buried beneath the Coastal Plain
and Atlantic Continental Shelf and in some
exposed basins.

Platinum-group-element  chemistry
has been measured in a number of Jurassic

diabase sheets. Results indicate that,
under silicate fractionation conditions, plat-
inum (Pt) is enriched slightly relative to
palladium (Pd) in the early cumulate stage,
whereas Pd is enriched relative to Pt
in late-stage differentiates. Late-stage
ferrogabbro-ferrodiorite bodies in two dia-
base sheets in Pennsylvania and New Jer-
sey show anomalous Pd and chlorine (Cl)
abundances that are an order of magnitude
greater (as much as 207 parts per billion
(ppb) Pd and 3,500 parts per million (ppm)
Cl) than values in most other diabase
bodies.

Some copper-rich hornfels associated
with diabase sheets in Pennsylvania are
reported to be enriched in gold (as much as
7 ppm) and other rare metals such as
molybdenum, arsenie, and bismuth.

Sediment-hosted, stratabound base-
metal enrichment (as much as 2.8 percent
copper, 6,000 ppm zine, 1,000 ppm lead,
and 40 ppm silver) is observed in black
root-disrupted mudstones, which underlie
laminated lacustrine shales in the Culpeper
basin of Virginia. This mineralization
appears-to be largely restricted to specific
sedimentary facies that occur repetitively
as part of sedimentary cycles that are con-
trolled, in part, by climatic variation. Four
metal-enriched horizons have been identi-
fied from one locality in the Culpeper basin.

Epithermal base-metal and barite
veins, which are associated with many of
the early Mesozoic basins, are reported to
have high silver contents. Fluid-inclusion,
isotope, and other studies indicate that the
veins are associated with the transport of
moderate temperature (100-250 °Celsius)
and salinity (10-16 weight percent sodium
chloride) brines from within the basins and
adjacent basement to shallow sites of min-
eral precipitation. Fluid migration may be
due to a seismic pumping process that was
active during the Middle Jurassic (about
175 m.y. ago) during the separation of
North America from Africa.

“Ar/®Ar analyses of feldspar sepa-
rates from diabase bodies in the Culpeper
basin, Virginia, and Newark basin, New
Jersey, give argon closure ages of approx-
imately 175 m.y., which are at variance
with the igneous crystallization age of
approximately 200 m.y. The argon closure
age represents the age at which all argon
produced by radioactive decay of potassium
remains trapped in the mineral and is not
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Figure 4. Panorama of the plati-
num mining operation in the
Stillwater Complex, Montana.
Right foreground—mine office;
center foreground—tailings
pond; lower left—mill and con-
centrator; three portals that pro-
vide access to the ore deposit
are hidden by trees in the area
to the right of the tailings
pond.

lost by diffusion; this closure age is inter-
preted to be the age at which the mineral
last cooled below a temperature at which
argon diffusion is nil (approximately 200
°Celsius in this case). The 175 m.y. appar-
ent age of the feldspars is interpreted as
being due to a heating event (>200
°Celsius), which affected these and proba-
bly the other basins. The most likely source
of heat is hydrothermal fluids, possibly
migrating in response to regional deforma-
tion. The 175-m.y. argon closure age may
reflect the formation age of some of the
vein and stratabound base-metal deposits
described above.

Platinum Mining in
the Stillwater
Complex, Montana

By Norman | Page

The only mine for platinum-group met-
als in the United States, the Minneapolis
Adit mine, shipped its first concentrate in
March 1987. The ore to produce the concen-
trate comes from the J-M Reef of the
Stillwater Complex, Montana, and is mined
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by the Stillwater Mining Company, a joint
venture of Chevron Corporation, Lac Min-
erals Limited, and Manville Corporation
(fig. 4). The J-M Reef was discovered in
1973 and has been extensively explored
since then. This reef is similar to the
Merensky Reef of the Bushveld Complex in
South Africa, which is the major supplier
for the annual U.S. consumption of about
3.9 million ounces. Annual production from
the mine is expected to be approximately
2.5 percent and 7.5 percent of the annual
U.S. consumption of platinum and palla-
dium, respectively.

A cooperative study by the USGS and
the Stillwater Mining Company was initi-
ated to examine the spatial geometry and
geochemistry of platinum-group-element
(PGE) mineralization of the J-M Reef by
using drillhole and underground informa-
tion from the Minneapolis Adit mine. These
investigations are in part continuations of
many earlier investigations in various parts
of the Stillwater Complex during the last
century by the USGS, industry, and acade-
mia. PGE mineralization in the J-M Reef
appears to be very irregularly distributed.
Characterizing and understanding the type
of distribution are critical to mining and
thus are being investigated by use of three-
dimensional display systems and statistical
analysis.

