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FOREWORD

National Water Summary 1986—Hydrologic Events and Ground-Water Quality is the fourth
in a series of annual reports that describe the conditions, trends, availability, quality, and use of
the Nation’s water resources. This year’s report continues a discussion, begun in the 1984 National
Water Summary, of principal aquifers in each State by assembling available information about the
existing water quality of each aquifer, the location of major areas of known contamination and potential
sources of contamination, and steps being taken by the States to manage their ground water. This
subject is particularly timely because of the growing national awareness and concern that this important
source of water supply is vulnerable to contamination by toxic industrial, domestic, and agricultural
wastes.

The U.S. Geological Survey has been engaged in the study of the quantity and quality of
ground-water resources of the United States for more than a century. Survey geologists early noted
the importance of hydrogeologic information to the search for ground-water supplies in the plains
country around Denver, Colo. S.F. Emmons, Geologist-in-Charge of the Division of the Rocky
Mountains, included the following observation in his 1884 annual report to Director John Wesley
Powell:

The practical bearing of this study [of the Denver
water supply] is not confined to Denver, but extends
to the whole region of the great plains. While the
existence of a synclinal basin has long been known
to us from the hasty observations one makes in simply
passing over the country, accurate and reliable maps
and profiles are an indispensible basis for the obser-
vations which shall determine the true source of the
water supply. the amount and quality that may be
expected from different geologic horizons, and the
most favorable points for sinking artesian wells; it
is in large degree owing to the want of this accurate
preliminary knowledge that the money already
appropriated by Congress and spent in sinking artesian wells upon the plains of
Colorado has been so barren of practical and definite results. (U.S. Geological
Survey, 1885, Fifth Annual Report of the United States Geological Survey to the
Secretary of the Interior 1883-1884. p. 45-46.)

More than 100 years later, information about the quantity, quality, and use of the Nation’s
ground-water resources continues to be the foundation of sound ground-water-management practices.
Much of the U.S. Geological Survey’s efforts have been devoted to characterizing the ground-water
resources by assessing the amount and quality of water available for development. These efforts
have been supported by research into the physical, chemical, and biological processes that control
ground-water movement and the changes in water quality that take place naturally and as a result
of human activities.

On an annual basis the U.S. Geological Survey is currently measuring ground-water levels
at about 33,000 wells, determining chemical quality of water samples from about 9,000 of these
wells, and conducting hundreds of ground-water investigations. Much of this work is carried out
through the Survey’s Federal-State Cooperative Program, a program of water-resources investiga-
tions and data-collection activities conducted on a cost-sharing basis with about 950 State, regional,
and local water-management agencies.
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Over the past decade, the major emphasis in U.S. Geological Survey ground-water programs
has shifted significantly from determining availability of ground water to understanding the factors
that affect the quality of ground water. Although we have learned much about the principles governing
the movement of water through aquifers, much remains to be learned about the changes in inorganic
and organic chemicals as they are transported through the subsurface environment by ground water.
For example, a hydrologist, given knowledge of the aquifer medium, can easily predict water levels
between two points of measurement. Unfortunately, we do not yet have a theoretical basis for
predicting whether contamination occurs between two points where contamination has been detected.
The only alternative is to obtain many point observations by drilling test wells—a very costly
procedure.

For this reason, knowledge about the prevalence of toxic substances in ground water at the
national scale is limited. Most information has come from the study of individual sites where con-
tamination has been found. However, there are a number of reasons to believe that the extent of
known ground-water contamination will increase in the next few years. First, the number of ground-
water users will continue to increase. Second, society is now conscious of the problem, and water-
management agencies, using sensitive analytical methods, will be looking harder at the water quality
of ground-water supplies than they have in the past. Third, ground water moves relatively slowly,
and chemicals from waste sites abandoned decades ago may begin to appear in water-supply wells
miles away from the waste site. Thus, in the short run, the ground-water-contamination situation
may appear to get worse despite increasing efforts devoted to ground-water protection by State and
Federal regulatory and resource-management agencies and to the mitigation of ground-water
contamination.

The proposed ground-water protection programs are based, of necessity, largely on existing
knowledge that ranges widely in completeness across the Nation. In the future, more detailed infor-
mation will be needed to design appropriate management and protection plans and to evaluate their
effectiveness. The U.S. Geological Survey, through its Federal-State Cooperative Program of water-
resources investigations, its hydrologic research programs, and other related programs, will continue
to assist State and local agencies by providing hydrologic data, information on hydrologic processes,
interpretation of investigation results, and training. In this way the Survey plans to continue to fulfill
its century-old mission to help the Nation in the wise use and management of its vital ground-water
resources.

Suggestions about themes for future National Water Summary reports and comments regarding
the contents, style, and usefulness of this series of reports are welcome and encouraged. Remarks
should be addressed to the Chief Hydrologist, U.S. Geological Survey, 409 National Center, Reston,
Virginia 22092.

Director
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Tiny ice particles coat the huge cottonweed trees in
Carson City, Nevada, following a midwinter ice fog
that is called *’pogonip’’ by the Shoshone people of
western North America. This rural setting, which
is only 1.2 miles east of the Nevada State Capitol
building, persists in 1987 partly because urban
growth in the small valley is limited by the available
water supply. The shallow stock well, driven by the
windmill, draws water from unconsolidated alluvial
deposits of Pleistocene age; these deposits also are
tapped by deeper public-supply wells. (Photograph
by A. S. Van Denburgh, U.S. Geological Survey.)



OVERVIEW

round water is one of the most important

natural resources of the United States and

degradation of its quality could have a major

effect on the welfare of the Nation.
Currently (1985), ground water is the source of
drinking water for 53 percent of the Nation’s
population and for more than 97 percent of its rural
population. It is the source of about 40 percent of the
Nation’s public water supply, 33 percent of water for
irrigation, and 17 percent of freshwater for self-
supplied industries.

Ground water also is the source of about 40
percent of the average annual streamflow in the United
States, although during long periods of little or no
precipitation, ground-water discharges provide nearly
all of the base streamflow. This hydraulic connection
between aquifers and streams implies that if a persis-
tent pollutant gets into an aquifer, it eventually could
discharge into a stream.

Information presented in the 1986 National
Water Summary clearly shows that the United States
has very large amounts of potable ground water
available for use. Although naturally occurring
constituents, such as nitrate, and human-induced
substances, such as synthetic organic chemicals,
frequently are detected in ground water, their
concentrations usually do not exceed existing Federal
or State standards or guidelines for maximum
concentrations in drinking water.

Troublesome contamination of ground water
falls into two basic categories related to the source or
sources of the contamination. Locally, high concen-
trations of a variety of toxic metals, organic chemicals,
and petroleum products have been detected in ground
water associated with point sources such as waste-
disposal sites, storage-tank leaks, and hazardous
chemical spills. These types of local problems com-
monly occur in densely populated urban areas and in-
dustrialized areas. Larger, multicounty areas also have
been identified where contamination frequently is
found in shallow wells. These areas generally are
associated with broad-scale, or nonpoint, sources of
contamination such as agricultural activities or high-
density domestic waste disposal (septic systems) in
urban centers. At present, only a very small percen-
tage of the total volume of potable ground water in
the United States is contaminated from both point and
nonpoint sources; however, available data, especially
data about the occurrence of synthetic organic and
toxic substances, generally are inadequate to deter-
mine the full extent of ground-water contamination in
the Nation’s aquifers or to define trends in ground-
water quality. Most information about the occurrence
of these substances has come from the study of
individual sites or areas where contamination had
already been detected or suspected.

Management and protection of ground water
present a major challenge to the Nation. Current
and projected costs of detection and cleanup of existing
ground-water contamination are staggering and,
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even so, complete removal of pollutants from ground
water in the vicinity of some waste sites might not be
technically feasible. At all levels of government, the
task of protecting the resource for its most beneficial
uses is difficult and controversial.

Despite increasing awareness that some of the
Nation’s ground water is contaminated with a variety
of toxic metals, synthetic organic chemicals,
radionuclides, pesticides, and other contaminants that
might present a long-term risk to human health, public
policy towards ground-water protection is still in the
formative stages. Despite increasing efforts devoted
to ground-water protection by State and Federal
regulatory and resource-management agencies, the
extent of ground-water contamination is likely to
appear to increase over the next few years because
more agencies will be searching for evidence of
contamination, and they will be using increasingly
sensitive analytical procedures. Increased technology
and expanded monitoring activities probably will detect
the effects of past contamination and land uses on water
quality. The significant time lag between a water-
quality change in one part of an aquifer system and
the effects of that change at a downgradient site, such
as a well, results from the generally slow movement
of ground water. This lag between cause and observed
effect needs to be considered in evaluating the effec-
tiveness of current and future ground-water policies
and remedial measures.

Conclusive answers to questions about the loca-
tion, extent, and severity of ground-water contamina-
tion, and about trends in ground-water quality, must
await further collection and analysis of data from the
Nation’s aquifers. Generalizations, however, can be
made, and the 1986 National Water Summary, which
describes the natural quality of ground-water resources
in each State and the major contamination problems
that have been identified as of 1986, provides a
national perspective of the ground-water-quality
situation.