Detailed mineralogical studies of the
residence of the platinum-group elements,




using the scanning electron microscope in
combination with other techniques, demon-
strated that minerals containing tellurium,
arsenic, sulfur, antimony, bismuth, tin, and
mercury are important in controlling the
distribution of the platinum-group ele-
ments. In order to examine the relations of
platinum-group minerals to their stratigra-
phic setting, it was necessary to develop
rapid, precise, and extremely sensitive
analytical techniques. Two techniques
were evaluated that determine tellurium
down to 10 parts per billion in solid geolog-
ical samples. One of these techniques has
an ion exchange preconcentration step, and
the other has a solvent extraction precon-
centration step. Both of these techniques
were followed by a graphite furnace atomic
absorption measurement. Techniques to
determine tin and bismuth at similar low
levels are being developed based on the
ion-exchange procedure. Procedures have
also been developed for determining the
lower limits of arsenic and antimony. The
development of these techniques with
lower levels of determination is necessary
because the platinum-group elements that
are being mined occur at the part per billion
to part per million level. Preliminary eval-
uation of a limited data set indicates corre-
lations between the trace elements and
platinum-group elements.

In addition to providing ‘the data
required for understanding the setting of
the J-M Reef, these new techniques will
increase the accuracy and reliability of
other assessment programs for precious
metals.

Answers from Deep
Inside the Earth:
Continental Scientific
Drilling at Cajon Pass,
California

By David P. Russ

Drilling of a 12,000-foot-deep scientific
well has been completed at Cajon Pass in
southern California to measure -crustal

properties, to determine crustal structure,
and to better understand the generation of
earthquakes along the San Andreas fault.
A joint effort of the National Science Foun-
dation (NSF) and the U.S. Geological Sur-
vey (USGS), the well was begun in Novem-
ber 1986, and is one of the first projects to
be undertaken in the new national Conti-
nental Scientific Drilling Program. This
program aims to enhance our knowledge of
the composition, structure, dynamics, and
evolution of the continental crust and of
how these factors affect the origin and
distribution of mineral and energy
resources and natural phenomena such as
voleanic eruptions and earthquakes.

Most of the world’s earthquakes occur
in relatively narrow bands that mark the
boundaries between sections of the outer
shell of the Earth. These sections, known
as plates, are driven by the internal heat of
the Earth and move slowly and inexorably
with respect to one another. The boundary
between the Pacific Plate and the North
American Plate is located in California and
forms the San Andreas fault system (fig.
5). The relative motion between these two
plates is horizontal, and the rate of move-
ment is about 2 inches per year. In other
words, each year Los Angeles moves about
2 inches closer to San Francisco. Along the
San Andreas fault the plates move past
each other at a steady rate, but at many
places in the upper 5-10 miles of the crust
the brittle character of the rocks causes the
fault to lock, preventing motion and pro-
ducing a buildup of stresses. When the
accumulating stress exceeds the strength
of the rocks bounding the fault, the rocks
suddenly slip. This slipping action allows
the surface rocks to snap to a new position,
in effect catching up with the subsurface
rocks and, at the same time, producing the
strong shaking that constitutes an earth-
quake.

Though field and laboratory studies of
fault slip have been underway for years,
the mechanics of the slip process are still
not well understood. For instance, a long-
standing question exists concerning the
significance of low levels of heat flow along
the trace of the San Andreas fault where
friction associated with fault motion might
be expected to produce relatively higher
geothermal levels than those measured
from the rocks in the surrounding region.
Generally referred to as the stress-heat-
flow paradox, the measured levels of heat
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Figure 5. (Above) Surface trace
of the San Andreas fault in
western California. Arrows show
direction of plate motion.
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flow would suggest that the fault slips at
low-shear stresses, on the order of 200 bars
(1 bar is approximately equal to 1 atmo-
sphere) or less, thus implying a weak fault.
Basic faulting theory, laboratory experi-
mentation, and in-situ stress measurement
by the hydraulic fracturing method sug-

gest, in contrast, that the average shear.

stress resisting plate motion is about 750
bars, suggesting a strong fault.

Resolving this paradox is important to
the fundamental understanding of the
physics governing fault mechanics, the
magnitude of the stresses that drive the
crustal plates, and the generation of earth-
quakes. To address these and other scien-
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tific questions, NSF-supported university
scientists and USGS scientists and engi-
neers are collaborating in a two-phase pro-
gram of deep drilling into rocks adjacent to
the San Andreas fault at Cajon Pass, Cali-
fornia, northwest of San Bernardino (fig.
5). This location was chosen because of the
availability of a site close to the fault with a
relatively unfractured and unaltered body
of rock in which to make important meas-
urements and because of its critical location
as the end point of the fault rupture during
the last great earthquake in southern Cal-
ifornia (1857).

Funds for the drilling and overall proj-
ect management were provided by Deep
Observation and Sampling of the Earth’s
Continental Crust, Inc. (DOSECC), a non-
profit university consortium under contract
to the National Science Foundation. The
principal investigator for the project is Dr.
Mark D. Zoback of Stanford University;
co-investigators are from the USGS and
other universities.

The first phase of drilling of the Cajon
Pass well was completed in April 1987 at a
depth of 6,938 feet. Samples of rock cut-
tings were collected every ten feet, and 33
rock cores, totaling 269.5 feet in length,
were recovered (fig. 6). The USGS has
provided sample and core handling, distri-
bution, and curatorial facilities and person-
nel. Working in an on-site laboratory con-
structed especially for this project, USGS
technicians have marked and tested sam-
ples and photographed the rock -core.
Under the direction of the California Insti-
tute of Technology, scientists have pre-
pared a comprehensive descriptive log of
the cuttings and core. Geophysical logs
have been obtained through both commer-
cial contract and university and USGS
researchers.