The 1986 National Water Summary follows
the format of previous volumes. It contains three parts,
and the contents of each of these parts are highlighted
below.

HYDROLOGIC CONDITIONS AND WATER-
RELATED EVENTS, WATER YEAR 1986

The 1986 National Water Summary documents
a selection of 91 water-related events and conditions
during the water year. Weather-related events caused
more than $10.5 billion in economic losses nationwide.
Of this amount, flood damages were more than
$6 billion—the highest incurred since such records
began—and 3 times the yearly average during
1976-85. Flood-related fatalities totaled 208, just
above the national average of 200 lives per year. Flash
floods accounted for 80 percent of the deaths.

Intense regional extremes of wetness and
dryness characterized the 1986 water year. Most
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noteworthy was the drought that dominated much of
Southeastern United States. The drought resulted from
a weak and variable flow in the subtropical jet stream
over the Southeastern United States and the absence
of low-pressure troughs over the lower and middle
Mississippi River valley, which brought fewer than
normal large-scale cyclonic storms from the Gulf of
Mexico. Persistent rainfall deficiencies (as little as 65
percent of normal) during 1985, followed by very low
rainfall in the winter and spring of 1986, led to severe
drought during the summer months over much of the
region.

Initially, the drought was limited to small
areas in eastern Tennessee and the western Carolinas,
but by mid-July 1986, extreme dry conditions were
present through most of Georgia, the Carolinas,
Virginia, Maryland, eastern Alabama, eastern
Tennessee, and southeastern Kentucky. During July
and August, many streams in northern Georgia and
the eastern Carolinas had their lowest seasonal flows
of record. The cumulative streamflow from October
1985 to August 1986 was less then 40 percent of
normal in a band extending from Mississippi to North
Carolina. Many reservoirs were at below-normal
summer levels. Low-flow conditions resulted in
increased water temperatures and lowered dissolved-
oxygen concentrations and pH in many streams.
Several States reported fishkills, water-odor problems,
and excessive aquatic weeds. Ground-water levels in
the drought-affected areas generally were below
normal, especially in parts of southwest Georgia where
new record low levels were set during August. The
drought severely affected agriculture and resulted in
estimated economic losses in the Southeast exceeding
$1 billion. Communities in Georgia and the Carolinas
experienced water-supply shortages. As a result, most
Southeastern States established a variety of drought
contingency plans. By late August and early September
1986, however, sufficient precipitation fell to
effectively end the drought.

In contrast to the dry Southeast, wet conditions
in a region encompassing the northern Great Plains
and upper Mississippi River valley continued with
unusual persistence. Above-normal streamflow has
prevailed across this region for 5 consecutive years.
Historically, several 6-year sequences of above-normal
streamflow and one 12-year drought (around the
1930’s) have occurred in this area. In the western
Rocky Mountains, mainly in Utah and in western
Colorado, 5 consecutive years of above-normal
streamflow occurred, which led to a record-high
elevation for the Great Salt Lake—4,211.80 feet above
sea level on June 1, 1986. The lake has risen 12.15
feet in less than 4 years resulting in extensive flooding.

In addition to the Southeast drought, water year
1986 included a number of other significant hydrologic
events. In November 1985, the remnants of Hurricane
Juan mingled with a low-pressure area moving in from
the west and the entire system stalled over the
Appalachian Mountains. From November 1 through
6, this unusual combination of weather systems caused
rainfall in excess of 18 inches over the western areas
of Virginia and 12 inches in West Virginia. The worst

of the resultant flooding occurred in West Virginia,
where the 100-year recurrence interval was exceeded
in many areas. On August 6, 1986, a severe
thunderstorm, focused in a narrow band 1 to 4 miles
wide and 12 miles long, caused record flooding in
Milwaukee, Wis. More than 5 inches of rainfall fell
in 2 hours, inundating Milwaukee County Stadium
(home of the Milwaukee Brewers baseball team) up
to the fourth row of box seats. Torrential
thunderstorms that began on September 10, 1986,
dumped more than 10 inches of rain over a
3,500-square-mile area of the Lower Peninsula of
Michigan, causing more than $400 million in damages.
Crop damage was severe, and abnormally high
precipitation for the remainder of September prolonged
inundation of some agricultural land and prevented the
salvage of many crops.

One of the most dramatic hydrologic events in
the United States during this century occurred on May
29, 1986, when the Hubbard Glacier, which had been
advancing across the mouth of Russell Fiord,
completely sealed the entrance to the fiord, in the
Tongass National Forest near Yakutat, Alaska. Russell
Fiord (transformed by the ice dam into Russell Lake)
filled rapidly, giving rise to the possibility that by 1987
the elevation of the lake would be so high that it would
discharge into the neighboring Situk River basin with
serious ecological and economic consequences. On
October 8, 1986, before this could occur, the Hubbard
Glacier ice dam failed and produced what was perhaps
the greatest short-lived discharge of water in North
Anmerica since glacial-lake outburst floods occurred
at the end of the Pleistocene Epoch (about 10,000 years
ago). Continued glacier advance, repeated damming
of Russell Fiord, overflow from the impoundment into
the Situk River, and eventual glacier advance into
Disenchantment Bay and Russell Lake, are highly
likely future occurrences.

Natural radioactivity and its effects on human
health recently have become a major environmental
concern because of the discovery of widespread
occurrence, especially in Eastern United States, of the
radioactive gas radon in the air of homes at
concentrations that exceed the U.S. Environmental
Protection Agency’s recommended maximum levels.
A less publicized but also important health hazard is
the presence in ground water of naturally occurring
radioactive substances. In addition to radon, large
concentrations of dissolved radionuclides have been
detected in some ground-water supplies throughout the
United States. Although much is known about the
theoretical geochemistry of radionuclides in ground
water, predicting the amount of radionuclides in a
particular ground-water supply is very difficult because
of the strong influence of local geologic, geochemical,
and hydrogeologic conditions. More data are needed
particularly in rural areas where individual wells or
springs are the usual sources of household water.
Fortunately, conventional methods for treating raw
water for some other contaminants also are effective
in removing radionuclides found in ground water.

Water year 1986 marked both an anniversary
and a beginning in the history of western water



development. Hoover Dam, the Nation’s highest and
third-largest concrete dam, began its second 50 years
of operation. The structure—identified by the
American Society of Civil Engineers as one of the
Nation’s seven modern civil engineering wonders—
dams the Colorado River between Nevada and Arizona
near Las Vegas, Nev., forming 100-mile-long Lake
Mead and impounding a volume of water nearly
equal to 2 years of normal Colorado River flow. Now
a National Historic Landmark, Hoover Dam continues
to meet vital water-supply, power-production, and
flood-control needs in the southwestern United States.

The Central Arizona Project delivered its
first water to the Phoenix area on November 15, 1985,
marking the completion of the first section of this
major interbasin diversion from the Colorado River.
The project, under construction by the U.S. Bureau
of Reclamation and the State of Arizona, consists
of three sections: the now-completed 190-mile-long
Granite Reef Aqueduct; the partly completed Salt—
Gila Aqueduct; and the Tucson Aqueduct, which
is projected to be completed in 1991. When the entire
aqueduct system is in operation, it will provide
60 percent of Arizona’s surface-water supply, which
will replace about two-thirds of the present ground-
water withdrawal in the State.

HYDROLOGIC PERSPECTIVES ON
WATER ISSUES

The hydrologic perspectives part of the 1986
National Water Summary provides an introduction
to some of the technical and institutional issues that
must be considered in developing ground-water-
management programs. It also provides background
information for the ‘‘State Summaries of Ground-
Water Quality.”’

WATER-QUALITY ISSUES

The natural chemical quality of ground water
is determined largely by the types of rock through
which the water moves. Thus, the water chemistry
observed in aquifers can be attributed to one or
more combinations of these natural processes—
dissolution and precipitation, oxidation-reduction
reactions, ion exchange, biological activity within
an aquifer, and mixing of ground waters of different
compositions.

The vulnerability of an aquifer to contamination
from land-surface or near-surface sources mainly
depends upon the extent and location of recharge
areas in relation to contamination sources, depth
to the ground-water body, the composition of the
soil and rocks overlying the aquifer, the recharge rate,
and the potential for biodegradation of contaminants.
Most dissolved contaminants move with the ground-
water flow. Therefore, the ground-water flow
system must be defined in order to determine the
flow path of the solutes. Aquifers that have solution
openings permit relatively rapid transport of pollutants
from the surface and, thus, are very susceptible to

National Water Summary 1986— Ground-Water Quality: OVERVIEW 5

contamination. Where soil mantles are thin or
nonexistent and where ground water is relatively close
to the surface, recharge rates can be rapid with little
or no opportunity for pollutants to degrade or to be
adsorbed on the rock materials. Once in the ground
water, contaminants can move away from their source
at the rate of ground-water flow with little alteration.
Karst terrain, for example, which occupies nearly half
of Kentucky, permits surface flows to enter ground-
water systems directly through sinkholes and solution
openings in subsurface limestone. In the past,
sinkholes have been used as local waste dumps or for
drainage sumps to carry away storm-water runoff from
urban and agricultural areas, which resulted in the
contamination of springs and wells by bacteria,
nutrients, and whatever other contaminants were in
the wastes. Similar conditions are found in many other
parts of the United States including Alabama,
Arkansas, Florida, Georgia, Missouri, and Tennessee.