The logs and rock cuttings show that
the well first penetrated 1,625 feet of sand-
stone, siltstone, and claystone of Tertiary
age (2-63 million years old), followed by a
complex assortment of crystalline base-
ment rocks composed largely of sheared
granite, granodiorite, and gneiss. Analyses
of these rocks, of the geophysical logs, and
of seismic-reflection profiles are central to
broadening our understanding of the his-
tory and interrelationship of basement ter-
ranes, particularly the nature and extent of



microplate accretion and associated low-
angle structures along the western margin
of North America and the degree of uplift
and exposure of deeper levels of the crust
in the California Transverse Ranges.
Hydrofracture stress measurements,
conducted jointly by scientists and engi-
neers from the USGS and Stanford Univer-

sity during phase one of the drilling, have
resulted in the determination of in-situ
stress magnitudes and orientations (fig. 7).
The measurements show that the orienta-
tion of the maximum principal stress is
perpendicular to the San Andreas fault and
that there is a transition from a near-
surface extensional stress regime to a more

Figure 6. Rock cores are
washed, measured, photo-
graphed, and slabbed at the
USGS sample-handling facility
at Cajon Pass, California. Seg-
ments of the core are distrib-
uted to university and govern-
ment scientists for analysis and
testing, and the remainder of
the core is shipped to the
USGS Drill Core Repository in
Lakewood, Colorado.

Figure 7. In-situ measurements
at the Earth’s stress field at Ca-
jon Pass have required the de-
velopment of special high-
pressure hydraulic equipment
in order to artificially crack the
rocks at depths of more than
10,000 feet. Stress measure-
ments made by the USGS and
university scientists provide
data for determining the
strength of the San Andreas
fault in the deep Earth zones
where earthquakes begin.
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compressional regime at depth. This stress
orientation is quite different from that
expected for a fault that slips horizontally,
but it is consistent with the orientation of
stress-induced borehole elongations identi-
fied in the well and with the orientation of
stresses that have produced many of the
recent earthquakes in the region. The
stress orientation also accounts for the
widespread occurrence of geologically
youthful folds and reverse faults that par-
allel the San Andreas fault. Scientists pro-
pose that crustal compression perpendicu-
lar to the fault is the result of extremely
low shear strength of the San Andreas
fault, consistent with the observation of
low heat flow in the area of the fault.
Temperature and heat-flow measurements
have been made in the well and do not show
a geothermal anomaly. Stress and heat-
flow measurements will provide ecritical
information for establishing data trends
necessary to resolve the stress-heat-flow
paradox.

In addition to stress and heat-flow
studies, hydrologic and geochemical stud-
ies are being conducted on fluid samples
collected in the well. Preliminary meas-
urements are being made of rock pore
pressure and permeability. Analyses of the
fluid samples indicate that the well has
penetrated two separate fracture systems
that are only slightly interconnected. Mea-
surement of fluid flow through the rocks
will provide the data needed to determine
the role of water in reducing the frictional
resistance of rocks to faulting and in dissi-
pating subsurface heat generated by earth-
quakes.

Phase two drilling of the Cajon Pass
well deepened the drillhole from 6,938 to
about 12,000 feet. About 10 percent of the
well will be cored at specified intervals, and
more rock cuttings and fluid samples will
be collected. Samples will be examined for
evidence of subhorizontal faults and will be
analyzed to reconstruct the area’s geologic
and tectonic history. Hydrofracture and
holographic stress measurements will be
made to calculate the amount of stress and
to determine whether or not the orienta-
tion of the stress field changes with depth
or has been affected by the presence of
nearby shallow faults. Geological, hydro-
logical, and geophysical measurements will
continue to be made to resolve the many
remaining scientific questions.
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The USGS will assume control of the
well sometime in the future and, in collab-
oration with university scientists, will
begin to develop equipment to establish a
permanent deep Earth observatory prima-
rily for earthquake prediction purposes.
This monitoring will provide a long baseline
of reliable scientific data valuable for iden-
tifying precursors of the next large south-
ern California earthquake.

International
Inventory of
Platinum-Group-
Metals Resources
and Production

By David Sutphin

In March 1987, the Minneapolis Adit
mine began producing platinum-group met-
als from the Stillwater Complex in Mon-
tana. This mine, which is the first major
platinum-group-metals mining operation in
the United States, could eventually supply
about 10 percent of annual U.S. consump-
tion of approximately 3.9 million ounces.
The U.S. currently relies on foreign
sources for 98 percent of this annual con-
sumption. The platinum-group metals,
platinum, palladium, rhodium, ruthenium,
iridium, and osmium, are of strategic
importance to the Nation because their
unique chemical, physical, and mechanical
properties are essential to many industrial
processes. The current U.S. dependence on
foreign sources for these much-needed
metals makes domestic resource research
and production an important national
priority.

The U.S. Geological Survey and the
U.S. Bureau of Mines participated with
earth-science and mineral-resource agen-
cies of Australia, Canada, Germany, South
Africa, and the United Kingdom in a coop-
erative effort that reviewed worldwide
platinum-group-metal resources and pro-
duction. This study was undertaken by the
International Strategic Minerals Inventory
(ISMI), which has as its goal the collection,



analysis, and dissemination of information
on major world deposits of selected strate-
gic mineral commodities. Through this
effort, the six participating nations obtain
reliable information on production and
resources that improves the basis for sound
policy decisions, avoids duplication of
effort, and encourages scientific exchange
between countries.

The study found that of the world’s
23,000 metric tons of known economically
minable resources of platinum-group met-
als, more than 98 percent are in South
Africa and the Soviet Union. The U.S. and
Canada combined have most of the remain-
der of the economic resources of these
metals. Colombia and Zimbabwe also have
economic deposits. Another 62,300 metric
tons of platinum-group metals are esti-
mated to occur in deposits that are uneco-
nomic to recover or in less well-known
extensions of identified deposits. Addi-
tional minor or less well-known deposits
have been discovered in several countries
including Australia, Brazil, Chile, China,
Finland, and Zaire.

The platinum-group metals are chemi-
cally inert, have high melting points and
high duectility, and exhibit extraordinary
catalytic activity. They are used in process-
ing petroleum and other fossil fuels, in
ammonium oxidation to produce nitric acid

160° 120° 80° 40

for fertilizers, and in other chemical pro-
cessing, as well as in emission controls for
automobiles and industrial processes.
Other uses are in fuel cells, electrical and
electronic hardware, jewelry, and medical
and dental applications. Over 95 percent of
these metals consumed in the U.S. are used
for industrial applications. To date, the
scientific effort that has gone into finding
substitutes has met with little success, and
demand for platinum-group metals is likely
to increase as a result of Australia, Europe,
and South Korea implementing automobile
emission standards similar to those in the
United States.

The world’s most important deposits
(fig. 8) of platinum-group metals are asso-
ciated with magmatic intrusions of mafic or
ultramafic rocks and fall in three main
categories: stratiform deposits such as the
Bushveld Complex in South Africa and the
Stillwater Complex in the U.S.; a unique
intrusion at Sudbury, Canada, which was
probably initiated by the impact of a mete-
orite; and nickel-copper-bearing dikes and
sills, which are found in association with
rift structures such as Noril'sk-Talnakh
district in the Soviet Union. Placer depos-
its, such as those in the Upper San Juan
and Atrato Rivers in Colombia, in the past
contributed a major part of platinum-group
metal production. Stratiform deposits are
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Figure 8. Location, deposit type,
and estimated resources of ma-
jor platinum-group-metal de-
posits and districts in the world.
Numbers in parentheses indi-
cate number of deposits and
districts for each location.
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mined principally for their platinum-group
metals, with nickel, copper, and cobalt
being by-products. In other deposit types,
except for some placers, platinum-group
metals are byproducts of nickel and copper
mining.

The six countries having major
platinum-group-metal deposits have ac-
counted for 99.5 percent of world produc-
tion of over 4,250 metric tons from 1735 to
1983 (the latest year for which interna-
tional production statistics are available).
The Soviet Union has accounted for nearly
one-half of this production and 56 percent
of the 202 metric tons of platinum-group
metals marketed in 1983. Soviet sales do
not reflect world demand but do reflect the
relative independence of the Soviet Union
in the world market at a particular time.
About one-third of cumulative production
and 41 percent of 1983 production took
place in South Africa.

Sharp increases in production from
South Africa and the Soviet Union from
1940 to 1980 caused the proportion of
platinum-group-metal production account-
ed for by other countries including Canada,
Colombia, and the United States to fall
from 53 percent in 1940 to 7 percent in
1980. Canada’s proportion alone went from
43 percent in 1940 to 6 percent in 1980
despite a two-fold increase in output.

On the basis of identified resources, it
is apparent that through the year 2020, the
Sudbury Complex, Noril’sk-Talnakh dis-
trict, and Bushveld Complex will probably
continue to be significant producers, and
the Stillwater Complex will become a sig-
nificant producer. However, continued
exploration and development of deposits,
such as the Penikat layered intrusion (Fin-
land) and Jinchuan deposit (China), and the
potential discovery of other stratiform
deposits could dramatically change the sup-
ply situation by 2020.
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Orthophotographs
From Digitally
Processed Images

By Leonard Gaydos

Orthophotographs combine the image
qualities of a photograph with the geomet-
ric qualities of a map and serve a variety of
purposes, from interim maps to field refer-
ences for forest firefighters. Since 1985,
the Survey has been developing a new
method for producing orthophotographs
using completely digital techniques.

A digital image is created by scanning
a color-infrared aerial photograph through
blue, green, and red filters on a film scan-
ner. These data are matched with a digital
elevation model of the same area. Com-
puter software then rectifies the image by
comparing measurements from the original
photograph and the digital elevation model
data to remove relief displacement. The
software used is DPSOR (Digital Photo-
grammetric System Orthophoto), which is
installed on a Gould 32/9780 computer at
the Survey’s Western Mapping Center in
Menlo Park, California.

After rectification, the digital ortho-
photographs are further processed at the
Survey’s Earth Resources Observation
Systems Data Center in Sioux Falls, South
Dakota. There, the images are enhanced to
improve color balance, and the adjoining
digital orthophotographs are mosaicked
together to complete map quadrangle cov-
erage. The final product is generated on
film, then enlarged on a copy camera to
either 1:12,000 or 1:24,000 scale.

Research continues into the use of
the technology in the map revision process
and as high-resolution multispectral
data sources for geographic information
systems.