Florida’s hydrogeologic features, which are
typical of many areas, include a thin soil layer, thick
permeable sand overlying porous limestone aquifers,
high water table, and large amounts of rainfall. These
features make Florida’s ground water particularly
vulnerable to contamination from land-use activities
associated with its rapidly expanding population.
Aquifers in alluvial and terrace deposits in Oklahoma
and valley-fill aquifers in New Mexico are other
examples of ground water vulnerable to contamination
because soils are thin or highly permeable and water
tables are shallow.

Glacial-drift aquifers, which underlie much of
the north-central and Northeastern United States, are
very susceptible to contamination from surface
activities. The same hydrologic characteristics that
cause these aquifers to be sources of relatively large
supplies of ground water facilitate the entry and
migration of contaminants. The combination of
relatively large transmissivity, shallow water table,
absence of confining beds, thin and pervious soils, and
their hydraulic connection with surface-water bodies
significantly increases the potential for glacial-drift
aquifers to become contaminated.

Deep, confined aquifers generally are much
less vulnerable to contamination than are unconfined,
shallow aquifers because the deep zones are more
protected and isolated from pollution sources by
the rock materials that constitute the confining beds.
However, confined aquifers can be contaminated
by sources located in their recharge areas or by sources
that originate in the deep subsurface, such as leaking
well casings, or features, such as permeable fault
zones, that bypass natural geologic barriers. Aquifer
recharge areas are extremely important because
dumps and leaking storage tanks in these areas
could release contaminants directly into the aquifer.
The location of recharge areas, however, may be
not be static; existing discharge areas can be converted
into ‘‘new’’ recharge areas as a result of large
withdrawals from wells that alter local or regional
hydraulic gradients and flow directions.

Once contaminated, ground water is very
difficult and expensive to cleanup. The selection of
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the best cleanup technology can be assisted by
computer-based models that predict the movement of
contaminants in ground water, although more research
is needed to improve the existing understanding of
solute-transport processes. The lack of relevant
hydrologic, geologic, and chemical data at many sites
unfortunately can severely limit the ability of scientists
to use these predictive models effectively.

At some sites where contamination is a serious
problem, contaminants have spread through the aquifer
beyond any practical capability for intercepting or
removing them. At such sites, the most practical
strategy from a technological point of view might be
to cleanup the source of contamination, monitor and
track the location of the contaminated water, and await
the slow natural flushing of the aquifer system while
protecting it from further degradation. At other sites,
the aquifer conditions and the type of contamination
may allow contaminants to be removed at acceptable
costs. The least costly strategy for the future will be
to protect valuable aquifers from contamination rather
than attempting to clean them up after they are
contaminated. Whatever approach to ground-water
contamination is used, the keys to a successful strategy
are reliable data and an adequate understanding of the
ground-water-flow system.

Six studies from the U.S. Geological Survey’s
Toxic Waste—Ground-Water Contamination Program
are used to illustrate some of the complexities in
finding and controlling ground-water contamination.
One article describes a plume of contaminated ground
water more than 2 miles long that has been created
by 50 years of disposal of effluent from a sewage-
treatment plant on Otis Air Base, Cape Cod, Mass.
About 2.6 billion cubic feet of the Cape Cod sole-
source aquifer has been affected by the disposed
sewage. Low transverse dispersion in the aquifer has
restricted the contaminants to a narrow, thin plume.
This limited mixing has resulted in high contaminant
concentrations in the core of the plume as far as 1 mile
downgradient of the disposal site and in steep chemical
gradients between the contaminant plume and
surrounding uncontaminated water. This plume is an
example of the contamination that can occur in a
shallow, permeable, unconfined aquifer—the type of
aquifer contaminated at many sites in Northeastern
United States.

The complexities of investigating and
delineating the extent of organic contaminants in
ground-water systems contribute to making aquifer
cleanup and restoration an interdisciplinary and long-
term task. The complexities presented by organic
contaminants are exemplified by five studies in diverse
geographic locations. In Pensacola, Fla., at an
abandoned wood-preserving plant, creosote wastes
containing numerous organic compounds have
infiltrated into the subsurface from surface
impoundments. The organic compounds are abundant
in the ground water, although some are being
selectively degraded by microbial activity, possibly
sorbed into aquifer sediments, and thus removed from
the aqueous phase. Contamination extends to a depth
of 110 feet below land surface and about 1,200 feet

downgradient from the impoundments. The waste
plumes are much less extensive, both areally and
vertically, than would be expected from estimates of
ground-water velocity.

In St. Louis Park, Minn., a suburb of
Minneapolis, the site of a coal-tar distillation and
wood-preserving plant provides a clear illustration of
the interaction between ground-water pumping and
contamination. Between 1918 and 1972, creosote-like
coal-tar compound fluids accumulated in the glacial-
drift aquifer, and by 1978, trace amounts of coal-tar
compounds, including suspected carcinogens, were
detected in public-supply wells completed in the deeper
Prairie du Chien—Jordan aquifer. Coal-tar derivatives
had migrated into the Prairie du Chien—Jordan aquifer
because of local reversals in the regional hydraulic
gradient caused by ground-water withdrawals and
because of the flow of water through wells that tap
several other aquifers in which contamination was
present. A management plan, aided by computer
simulations of ground-water flow, has been devised
to accomplish two objectives—to control the hydraulic
gradients and, thereby, alter the direction of
contaminant transport in the Prairie du Chien—Jordan
aquifer, and to treat contaminated water from the
public-supply wells for subsequent use.

Agricultural productivity on lands overlying the
High Plains aquifer system depends heavily on the use
of fertilizers and organic pesticides and herbicides.
These chemicals, however, pose a threat to ground-
water quality of the region. In a study of six areas of
the High Plains aquifer in Nebraska, the statistical
relation of nitrogen and triazine (a herbicide) in
ground-water samples to land use and hydrogeologic
variables was examined. Three independent
variables—well depth, irrigation-well density, and
nitrogen-fertilizer use—explained 51 percent of the
total variation in the nitrate concentrations. When
correlated with triazine-herbicide concentration, nitrate
concentration alone explained in a statistical sense 61
percent of the variation in the herbicide concentrations,
suggesting that nitrate concentration might be an
inexpensive test to identify areas with similar potential
for triazine-herbicide concentrations in ground water.

In the New Jersey Coastal Plain, the most
extensively used aquifer for water supply is the
Potomac-Raritan-Magothy aquifer system. The
recharge area of the aquifer, which parallels the
Delaware River, is heavily industrialized with
numerous landfills, surface impoundments,
petrochemical storage tanks, and industrial facilities.
Specific groups of contaminants detected in the aquifer
appear to be associated with land uses in the outcrop
area. For example, between Perth Amboy and
Trenton, N.J., volatile organic compounds (mostly
industrial solvents, degreasers, or fuels) were
associated most closely with urban land, whereas
pesticides (3 organochlorine insecticides and 2 triazine
herbicides) were found more frequently in agricultural
areas. The presence of the organochlorine insecticides
reflects their long-term persistence in the environment
even though the use of these insecticides has declined
significantly during the past 20 years.



A similar study of the Upper Glacial aquifer
on Long Island, N.Y., also demonstrated strong
associations between land uses and ground-water
contamination. Ground water from undeveloped areas
had the lowest concentrations of inorganic chemical
and volatile organic compounds. Trichloroethylene,
tetrachloroethylene, and 1,1,1-trichloroethane were
the most common volatile organic compounds
associated with industrial, commercial, institutional,
and high-density residential areas. High-density
residential areas also had the highest median
concentration of chloride and dissolved solids, whereas
agricultural areas had the highest median
concentrations of nitrate and sulfate. The relation of
the occurrence of volatile organic compounds in
ground water to land use and population density
suggests that refinement of land-use and water-quality
relations in specific geographic areas could assist
ground-water-management agencies to identify
potential areas of contamination.

INSTITUTIONAL AND MANAGEMENT ISSUES

For a variety of reasons, ground-water quality
is more difficult to manage and protect than the
quality of surface-water resources. Thus, the problem
of ground-water contamination has challenged the
ingenuity and institutional capacity of government
at all levels in the United States. Ground water moves
slowly and rates of mixing and dilution of contaminants
generally are very small. As a result, pollutant
concentrations in ground water tend to be more
persistent than they are in surface-water systems. The
range of pollutants to be addressed is enormous
and data are limited. Also, from a regulatory point
of view, protecting ground-water quality implies
controlling millions of discharges from waste dumps,
surface impoundments, underground storage tanks,
and a variety of activities of small businesses, farmers,
and even individuals. Although prevention of
contamination is complex and difficult, the
alternative—cleanup of contaminated ground-water—is
extremely costly and not always effective.