An example of an experimental
digital orthophotograph pro-
duced by the U.S. Geological
Survey. The area shown is in
the southwest quarter of the
McCall, Idaho, 7.5-minute
quadrangle. The image is color
infrared and shows the north
fork of the Payette River flowing
south out of Payette Lake. The
McCall Airport south of the lake
and the municipal golf course
east of the lake are clearly visi-
ble. The wakes of many boats
can be seen on the lake.
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Figure 9. Computer-generated
map showing the results of
modeling geological, geochem-
ical, geophysical, and mineral-
resource data within a geo-
graphic information system to
describe favorable environ-
ments for base- and precious-
metal mineralization in the Dil-
lon, Montana-ldaho, 1°x2°
quadrangle. The color-coded
summary classifies areas as hav-
ing very high (red), high
(green), moderate (blue), or low
(gray) potential for undiscov-
ered vein-type mineral deposits.

Geographic
Information Systems
Aid Mineral

Investigations

By John L. Place, Lawrence
G. Batten, and Charles M.
Trautwein

The U.S. Geological Survey has been
automating its mapmaking procedures and
in the process is creating base category
data for inclusion in geographic information
systems. A geographic information system
is a computer hardware and software sys-
tem designed to collect, manage, analyze,
and display spatially referenced data. Data
features may be points (wells, schools),
lines (roads, streams), or polygons (coun-
ties, forests).

There has been a marked increase in
the use of geographic information systems
for interdivisional research within the Sur-
vey. Recently, a 5-year program of re-
search, development, and application of
geographic information systems for proc-
essing - geoscience data was completed
through a cooperative investigation con-
ducted by the Survey’s Geologic and
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National Mapping Divisions. The investiga-
tion required the definition and develop-
ment of sophisticated data processing algo-
rithms to digitally compile, analyze, and
combine the various geological, geochem-
ical, and geophysical data that are used to
assess mineral resources. The resulting
technology was then used to evaluate sev-
eral 1°x2° quadrangles selected from the
Conterminous United States Mineral
Appraisal Program. In each of the quad-
rangles, quantitative models based on the
characteristics of different types of mineral
deposits and spatial relationships between
the digitally compiled data sets and known
mineral occurrences were used to describe
favorable areas for the occurrence of addi-
tional reserves (fig. 9).

Geographic information systems are
particularly useful in processing large
amounts of geographically referenced
earth-science data because of the systems’
ability to efficiently analyze, overlay, and
graphically display a variety of related
data. In the cooperative investigation,
USGS scientists were able to develop and
successfully demonstrate the systems’
automated, computer-based capabilities to
(1) construct complex geoscience models
that describe regional mineral resource
potential; (2) apply mineral resource mod-
els to large, multivariate, digital data sets;
(3) edit, modify, and reevaluate assessed
mineral potential on the basis of updated or

E¥PLANATION
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new types of geoscience data; and (4) gen-
erate products in digital (computer-
compatible), tabular, and cartographic
formats.

On the basis of these findings and
associated benefits, geographic information
system technology is being installed at
USGS regional centers for operational use
in mineral-resource-related and allied geo-
science investigations.

Advancements In Data

Structures
By Stephen C. Guptill

The keystone of making maps with
computers lies in having a set of informa-
tion in the computer that represents, in a
digital form, the information to be shown

Table 1. Example information for the map shown in figure 10

Areas
ID# Attribute
1 Map exterior
2 Park
3 Null
4 Null
5 Null
6 Lake
7 Null
Lines
Node Area
ID# Attribute Coordinates Start End Left Right
1 Map border 5,65...... 25,65 1 2 1 2
2 Map border 25,65.....35,65 2 3 1 3
3 Map border 35,65.....65,65 3 4 1 5
4 Map border 65,65.....65,53 4 5 1 5
5 Map border 65,53.....65,5 5 6 1 7
6 Map border 65,5...... 55,5 6 7 1 7
7 Map border 55,5...... 5,5 7 8 1 4
8 Map border 55........ 5,23 8 9 1 4
9 Map border 5,23...... 5,45 9 10 1 3
10 Map border 545...... 5,65 10 1 1 2
11 Boundary 25,65.....5,45 2 10 3 2
12 River 35,65.....38,40 3 11 5 3
13 Road 523...... 38,40 9 11 3 4
14 Road 38,40.....65,53 11 5 5 7
15 River 38,40.....55,5 11 7 7 4
16 Shoreline 35,55.....35,55 14 14 7 6
Nodes
ID# Attribute Coordinates
1 Null 5,65
2 Null 25,65
3 Null 35,65
4 Null 65,65
5 Null 65,53
6 Null 65,5
7 Null 55,5
8 Null 5,5
9 Null 5,23
10 Null 5,45
11 River 38,40
12 House 28,28
13 House 33,31
14 Null 35,55
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Figure 10. A sample map is
shown divided into its compo-
nent node, line, and area fea-
tures.

Areas !