Federal agencies such as the U.S. Environ-
mental Protection Agency (Epa) and the U.S.
Geological Survey recognize ground-water
contamination as an important and controversial
issue. EPA’s ‘‘Ground-Water Protection Strategy,”’
issued in 1984, reflects the principal role of the
States in protecting ground water, and the Federal
Government’s responsibility for controlling certain
contaminants and activities affecting ground water,
such as the use of pesticides and the control of
hazardous-waste sites. The Federal Government
also conducts research, sets drinking-water standards,
characterizes the resource, gathers information, and
provides technical and financial assistance to
the States.

A major issue facing Federal, State, and local
government is how to prevent contamination of ground
water. The U.S. Office of Technology Assessment has
defined 33 major source categories of contamination.
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Existing Federal legislation that affects ground water
deals with controlling sources of contamination and
the use of certain chemicals. The Safe Drinking Water
Act Amendments of 1986 encourages States to initiate
ground-water-protection programs and to focus
protection efforts on high-risk areas such as around
public water wells. The aforementioned ‘‘Ground-
Water Protection Strategy’’ fosters the creation of State
ground-water protection strategies, which EPA supports
through the Clean Water Act, Section-106 grants.
Nearly all the States have or are developing protection
strategies.

Another issue being debated is ‘‘how clean is
clean,”’ that is, what kind of protection should be
afforded to ground water. In general, a nondegradation
policy for ground water is technically infeasible,
although such a goal has strong public support. In
recognition of this issue, EPA’s strategy adopts a
differential protection policy, which stresses the
need for greater protection and cleanup efforts
for high-risk, high-use areas. As is clearly illustrated
by the ‘‘State Summaries of Ground-Water Quality’’
in this volume, some ground water is not potable
because of natural quality impairments and does
not need the same level of protection that is needed,
for example, by ground water that is used for drinking
water.. Similarly, the differential protection policy
reflects the recognition that protection actions can be
varied, depending upon the degree to which an aquifer
is vulnerable to contamination. EPA developed a
ground-water classification system as a framework and
guide for applying a differential protection policy in
EPA programs. A similar approach also has been
adopted by about half the States.

Generally, EPA and State agencies have used
drinking-water standards or maximum contaminant
levels or equivalents as the basic standard for
protection and cleanup of ground water. A major
related question is whether or not the same standards
should be used in restoring the ground water around
a Superfund site as are used to protect a source of
public water supply. Distinguishing between standards
for cleanup and prevention and designing ground-water
programs that provide for greater balance between
prevention, restoration, and distribution, may achieve
a greater level of water-supply protection than can be
provided with existing levels of funding for ground-
water programs. Another complex question that
remains to be resolved is: Who pays for the cleanup
of contaminated ground water and for the damages
caused by contamination?

The National Research Council, Committee on
Ground-Water Quality Protection, reviewed selected
State ground-water-protection plans and programs and
identified many promising program elements.
Although no single program covered all desirable
aspects of a model ground-water-protection program
collectively the program elements described by the
committee offer a wide array of presently used
approaches to ground-water-quality management. A
significant conclusion that can be drawn from the
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committee’s review is that the differences in
the States’ physical, social, and political condi-
tions are such that no single strategy for dealing
with ground-water problems can be recommended
for all States or localities. The committee
recommended eight criteria for a comprehen-
sive ground-water-protection program: (1) clearly
stated goals and objectives; (2) a good information
base about the resource and the problems; (3) a
sound technical basis for strategies; (4) actions to
eliminate or reduce sources of contamination; (5)
mechanisms to coordinate actions at different
governmental levels; (6) adequate legal authority
and funding; (7) a process for evaluating economic,
social, political, and environmental impacts; and
(8) credibility with the public.

STATE SUMMARIES OF
GROUND-WATER QUALITY

The State summaries of ground-water
quality, which constitute the final part of the

1986 National Water Summary, illustrate the great
variety of conditions that can exist at the State
and local levels. As mentioned previously, these
State summaries clearly show that the Nation has
very large amounts of potable ground water. In
their discussion of the contamination problem
some State summaries concentrate on local
problems associated with hazardous waste sites,
some on contamination from urban areas, and
others on statewide problems of agricultural
chemicals. These differences of emphasis reflect
the wide variety in hydrogeology, economics, and
contamination threats to be found among the
States. An important lesson to be learned from the
State summaries is that any national policy on ground-
water protection will need to be sufficiently flexible
to address a large number of situations and
concerns, to take advantage of and build upon
existing institutions and laws, and to gain the
support of the public while recognizing the limita-
tions imposed by our currently incomplete
understanding of ground-water resources.

U.S. Geological Survey Water-Supply Paper 2325



INTRODUCTION

ational Water Summary 1986—

Hydrologic Events and Ground-Water

Quality is a continuation of aquifer descrip-

tions presented in the 1984 National Water
Summary (U.S. Geological Survey, 1985). This year’s
report on ground-water quality is organized into three
parts. The first part, ‘‘Hydrologic Conditions and
Water-Related Events, Water Year 1986, provides
a synopsis of the hydrologic conditions and water-
related events that occurred during the 1986 water year
(October 1, 1985-September 30, 1986). Streamflow
variations are compared to precipitation, temperature,
and upper-air atmospheric pressure patterns for the
four seasons of the year to demonstrate the relation
between seasonal climatic regimes and streamflows.
Selected events described in this part include the
blockage of Russell Fiord, Alaska, by Hubbard
Glacier, and the subsequent breakout of the lake that
formed behind an ice dam; floods in Michigan,
Wisconsin, and West Virginia; a severe drought in the
Southeastern United States; the emergence of major
concerns about radon as a health hazard in the home;
and two engineering milestones—the 50th anniversary
of Hoover Dam and the opening of the Central Arizona
Project.

The second part of the report, ‘‘Hydrologic
Perspectives on Water Issues,”” contains two sections.
The first, ‘“Water-Quality Issues,”” describes the major
factors controlling ground-water quality and illustrates,
by six examples, the many ways in which ground water
can become contaminated from point and nonpoint
sources and the water-quality changes that take place
as the contaminants move through the flow system.
The second, “‘Institutional and Management Issues,”’
reports on cutrent thinking by the U.S. Environmental
Protection Agency (EPA) about the Federal Govern-
ment’s role in ground-water protection and also
describes the results of a recent study of State and local
ground-water protection strategies conducted by the
National Research Council.

The third and final part of the report, ‘‘State
Summaries of Ground-Water Quality,”” summarizes
the ambient quality of ground water in the principal
water-supply aquifers and describes the nature and
extent of contamination in each State, the District of
Columbia (combined with Maryland), Puerto Rico,
the U.S. Virgin Islands, the Trust Territories of the
Pacific Islands, Saipan, Guam, and American Samoa.
Information about the dissolved minerals in ground
water generally is available for major aquifers. The
distribution of synthetic contaminants, however,
especially organic compounds, is much less well
known, and the amount of information varies greatly
from State to State. Each of the State summaries has
multicolor maps that show the location of selected
waste sites and areas of ground-water-quality
concerns. The contents of the State summaries are
discussed in the article ‘‘Synopsis of the State
Summaries.”’

To supplement the information provided,
bibliographic references are given at the end of each
article and State summary. Most technical terms used

National Water Summary 1986 — Ground-Water Quality: INTRODUCTION

in this volume are defined in the glossary. Since
numerous text references are made to the national
drinking-water regulations, these regulations are listed
following the glossary. A conversion table of water
measurements, a geologic-age chart, and a list of the
chemical and common names of organic compounds
mentioned in this volume also are provided for the
reader’s convenience.

The 1986 National Water Summary com-
plements other reports, both Federal and non-Federal,
that address the complex issue of ground-water
contamination. A frequently cited report is The Report
to Congress, Waste Disposal Practices and Their
Effects on Ground Water. This EPA report, which
describes the results of a survey of the disposal of
wastes that might endanger water supplies and the
means by which such disposal could be controlled, was
submitted to Congress in fulfillment of the require-
ments of Sec. 1442(a)(4) of the Safe Drinking Water
Act of 1974 (Public Law 93-523). Subsequently, the
report was published in book form (Miller, 1980).

Another overview of ground-water quality was
prepared by staff at the Philadelphia Academy of
Sciences (Pye and others, 1983). Subsequently, the
Office of Technology Assessment (0TA) noted that
ground-water contamination had become the focus of
public attention nationwide. The oTa was asked by
the Congress to assess the current status of the Nation’s
knowledge about ground-water contamination and the
ability of Federal and State programs to deal with the
contamination problem. The resulting report (Office
of Technology Assessment, 1984) concluded that
Federal and State programs generally were concerned
with managing selected point sources of contamina-
tion, regulating specific sets of contaminants, and
protecting public drinking-water supplies. The oTa
recommended that in order to protect the Nation’s
ground water from further contamination, the focus
of those programs needed to be broadened.

A review of the state of scientific under-
standing of transport of ground-water contaminants
by the National Research Council’s Panel on Ground-
water Contamination concluded that the capability to
predict the behavior of chemical contaminants in
ground water is necessary to assess risks associated
with contamination problems and to design effective
techniques to mitigate the problems (National Research
Council, 1984). The study called for research on
transport processes, a more thorough search for
disposal sites that safely isolate toxic wastes from the
biosphere, the segregation and disposal of wastes
according to their hazards and chemical affinities, and
decisions by governmental and industrial organizations
on the location of repositories in which to dispose of
various classes of wastes. At the request of EpA, the
National Research Council established a Committee
on Ground-Water-Quality Protection to examine
various State and local ground-water-protection
strategies. The committee concluded that no single
program reviewed addressed all aspects of ground-
water protection inasmuch as the State approaches to
ground-water protection differ from State to State

9
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because of their physical, social, and political makeup
(National Research Council, 1986). (See ‘‘State and
Local Strategies for Protection of Ground-Water
Quality—A Synopsis’’ in this volume.) The Epa
reports providing information about ground-water
protection activities included an Overview of State
Ground-Water Summaries (U.S. Environmental
Protection Agency, 1985) and a Survey of State
Ground-Water-Quality Protection Legislation, 1985
(U.S. Environmental Protection Agency, 1987).

Finally, the Conservation Foundation issued
the final report of the National Groundwater Policy
Forum and a guide to ground-water poltution prob-
lems, causes, and government responses (Conserva-
tion Foundation, 1986). The forum concluded, as
did previous studies, that the variability of ground-
water resources requires local flexibility in the
approach to contamination problems. In particular, the
forum recommended Federal legislation that would cite
ground-water-quality protection as a national goal.
This theme was repeated by the Environmental and
Energy Study Institute’s examination of ground-water
quality and protection needs (Environmental and
Energy Study Institute, 1986). The institute recom-
mended that the Congress adopt the protection of
ground water as a national goal and also improve the
coordination of existing ground-water information and
technical-assistance activities.
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ReviEw oF WATER YEAR 1986 Hyprorocic CONDITIONS

AND WATER-RELATED EVENTS

By Harry F. Lins, John C. Kammerer, and Edith B. Chase

Surface-water hydrologic conditions and many
water-related events are controlled primarily by
meteorologic and climatic factors. The following
annual and seasonal summaries of hydrologic condi-
tions for water year 1986 are, therefore, described in
a climatic context. Streamflow and precipitation,
expressed as departures from long-term mean or nor-
mal conditions, are depicted on maps for a water-year
overview. These quantities also are presented on a
quarterly basis in seasonal summaries, accompanied
by maps showing temperature as a departure from
average conditions and mean atmospheric pressure

\_ovluer
(}, CoBst —Eagr—
i

conditions near 10,000 feet. The distribution of high-
and low-pressure areas across the United States at about
10,000 feet, recorded in terms of the 700-millibar
pressure surface, or height field, influences the
distribution of surface temperature, precipitation, and,
thus, streamflow. Usually, excessive precipitation and
droughts that persist throughout a season will be
observed in conjunction with persistent high- or low-
pressure conditions in the upper atmosphere. Inasmuch
as these maps depict conditions averaged over a
3-month period, ephemeral events, such as a single
flood resulting from an individual storm, may not be
associated easily with the general upper-level
circulation.

The data used in preparing these summaries
were taken from the following publications: the
National Oceanic and Atmospheric Administration’s
Climate Impact Assessment, United States; Daily
Weather Maps, Weekly Series; Monthly and Seasonal
Weather Outlook; Storm Data; and Weekly Weather and
Crop Bulletin (the last publication is prepared and
published jointly with the U.S. Department of
Agriculture); and the U.S. Geological Survey’s
monthly National Water Conditions reports.
Geographic designations in this article generally con-
form to those used in the Weekly Weather and Crop
Bulletin (see map).

Hydrologic conditions across the United States
during water year 1986 were characterized by intense
regional extremes of both wetness and dryness. The
most notable features included a severe and prolonged
drought in the Southeast, a broad area of very high
streamflows in the northern Great Plains and upper
Mississippi Valley, and a band of much-above-normal
streamflows in the Four Corners area (fig. 14).
Regionally there were many similarities in streamflow
conditions between water years 1985 and 1986. Both
years had below-normal flows in the Southeast and mid-
Atlantic States, Pacific Northwest, and parts of Kansas.
Above-normal flows dominated both years in the
northern Great Plains and upper Mississippi Valley and
in parts of the Southwest. Significantly, however, the
magnitude of the departures from normal increased
dramatically in 1986, especially in the north-central
part of the country and in the Southeast.

By far the most significant aspect of the 1986
water year was the prolonged and severe drought in
the Southeastern United States (see article in this
volume ‘‘Drought in the Southeastern United States,
1985-86""). The drought developed during the winter
and spring seasons when the subtropical jet stream,
normally overlying the Southeast in winter and spring,
turned out to be both weaker and more meandering
than normal. During winter, cyclonic storms, which
typically form in and move through the Gulf and
southeast Atlantic States, were displaced farther north
and west. This effectively deprived much of the
Southeast of its usual abundant winter moisture. During
spring, when the track of the jet stream and surface
storm systems seasonally migrate northward in
response to the weakened temperature gradients across
the mid-latitudes of the northern hemisphere, the
pattern of frequent northward displacement persisted.
Thus, upon entering the season of increasing water
demand due to evapotranspiration and agricultural and
domestic uses, the moisture problem was exacerbated
as relatively weak atmospheric flow over the eastern
United States produced very little precipitation
(fig. 1B).

It is possible to see how more localized
hydrologic conditions fit into the broader regional
patterns by reviewing the graphs of monthly discharges
for selected rivers and month-end storage of selected
reservoirs (figs. 2, 3). Notice, for example, the contents
of the Clinch River Projects reservoir in Tennessee
and Lake Sidney Lanier in Georgia, both of which
are located in the core drought area in the South-
east. In each instance, storage remained below the long-
term median end-of-month value during most of
the year. At the other extreme, the abundant moisture
conditions in the northern and central Great Plains
and upper and middle Mississippi Valley are reflected
in the graph of monthly flows on the Mississippi River
at Keokuk, Iowa, and on the Missouri River
at Hermann, Mo. At both sites, flows exceeded
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Figure 2. Monthly discharges for selected major rivers of the United States for water years 1985 and 1986
compared with monthly median discharges for the reference period water years 1951 to 1980. (Source:
Data from U.S. Geological Survey.)
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Figure 3. Month-end storage of selected reservoirs in the United States for water years 1985 and 1986 com-
pared with median of month-end storage for reference period. Reference period varies but is a minimum of
13 water years. The reference period for each reservoir or reservoir system is shawn on the graph; the beginning year
for the reservoir system is the year records began for the last reservoir in the system. The location of individual reservoirs
is shown on the map by a black dot; the general location of reservoir systems (multi-reservoirs) is shown by an open
circle. Principal reservoir and water uses: F, flood control; |, irrigation; M, municipal; P, power; R, recreation; and W,
industrial. (Source: Data from U.S. Geological Survey.)



the long-term monthly median in all months of the
water year. Similarly, storage in Minnesota’s
Mississippi River Headwater Reservoir System either
met or exceeded its median value in all months of
the year.

The wet conditions in the region encompassing
the northern Great Plains and upper Mississippi Valley
are particularly noteworthy for their marked
persistence. Above-normal streamflow has prevailed
across this region for 5 consecutive years. More signifi-
cant, however, is the fact that this area has shown pro-
nounced persistence of both wet and dry conditions
over the past 6 decades. For example, a 6-year sequence
of above-normal streamflow dominated this region
between 1947 and 1952, and it was closely followed
by another 6-year period, between 1954 and 1959, when
below-normal flows prevailed. These 6-year sequences
are short in comparison to the 12-year period of drought
that existed in this area between 1930 and 1941. Studies
show that this region exhibits strong spatial and
temporal coherence in annual streamflow anomalies.
Indeed, nearly 10 percent of the total variance in long-
term nationwide streamflow is explained by a regional
pattern of wetness or dryness centered on the northern
Great Plains and upper Mississippi Valley.

A far more unusual condition of persistent
wetness has been experienced in the western Rocky
Mountains, primarily in Utah and in western Colorado.
That region also has completed 5 consecutive years
of above normal annual streamflow. Unlike the north-
central part of the Nation, however, Utah and western
Colorado are not part of a region typified by spatially
and temporally coherent flow patterns. In fact, this area
appears to be a transition or boundary region both
climatologically and hydrologically. Thus, such
persistence is very difficult to understand; however,
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the effects are not hard to understand. Consider what
this prolonged wetness has done to the Great Salt Lake.
On September 15, 1982, the surface of the Great Salt
Lake stood at 4,199.65 feet above sea level. By June
1, 1986, the surface stood at a record 4,211.80 feet, a
rise of 12.15 feet in less than 4 years, exceeding both
the magnitude and the rapidity of the 12-foot rise from
4,199.60 in 1861 to 4,211.60 feet in 1873. The total in-
crease in lake volume from the 1982 seasonal low to
June 1, 1986 was 9,486,140 acre-feet (3,092 billion
gallons)—enough water to cover the State of Rhode
Island (area 1,214 square miles) with 12.21 feet of water.