Table 2. Description of map features

Features
ID# Attribute Composed of
1 Park Area 2
2 Lake Area 6
3 River Lines 12, 15
4 Road Lines 13, 14
5 Shoreline Line 16
6 Park boundary Line 11
7 Map border Lines 1-10
8 Houses Nodes 12, 13
9 Bridge Node 14

on a map. This set of information includes
not only the coordinate data required to
draw a graphic product but also informa-
tion about the various features shown on
the map (for example, the number of lanes
of a highway) and their relationships to
each other (for example, that the railroad
tracks lie between the stream and the
highway). This collection of information
forms the heart of a digital cartographic
data base. Once the information is in the
data base, computers provide the capabili-
ties to handle geographic data in ways that
were previously impossible.
Mathematically, a map can be treated
as a graph and the elements of that graph
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can be defined using graph theory. The
various elements of a map are subdivided
into nodes, lines, and areas. Nodes repre-
sent the beginning or ending of every line
in the graph and occur at the intersection of
linear features. Lines are ordered sets of
points that describe the location and shape
of a linear feature or boundary on the map.
Areas are portions of the map that are
bounded by lines. Figure 10 illustrates
these components, and table 1 lists the
types of information that are encoded in a
computer to represent these data. This
example illustrates how information is
stored in the present digital line graph data
structure.

Recently some advancements have
been made to the data structure. The
changes involve removing the attribute
information from the area, line, and node
components and placing it with the feature.
The features then describe the various
components of which they are composed.
Table 2 illustrates this.

The new design allows users of the
data to more readily access the descriptions
of the features contained in a cartographic
data base. For example, the various parts
of the feature “Potomac River,” such as the
Georgetown Channel, Tidal Basin, and
Washington Channel, would all be
retrieved when a user requested the Poto-
mac River.

Thematic Mapping
Using Automated
Processes

By Donald G. Orr

Information needs within the U.S.
Geological Survey and the Department of
the Interior require the ability to handle a
wide variety of disparate data. Several
cooperative projects are underway that
make use of digital data bases, spatial data
analysis techniques, and sophisticated
automated systems to create thematic dis-
plays and custom products for a wide range
of applications (fig. 11).

The Survey’s National Mapping Divi-
sion and Water Resources Division have
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been cooperating in the development of
automated processing procedures for
deriving hydrologically related terrain
characteristics from digital elevation model
data for an area in the James River basin in
North Dakota. The high-resolution data
were processed to identify surface depres-
sions, depth-area-volume relationships,
drainage basin boundaries, drainage lines,
and land surface' elevations in glaciated
pothole terrain for use in a rainfall runoff
model being developed by the Bureau of
Reclamation.

The USGS and the Soil Conservation
Service are conducting a cooperative
research project to incorporate the Soil
Conservation Service's State General Soil
Geographic data base (STATSGO) into a
geographic information system to develop
techniques and procedures to archive,
reproduce, and distribute 1:250,000-scale
digital soils data. Other types of data being
incorporated into the geographic informa-
tion system data base include land use and
land cover data, hydrographic data, politi-
cal boundaries, transportation, and digital
topographic data. The Chesapeake Bay
watershed was selected as the study area
to demonstrate the soils data base concept
and to produce a variety of thematic dis-
plays and products.

During the past 5 years, the Survey’s
office in Anchorage, Alaska, has worked
cooperatively with Federal and State
resource management agencies to produce
land cover and terrain maps for 245 million
acres of Alaska. This land cover mapping
effort integrates digital Landsat data, ter-
rain data, aerial photographs, and field
data by using advanced spatial data proc-
essing techniques. The land cover and ter-
rain maps and associated data bases pro-
duced from this effort are used for resource
assessment, management, and planning by
the U.S. Fish and Wildlife Service, the
U.S. Forest Service, the Bureau of Land
Management, and the Alaska Department
of Natural Resources. The digital data
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bases are used in a variety of applications
from comprehensive refuge planning to
multiphase sampling procedures for state-
wide vegetation inventories.

Hydrologic
Development of Playa
Lake Basins in the
Southern High Plains

By Warren W. Wood

Most of the more than 25,000 shallow
playa lake basins on the southern High
Plains of Texas and New Mexico probably
have developed by subtle hydrologic proc-
esses of dissolution and micropiping (ero-
sion below the land surface that is caused
by water moving through the aquifer).
Recognition that these basins were devel-
oped by, and are related to, hydrologic
processes illustrates the dynamic role of
ground water in geomorphic processes and
provides insight into mechanisms of
recharge and potential contamination path-
ways of a major aquifer system in the
United States.

Hypotheses about the origin of these
playa lake basins include buffalo wallows,
meteorite impacts, dissolution of deeply
buried salt, and wind blowouts. Hydrolo-
gists of the USGS studying geochemistry
of gases in the unsaturated zone in
the southern High Plains observed a
carbon-dioxide-concentration distribution,
a carbon-isotope composition, and carbon-
dioxide outflow that could only be
explained by particulate organic materials
entering the unsaturated zone along with
recharging surface water.

This conclusion ultimately led to a
hypothesis that playa basins developed by

Figure 11. Flow diagram illustrat-

ing input of various types of
data, development of a data
base of registered data sets,

and spatial data analysis used in
generating thematic information

and products for multiple
applications.