Highlighting the broad pattern of surface-water
conditions nationwide were a number of specific
significant events. A chronological listing and descrip-
tion of these occurrences appears in table 1, and their
geographic locations are plotted in figure 4. Table 1
represents a culling of some hundreds of hydrologic
happenings, generally omitting, for example, floods
where the recurrence interval is less than 10 years, toxic
spills that involve less than 2,500 gallons of oil, and
fishkills of less than 5,000 fish. The selection of events
for inclusion in table 1 was affected to some extent by
the degree of media coverage, including National
Weather Service and U.S. Geological Survey
periodicals, as well as by communications from U.S.
Geological Survey field offices alerting the national
office that significant hydrologic events had occurred.
Toxic-spill data were provided by the U.S. Coast Guard
National Response Center. Fishkill data are based on
information provided to the U.S. Geological Survey
by the U.S. Environmental Protection Agency. The
reporting of fishkills by the States to the Environmental
Protection Agency is voluntary, and not all States
presently report such data.

Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986

[The events described are representative examples of hydrologic and water-related events that occurred during water year 1986. Toxic-spill data were provided by
the U.S. Coast Guard National Response Center. Fishkill data were provided by the U.S. Environmental Protection Agency on the basis of reports transmitted by
State agencies. Meteorological data mostly are from reports of the National Oceanic and Atmospheric Administration. Abbreviations used: Mgal/d = million gallons
per day; ft*/s = cubic feet per second; mi* = square miles]

EVENT

No.
(fig. 4)

OCTOBER 1985

OCTOBER 1985 (con.)

From October 4 to 7, a tropical depression (upgraded to 1 (con.) completely for only the second time since it was built in
tropical storm Isabel on October 8) moved northward 1970, reducing flood peaks and damages in the lower valley
across Puerto Rico producing record-setting rains of as of the Rio Jacaguas west of Ponce. On the north coast,
much as 22.3 inches in 24 hours. The heaviest rains fell Rio Grande de Manati flooded Barceloneta for the second
on the southern mountain slopes in the Ponce area near time in 5 months, and Rio de La Plata caused extensive
the southern coast and created severe flooding and flooding at Toa Alta, about 10 miles southwest of San Juan.
numerous landslides that claimed at least 182 lives; 55 2 In southwestern Pennsylvania near Beallsville, Washington
of the deaths were the direct result of flooding, and the County, about 25 miles south of Pittsburgh, some 21,000
remainder occurred as a result of landslides on a hill on fish died (including trout and bass) on October 5, along
Ponce’s northwestern outskirts on October 7. Highways 4 miles of an unnamed tributary of Pike Run. The cause
were cut, utilities were disrupted, and thousands had to was silt, mine drainage, and other matter entering the
seek temporary shelter; 25 towns were declared disaster stream. Pike Run is a tributary of the Monongahela River.
areas by the Governor of Puerto Rico in the wake of . . .
reportedly the worst natural disaster ever to occur in Puerto 3 The 39uthem one-'thlrd of New Mexico received as much as
Rico. Estimated damages to private and public property 7 1qches of rain on October 8, am.i 9 from remr}ants of
were more than $65 million. Rainfall frequencies exceeded Pacific Hurricane Waldo, resulting in flash floods in some
the 100-year recurrence interval at several recording sites, areas.
and peak discharge for at least one stream-gaging site also 4 From October 9 to 11, remnants of Hurricane Waldo brought

exceeded the 100-year recurrence interval. The Toa Vaca
Reservoir (design capacity 44,000 acre-feet) filled

2 to 6 inches of rain to the Texas plains and its eastern
and central panhandle as well as to western Oklahoma,
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Figure 4. Location or extent of significant hydrologic and water-related events in the United States and Puerto Rico, October 1985 through
September 1986.

Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986

No. EVENT
(fig. 4)
OCTOBER 1985 (con.) OCTOBER 1985 (con.)

4 (con.) central and northeastern Kansas, and south-central Iowa, in the most severely flooded areas were Gillespie and Kerr
causing localized flooding and moderate damage. In dry Counties, Blanco and Burnet Counties, and Frio, La Salle,
areas of Texas the rains were welcome and flash flooding McMullen, Uvalde, and Zavala Counties. Flooding rivers
was minimal because the rains were spread over a 2-day included the Guadalupe, the Perdanales, the Nueces, the
period. In central and northeastern Kansas the rain fell Frio, and the Atascosa Rivers.
upon an area already wet from rains of the previous few On October 22 near Watertown about 4 miles northwest of
days. Runoff sent streams several feet above flood stage Waterbury, Conn., 75000 gallons of oil drained from a
for as many as 3 days. Major flooding occurred along the storage tank valve into a reservoir behind a containment
Marais des Cygnes, the Cottonwood, the Neosho, the dike. The valve had been opened after its lock had been
lower Arkansas, the Little Arkansas, the Walnut, the cut. About one-third of the escaping oil breached the dike
Whitewater, the Ninnescah, and the Chikaskia Rivers. and entered Steele Brook, a tributary of the Naugatuck

5 Northeastern and north-central Texas received more than 7 River at Waterbury. Cleanup operations were completed

inches of rain from repeated downpours on October 17
to 19, which resulted in 2 deaths, evacuation of more than
100 people from their homes, and lowland flooding of
virtually all of northeastern Texas. On October 19 and
20, rains of 4 to more than 11 inches fell on southern Texas,
with consequent floods and flash floods. Principal counties

within a week.

Along 6 miles of the Humboldt River near Winnemucca (170

miles northeast of Carson City), Humboldt County, in
northwestern Nevada, 15,000 fish (including catfish and
bass) were killed on October 24 to 25 by methoxychlor
used for flying-insect control.
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Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986 — continued

No. EVENT
(fig. 4)
OCTOBER 1985 NOVEMBER 1985

8 Hurricane Juan, the fifth North Atlantic hurricane of the 10 (con.) Pennsylvania, 62 barges broke loose from their moorings,
season, lashed the central Gulf Coast October 26 to 31. hit other barges, and became caught in locks and dams.
It meandered along the central Louisiana coast and then 11 Intense rains of 5 to 21 inches (21 at Garwood, Colorado
moved east and north and inland at about the Alabama- County) on November 11 and 12 in southeastern Texas
Florida border, resulting in nearly 18 inches of rainfall caused widespread flooding in a 10-county area bordering
in 5 days at the mouth of the Mississippi River in and west of Houston, especially along the San Bernard
Louisiana. Rainfall totals of 7 to 13 inches were common River and the lower Colorado River (of Texas). The bridge
along a 100-mile wide band of coast that included parts on U.S. Highway 59 over the San Bernard River near
of five States. Louisiana’s bayou country had severe Hungerford, Fort Bend County, was under 4 feet of water,
flooding and damages accentuated by a 5- to 8-foot storm and 10 miles to the southeast near Boling the river reached
surge. At least 12 lives were lost, 9 associated with toppled a near-record crest of 41.5 feet. The most severely flooded
oil rigs and boats lost at sea. On land, tens of thousands areas were in Colorado County from south of Eagle Lake
of residents were evacuated. Property damages, especially to the communities of Garwood and Lissie. In Rosenberg
in Louisiana, but also including southern Mississippi and (Fort Bend County), 52 residents had to be evacuated from
Alabama and the extreme western part of Florida's a nursing home. Damages in Wharton County alone (south
panhandle and extreme southeastern Texas, were about of Colorado County) reportedly exceeded $1 million.
$1 billion. More than 50000 homes were damaged in 2 Flash flooding occurred in the five northwesternmost counties

Louisiana alone. In Alabama major agricultural losses
occurred to the soybean and pecan crops.

In Boone County in central Missouri, during the last week

in October, urea ammonium nitrate fertilizer killed more
than 17000 fish (including bass and sunfish) along 7Y%
miles of Gans and Little Bonne Fermme Creeks. These
creeks flow into the Missouri River 9 miles south of
Columbia, 110 miles west of St. Louis.

NOVEMBER 1985

Hurricane Juan dissipated in the Ohio River valley November

1 and 2; a blocking high-pressure system off the east coast
caused unusual amounts of moisture to move northward
resulting in heavy rains from North Carolina to New York
November 2 to 5. Rainfall totals exceeding 10 inches were
common in the Appalachians in Virginia (more than 18
inches in two places) and West Virginia. The rains caused
major floods November 3 to 7 in eastern West Virginia,
western Virginia, and the Maryland panhandle and along
the Monongahela River in Pennsylvania as flood
magnitudes equaled or exceeded those for the 100-year
recurrence interval at about 45 gaging stations in an
11,000-mi* area across the four States. Flash floods claimed
63 lives and damages were about $1 billion; the Presi-
dent declared 121 counties eligible for Federal disaster
assistance. Officials evacuated tens of thousands of
residents from flooded homes.

The most severe flooding occurred along the flanks
of the Appalachians in West Virginia and Virginia. For
example, Cheat River near Parsons, West Va. (drainage
area 718 mi®), peaked at 200,000 ft*/s, about 3.5 times
the 100-year flood and about 3.8 times the former flood
of record. In the Cheat River town of Albright, only 22
of the town’s 132 houses were left standing. Flood
frequencies were less than 100 years at gaging stations
on the mainstem Potomac River downstream from Paw
Paw, West Va. (See article in this volume, ‘‘The Ruinous
West Virginia Flood of Novermnber 1985."”) Roanoke River
at Roanoke, Va. (drainage area 395 mi*), peaked at a
record high of 32,300 ft*/s causing severe damages in that
city as flood stages rose about 3.7 feet higher than those
of the June 21, 1972, flood associated with Hurricane
Agnes. On the Monongahela River in southwestern

of Arkansas and adjacent Adair County, Okla., on
November 18, as a result of 4- to 6-inch rainfall in 24
hours. War Eagle Creek (tributary to the White River),
Benton County, rose about 20 feet. In Crawford County,
a bridge along U.S. highway 71 was washed out. Barren
Fork (tributary to the Arkansas River via the Illinois River)
at Baron, Okla., crested at its highest level since 1944.

13 Severe local flooding on November 19 and 20 from rains in
southern Missouri’s White River basin drowned one
person at Potosi, Washington County, and caused exten-
sive damage to parkland facilities along the Ozark Scenic
Riverways. The flooding near the head of the Current
River (a tributary of the White River via the Black River)
was reportedly the worst in 80 years. Peak flood flows
at several stream gaging sites in southeastern Missouri
had recurrence intervals exceeding 100 years.

14 From November 19 to 22, south of Clarksdale (Coahoma
County) in northwestern Mississippi, contamination by
an herbicide killed about 15000 fish (including shad) along
25 miles of the Big Sunflower River. The river flows south
into the Yazoo River, an eastern tributary of the Mississippi
River.

15 Hurricane Kate, a rare late-season hurricane spawned
November 16 and 17 north of Puerto Rico, moved west,
northwest, and north and made landfall at Panama City
on Florida’s panhandle on the 2Ist. It was the first
November hurricane to hit the United States in 50 years
and had rainfall totals on the mainland of 5 to 10 inches.
Some flash flooding occurred in parts of Florida, Georgia,
and South Carolina, but high winds and tidal storm surges
were by far the principal causes of death (at least six in
the United States) and destruction—reportedly more than
$200 million in total damages. Power lines were downed
and 100,000 residents were evacuated from coastal areas.

DECEMBER 1985

16 A breakout of a glacier-dammed lake on Alaska’s Kenai Penin-
sula south of Anchorage affected flow of the Snow River
over the period November 26 through December 6. The
resulting maximum flow of the river was 12,000 ft*/s on
December 2. A breakout flood occurs here every 3 to 4
years, usually in September or October, but it sometimes
has occurred more frequently and in other months.
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Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986 — continued

No. EVENT
(fig. 4)
DECEMBER 1985 (con.) JANUARY 1986 (con.)
17 On December 3 and 4 at Bessemer, Ala. (in Jefferson County, 24 A Pacific storm producing nearly continuous rains of 3 to

adjoining Birmingham), a spill of 5,000 gallons of diesel
fuel at a rail-truck terminal drained into Valley Creek and
killed nearly 9,000 fish along 8 miles of the creek. Valley
Creek is a tributary of the Tombigbee River via the Black
Warrior River.

In Tyler County in northwestern Ohio on December 5 and

6, chemical pollution from industrial operations killed
about 11,000 fish along one-quarter mile of Sugarcamp
Run. The small stream flows into the Ohio River about
30 miles northeast of Parkersburg, West Va.

On December 6 in northern Idaho 20 miles south of the

Canadian border, an old railroad bridge at Bonners Ferry
collapsed, causing eight hopper cars loaded with crushed
phosphate rock to fall into the Kootenai River, an Inter-
national Boundary waterway. Frequency of water-quality
sampling of the river was increased to monitor levels of
contamination possibly attributable to the phosphate rock.
However, the situation did not become critical during the
week of more frequent monitoring, and so the normal
schedule of periodic monitoring was resumed.

In the Township of East Brunswick in east-central New Jersey,

southeast of New Brunswick, Middlesex County, on
December 13, two overfilled underground storage tanks
containing septic waste and organic solvents discharged
about 10,000 gallons of mixed waste materials onto the
wetlands of Lawrence Brook. Operations were suspended
at the waste-storage facility to reduce the threat of
environmental damage while the contaminated materials
were removed. Lawrence Brook is a tributary of the
Raritan River.

On the Mississippi River along the southern Illinois border

with Missouri, a towboat with nine barges in tow collided
on December 17 with the railroad bridge at Thebes, Il1.
(Alexander County). One barge lost about 200,000 gallons
of the crude oil it contained, and the spill affected about
30 miles of the river. By mid-March, cleanup crews had
removed all cleanable oil from the river and adjacent
shorelines, and all contaminated floating debris had been
collected and buried.

Drought emergency regulations in the Delaware River basin

since May 1985 were terminated effective December 18
by a resolution of the Delaware River Basin Commission.
Reservoir storage, ground-water levels, and stream
discharge have returned to approximate average conditions
for this time of year.

During December, the mean flow of the Mississippi River

at Vicksburg, Miss., was 1,180,300 ft*/s, the highest
monthly mean flow for any December in the entire 59
years that continuous measurements have been made at
that site. The flow is the drainage from 1,140,500 mi2,
about 38 percent of the total area of the 48 conterminous
States and 99 percent of the drainage of the entire
Mississippi River basin.

JANUARY 1986

On January 3 in southwestern Idaho near Nampa (Canyon

County), about 20 miles west of Boise, discharge from
a waste pond at a meat processing plant killed several thou-
sand fish in Indian Creek, including about 1,000 rainbow
trout. Indian Creek is tributary to the Snake River via
the Boise River.

9 inches in 36 hours caused severe flooding and mudslides
in the Puget Sound area of western Washington on January
17 and 18. Severe land erosion caused roads to wash
away and homes to fall down hillsides. Mudslides pushed
debris into homes, stacked cars on top of each other,
and moved buildings. There were about 30 mudslides
around Seattle alone. A period of strong winds late in
the day on the 18th forced the closure of floating bridges
in the storm-affected area. Land under a railroad track
south of Seattle gave way, derailing an Amtrak train,
injuring at least 28 people. The largest amounts of rain,
6 to 9 inches, fell on a 900-mi? area centered 50 miles
west of Seattle in Jefferson, Grays Harbor, and Mason
Counties. Damages in the entire storm-ravaged area
were reported to be between $15 and $20 million. The
recurrence interval of precipitation in some parts of
the area was greater than 100 years, according to the
National Weather Service.

Between January 25 and 27, a combination of snow

accumulation, rain, suddenly thawing temperatures
(but still-frozen ground), and consequent rapid runoff
caused extensive ice-jam flooding in New Hampshire
and western Maine. Snowfall on January 25 was between
3 and 14 inches, followed the next 2 days by rainfall
of 2 to 7 inches and sharp rises in temperature. Major
ice-jam problem areas in New Hampshire included Peter-
borough (Hillsborough County) where the Contoocook
River destroyed the town’s only motel, Milford
(Hillsborough County) on the Souhegan River, Shelbourne
(Coos County) on the Androscoggin River, and several
towns along the Pemigewasset and the Ammonoosuc
Rivers in Grafton County. About 230 people had to
be evacuated in various parts of the State. In western
Maine, the Kennebec and Androscoggin Rivers were
the two largest rivers with major ice-jam flooding.
Damages in the two States exceeded $2 million. No deaths
were reported.

A 5-inch rainfall on January 30 and 31 in southern California

triggered mudslides, principally in Matilija and Decker
Canyons of Ventura County, where a forest fire had
denuded over 100,000 acres in 1985, and in Malibu in Los
Angeles County. Four major slides occurred in Matilija
Canyon between 4 and 7 miles west of Ojai. The slides
ripped one canyon home from its foundation, caused
another home to collapse, and seriously damaged a third.
Debris and mud were 6 to 8 feet deep in some places.
Twenty-one residents were evacuated by helicopter. Several
slides blocked highways in Ventura and Los Angeles
Counties.

On January 31 in the Township of West Windsor (Mercer

County) southeast of Princeton in west-central New Jersey,
a 14-inch petroleum transmission line ruptured. The line
spilled about 10,000 gallons of gasoline onto the soil and
into the Delaware and Raritan Canal, which parallels parts
of Stony Brook and Millstone River. The canal is used
for recreation and public water supply. Fire broke out from
the gasoline vapors at the rupture and some residents were
temporarily evacuated from their homes. The fire was soon
extinguished and cleanup operations begun, including
draining the transmission line. The canal was pumped
down and flushed to dilute contaminants. By mid-March
the contaminated soil had been removed and the pipeline
repaired.
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Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986 — continued

EVENT

JANUARY 1986 (con.)

FEBRUARY 1986 (con.)

In most of Oklahoma during January, unseasonably warm
temperatures and no precipitation created drought con-
ditions, which damaged winter wheat and exacerbated
many grassland and forest fires.

FEBRUARY 1986

Rains of 6 to 8 inches in 6 hours on February 10 and 11 in
9 counties in southern Georgia, capping a 5-day wet
period, caused many flash floods. More than 50 washouts
occurred on primary and secondary roads, affecting more
than 15 bridges, and there was widespread flooding of
croplands. Several streams in the Suwannee and the
Ochlockonee River basins in north Florida had peak
discharges equal to or exceeding those for the 100-year
recurrence interval.