Significant Accomplishments of Research Programs: 1987

39



Aerial photograph of the playa
lake area in the Southern High
Plains of West Texas in early
spring. (Photograph by Warren
W. Wood, U.S. Geological
Survey.)

movement of clay and silt-sized organic and
inorganic material from the surface into the
unsaturated zone, thus enlarging the vol-
ume of the basin. The organic material
introduced into the unsaturated zone oxi-
dized to form carbon dioxide, which reacted
with water to form carbonic acid. The acid
in turn dissolved calcium carbonate cement
in the aquifer. Dissolution of carbonate
minerals provided additional void space for
material transported from the surface and
also caused the destabilization of the skel-
etal framework of the aquifer that pro-
motes subsidence and micropiping, which
further enlarged the catchment area of the
basin.

The proposed hydrologic model of the
development of the basins explains their
distinet alignment along lineaments, their
presence in an active drainage system,
their propensity to form a circular shape,
and the lack of saline-mineral buildup in the
lacustrine sediment. The model also
explains their development anywhere on a
hillslope, the absence of leeward dunes at
most of the basins, the dissolution of caliche
below many of the basins, and other fea-
tures that have been difficult to explain
with other hypotheses.

40  U.S. Geological Survey Yearbook 1987

The measurement of seemingly unre-
lated gases in the unsaturated zone has
provided a solution to a vexing geomorphic
problem and useful insight into the hydrol-
ogy of a major aquifer system. The recog-
nition that as much as 80 percent of the
water that collects in the basin is recharged
to the aquifer, rather than evaporating as
had been previously assumed, provides
insight on how the Ogallala aquifer receives
recharge in the Texas-New Mexico area
and calls for care in using playa lake basins
for the disposal of waste products.

Earthquakes and
Ground Water: Water
Wells as Strainmeters

By John D. Bredehoeft

As part of an extensive earthquake
prediction experiment that the U.S. Geo-
logical Survey is conducting in the Park-



field, California, area, scientists drilled a
network of water wells at seven sites in the
vicinity of Parkfield to monitor water lev-
els. These wells, which are being continu-
ously monitored, have turned out to be
very sensitive volume strainmeters.

At all of these sites, water levels are
monitored at depths ranging from approx-
imately 289 to 820 feet. Six of the deeper
wells show clearly identifiable tidal signals
that range from one to several inches in
amplitude. A shallower water level, less
than 164 feet in depth, is also measured at
five of the sites. At these seven sites,
barometric pressure, rainfall, and water
levels are measured every 15 minutes.
Data are acecumulated for 4 hours and then
transmitted, via GOES satellite, over a
USGS data network to the Survey offices
in Menlo Park, California, where the data
are analyzed with the intent of using this
information as an indicator for predicting
the next Parkfield earthquake, which has
been forecast to occur between 1985 and
1993 and most probably in 1988.

The clearest tectonic event observed
to date, using water-level data, was an
earthquake at Kettleman Hills near Coa-

linga, California, that occurred in August

1985. This earthquake epicenter was about
23 miles to the east of the four Parkfield
wells that were in operation at the time. A
coseismic drop in water level was observed
in each of the four wells. Using a simple
computer model, USGS hydrologists calcu-
lated what the expected water-level change
would have been in the four wells. The
simple-model calculations computed a
response within a factor of 2 for all of the
wells. This close correlation was a pleasant
surprise, since the geology between Kett-
leman Hills and the four wells is quite
complex; in fact, one of the wells is situated
across the active trace of the San Andreas
fault from Kettleman Hills.

In addition to the Kettleman Hills co-
seismic water-level changes, a number of
water-level changes have been observed
that correlate with observed surface-creep
events. One of these events, in February
1987, was followed in the next 12 hours by
a sequence of small earthquakes in the
vicinity of the wells. These correlated
events, along with similar well-documented
experience of the Chinese and calculations
from a number of fault-mechanics computer
models, suggest strains may well be pre-
cursors to earthquakes. Interestingly, the

water-well strain information from several
creep events suggests that the strains may
be larger at depth than the surface creep-
meters can register.

The water-well strain network at
Parkfield is gradually being expanded.
Four or five more wells, in addition to the
seven currently being monitored, are
planned for the network. One well, a 5,250-
foot-deep exploratory oil well (no signifi-
cant oil found), is being reopened by the
USGS. It is located less than a mile east of
the fault near Parkfield. This well has a
substantial well-head pressure of approxi-
mately 125 bars (1,800 pounds per square
inch).

The water well is proving to be an
interesting and sensitive volume strain-
meter. Wells drilled in any number of geo-
logic settings can have good Earth-tide
fluctuations, indicating good sensitivity to
strain. The only requirement is a confined
aquifer and enough permeability so that
the well will fluctuate at tidal frequencies
twice daily. The success of water wells as
strainmeters is an encouraging and excit-
ing development for earthquake prediction,
as well as for other aspects of engineering
geology and rock mechanics.

Topographically
Influenced Air
Circulation in Open
Boreholes at Yucca
Mountain, Nevada

By Edwin P. Weeks

Topographically influenced air circula-
tion may occur through the fractures in
unsaturated rocks that form Yucca Moun-
tain in Nevada. These highly fractured
rocks are under consideration by the U.S.
Department of Energy as the host medium
for a potential high-level radioactive waste
repository, and this circulation phenome-
non may affect their suitability for such
usage. .
During winter, cold, dry air enters the

highly fractured outcrops along hillsides,

picks up heat and moisture, and then exits
through the hillerests because the warm,
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moist air in the rocks is less dense than the
air in the surrouriding atmosphere. During
summer, the flow reverses to some extent,
with hot, dry air entering the rocks at the
hillerest, losing heat to the cooler rocks,
and exiting through the hillside outerops.
In each case, the air entering the mountain
is generally drier than the air exiting,
resulting in a net drying effect. This effect
may be sufficient to dry the rocks to below
the moisture content at which water drains
by gravity, reducing the potential for
deeply percolating water to leach radionu-
clides from the wastes and transport them
to the ground-water reservoir. A negative
aspect of this air circulation process is that
gaseous radionuclides would be trans-
ported to the atmosphere more quickly
than if gaseous diffusion were the only
transport mechanism for such releases.

The -potential for this effect was first
recognized from dramatic air- exhaust
observed in two boreholes drilled in unsa-
turated rock at the crest of Yucca Moun-
tain. During winter, these wells typically
discharge warm, moist air into the atmo-
sphere at a velocity of about 10 feet per
second. These discharges varied with time
but were continuous from the two wells to
the atmosphere over a 10-day observation
period in February 1986. Net water-vapor
discharge from the formation through the
wells was calculated to be about 66 gallons
of water per day. Although summertime
circulation was much less, oscillating
between air intake to the wells and exhaust
from the wells at velocities no greater than
5 feet per second, summer drying effects
are substantial.

Research Related to
Radioactive-Waste
Disposal in Bedded-
Salt Environments

By Peter B. Davies

Current USGS research on radio-
active-waste disposal in bedded-salt envi-
ronments is focusing on understanding the
ground-water flow system in the vicinity of
a waste-repository site in southeastern
New Mexico. The Waste Isolation Pilot
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Plant (WIPP) is a U.S. Department of
Energy project that is intended to provide
a facility both for the permanent disposal of
approximately 6 million cubic feet of trans-
uranic waste from defense-related activi-
ties and for research on the interaction of
high-level waste with a bedded-salt envi-
ronment. In the event of a repository
breach, ground-water flow would provide
the primary method for transporting radio-
nuclides beyond the immediate site area.

Ground-water flow in bedded-salt
environments is complex. Dissolution of
highly soluble evaporite minerals creates
substantial spatial variation in fluid den-
sity. Under these conditions, ground-water
flow is driven not only by fluid-pressure
differentials but also by gravitational
forces. Standard techniques for analyzing
and simulating ground-water flow are
based on the assumption that the effects of
density-related gravity are insignificant.

Recent Survey research has produced
an analytic technique for assessing the rel-
ative magnitude of such gravity effects in
variable-density flow systems. Application
of this new technique to the bedded-salt
environment in the WIPP area, coupled
with variable-density computer simula-
tions, has revealed significant errors in the
flow patterns predicted by standard tech-
niques. In a critical area along the flow
paths leaving the site, flow directions pre-
dicted in previous studies may be in error
by as much as 170 degrees and flow mag-
nitudes may be underestimated by as much
as a factor of 10.

The primary conduit for ground-water
flow in the WIPP area is a 26-foot-thick
dolomite unit. Until recently, this dolomite
unit was thought to be vertically isolated
from other components of the flow system.
Transient cross-sectional flow simulations
have demonstrated the importance of small
but significant vertical fluxes in the dynam-
ics of flow within both the dolomite unit and
the total flow system. In addition to simu-
lating ground-water flow, USGS personnel
are currently assessing the geochemical
characteristics of the ground-water flow
system using a recently developed com-
puter program specifically designed to
characterize chemical variations in the
highly saline waters that are characteristic
of bedded-salt environments.

As a result of the WIPP project
research, techniques have been developed
that have broader application to the under-



standing of ground-water flow in other
bedded-salt environments and to the com-
mercial radioactive-waste disposal pro-
gram. The research on variable-density
ground-water flow also is applicable to the
evaluation of localized hazardous-waste
sites in which high concentrations of
dissolved-waste constituents produce sig-
nificant changes in fluid density.

Removing Organic
Contaminants from
the Subsurface by

Inducing Air-Phase
Transport

By Arthur L. Baehr

Toxic organic liquids such as gasoline

and industrial solvents enter the subsur- .

face in a variety of ways, including leakage
from underground storage tanks and acci-
dents involving pipelines and tank trucks.

Remedial action generally includes an
effort to physically recover the spilled
product; however, significant quantities of
the spill can remain trapped between soil
particles. Unfortunately, the threat posed
to ground water may persist even if the
organic liquid is immobilized in the unsatu-
rated zone because the solubilized portion
of the spill can later enter ground water
during recharge or during high stages of a
fluctuating water table. Thus, in environ-
mentally sensitive areas, a secondary
recovery method is required to reduce the
possibility of ground-water contamination.

Many organic substances exhibit sig-
nificant volatility; thus they could be
removed by inducing air movement in the
unsaturated zone. An air-flow field can be
established in the unsaturated zone by
using paired boreholes through which air
can be injected and withdrawn. Air laden
with organic vapors moves along the
induced flow path toward boreholes where
it is withdrawn, analyzed, treated, and (or)
released to the atmosphere, thus removing
the contaminant from the subsurface. This
fledgling technology has been successfully
used to remove gasoline hydrocarbons and
chlorinated solvents from unconsolidated
unsaturated zones. Further research is
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