On February K4 near the center of Ohio’s northern border
along Lake Erie (near Huron, Erie County), a break in
a 16-inch steel pipeline discharged 360,000 gallons of
diesel oil in the vicinity of a pipeline facility. Approx-
imately 40,000 gallons of the oil entered the Huron River
about 3 miles south of where the river enters Lake Erie.
About 200 to 300 gallons per day continued to discharge
into the river via bedrock (shale) after February 14.
Cleanup operations during February and March recovered
about 200,000 gallons of the total oil spill.

Between February 11 and 22, persistent rain and snow in
northern and central California and the adjacent
Reno-Carson City area of western Nevada led to
widespread flooding and mudslides. The excessive
precipitation was triggered by a series of Pacific storms.
The associated high winds, wave erosion, floods,
mudslides, and dam and levee breaks caused at least 13
deaths, evacuation of more than 40,000 people, and an
estimated $400 million in property damage. Thirty-nine
counties were declared disaster areas. The largest total
of precipitation, 49.6 inches, was at Bucks Lake, Plumas
County, in the central Sierra mountains of northwestern
California. Precipitation totals from 10 to 30 inches were
common in most of northern California and in the upland
areas of central California. In some mountainous areas,
accumulations of up to 9 feet of heavy, wet snow closed
ski areas and caused avalanches.

The most severe flooding took place in north-central
California from February 17 to 20 when peak discharges
on many streams equaled or exceeded recurrence inter-
vals of 20 to 80 years. North of San Francisco, the entire
Napa Valley suffered damages, and the resort town of
Guerneville, Sonoma County, inundated by the Russian
River, was isolated for several days. Levee breaks on the
Yuba River near Marysville, 40 miles north of Sacramento,
forced the evacuation of about 21,000 people on February
20 to 21 and flooded about 30 mi. About 6,800 people
were evacuated from flood- and landslide-affected areas
in Napa, Sonoma, Solano, Marin, and Santa Cruz
Counties. The American River (a tributary of the
Sacramento River) at Fair Oaks, northwest of Sacramento,
reached 130,000 ft*/s, its highest flow since Folsom Dam
was completed in 1953; the leveed channel of the. river
contained the flow with no breaks. Total inflow to the
Sacramento-San Joaquin delta (San Francisco Bay) was
a record-high 725,000 ft*/s on February 20, according to
the California Department of Water Resources.

In western Nevada, including parts of Douglas, Lyon,
Storey, Carson City, and Washoe Counties, flooding

31 (con.)

32

33

occurred along both the Carson and Truckee Rivers from
February 17 to 21. Severe flooding in both Reno and Car-
son City on the evenings of February 17 and 18 occurred
as heavy rains fell and were accompanied by snowmelt
runoff at altitudes below 6,500 feet. On February 20, the
peak discharge of the Carson River near Fort Churchill,
Lyon County, exceeded the 100-year recurrence interval
and was the highest flow in the 75 years of record at that
site. The region experienced its worst flooding in 20 years
and property damages were estimated to exceed $17
million. One death was reported.

Storm systems, associated with those just described for
California and Nevada, also brought persistent and
extensive precipitation (exceeding 10 inches of rain in some
places) to northeastern Utah. The rainfall along the east
slope of the Wasatch Range during February 15 to 19 was
almost one-half the average annual precipitation at some
sites and melted most of the snowpack below an altitude
of 7,000 feet.

The storms caused major flooding in many parts of
the Cache Valley, Wasatch Front, and northern mountains
during February 15 to 19. Avalanches blocked some roads,
and three deaths were associated with the storm. The
Weber River at Gateway (drainage area, 1,620 mi?), 25
miles north of Salt Lake City, reached a peak discharge
on February ‘17, which has been exceeded only four times
since measurements began at that site in 1890. The counties
of Cache, Morgan, Wasatch, and Weber were declared
national disaster areas. The Governor of Utah estimated
damages to public and private property, including
agricultural lands, of nearly $4 million.

Heavy rainfall from storms previously described for Califor-
nia, Nevada, and Utah caused rapid snowmelt and the
failure of an earth-filled dam on Frazier Reservoir near
Mountain Home, Idaho. Flow in Canyon Creek resulting
from this dam failure was calculated as 4,890 ft*/s for
February 23. Parts of State Highway 67 were washed out.

MARCH 1986

34

35

36

37

On March 7, near mile 43 on the Mississippi River south of
Thebes, Ill., and about 4 miles southeast of Cape
Girardeau, Mo., two tank barges under tow ran aground
on a rocky ledge. Two tanks were damaged on one of the
barges, and some 378,000 gallons of fuel spilled into the
river. Cleanup operations were completed by the end of
the month.

Near Skippack in Montgomery County in southeastern
Pennsylvania, chlorine from a municipal sewerage system
killed about 17,500 fish (including more than 2,000 trout)
on March 9 and 10 along 4 miles of Towamencin Creek.
The creek is a tributary of Skippack Creek (a stocked
stream), which in turn is tributary to the Schuylkill River
via Perkiomen Creek.

On March 12 near Ossining, Westchester County, about 20
miles north of New York City, a tank truck overturned
on March 12, and of 6,500 gallons of fuel oil discharged,
about 2,000 gallons entered the Croton River via storm
drains. The Croton River is tributary to the Hudson River.
Cleanup operations included removal of contaminated soil
and removal of oil from the Croton River.

In Pennsylvania on March 14, rains of up to nearly 3.5 inches

(following lighter rains on March 12 and 13) combined
with snowmelt caused small-stream flooding in much of
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Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986 —continued

No.
(fig. 4)

EVENT

MARCH 1986 (con.)

ARIL 1986 {con.)

37 (con.)

38

40

41

the Susquehanna valley and the northeastern part of the
State. The most severe effects occurred along Tunkhan-
nock Creek (a tributary of the Susquehanna River) in
Wyoming County and the Lackawanna River and some
of its tributaries in Lackawanna County. In these areas
roads were washed out and more than 100 families were
evacuated from their homes. A record high stage was
recorded at the gaging station on Tunkhannock Creek near
Tunkhannock and the corresponding peak discharge
equaled the 25-year flood.

On March 20 and 21 in Oconto County in northeastern

Wisconsin, very large ice jams along the Oconto River
from Oconto to the mouth of the river at Green Bay, com-
bined with near-record high water levels of the bay, caused
widespread flash flooding in downtown Oconto. Damages
were estimated to exceed $500,000, mainly in the business
and industrial districts. Sixty-five homes were evacuated.

On the Delaware River in southeastern Pennsylvania on March

21, a tanker lost steering and struck a dock at Marcus
Hook, Delaware County. About 100,000 gallons of crude
oil spilled into the river from a hole in a cargo tank of
the ship. More than half the oil was kept from spreading
by booms deployed around the damaged tanker. Scattered
patches of free oil affected about 2 miles of the New Jersey
shoreline. By March 24, cleanup operations had recovered
nearly 84,000 gallons of the oil spilled, but additional
cleanup work was necessary for at least 2 more months.

On March 30 near Port Arthur (Jefferson County) in

southeastern Texas, several cargo tanks of a tank barge
were ruptured by underwater pilings as the barge was being
pushed onto the bank of Taylor Bayou. More than 15,000
gallons of light oil discharged into the bayou from the
ruptured tanks. By April 1, cleanup operations had
recovered most of the oil from the bayou. The bayou flows
into the Gulf of Mexico via the Port Arthur Canal and
the Sabine River Pass.

During the 6-month period ending March 31, precipitation

was below normal in most of Delaware, Maryland,
Virginia, and the Southeast (other than Florida), and less
than 50 percent of normal in parts of most of the
Southeastern States, including large areas in the Carolinas,
Tennessee, Georgia, Alabama, and Mississippi. In March,
the dry conditions, especially unusual for this time of year,
were reflected in part by forest fires in West Virginia,
Tennessee, Kentucky, and North Carolina.

APRIL 1986

42

43

On April 3, thundershowers caused scattered flash flooding

in the Hamakua, Hilo, and Puna districts in northeastern
parts of the island of Hawaii. Many rock slides occurred
along the highway north of Hilo, particularly where as
much as 15 inches of rain fell in a few hours. Five days
later, additional rains (lasting 48 to 72 hours in some areas)
along the Hamakua coast and extending westward into
the Kohala area and southward into the Puna and Kau
districts caused further flooding and rock slides. Rain-
fall in some areas was measured in feet.

In northeastern Texas from April 3 to 5, intense rains in scat-

tered areas caused flash floods and temporary closing of
many highways and other roads. In Grayson County, 5
to 7 inches of rain in less than 2 hours caused severe
flooding, especially in the vicinity of Sherman where
damages were estimated to be $1.3 million, and many

43 (con.)

45

people were evacuated from homes and apartments near
Sand and Post Oak Creeks. Others were rescued from
roofs, autos, and tree tops. Bowie, Hunt, and Smith
Counties were among the counties that experienced flash
floods from rains of as much as 7 inches on April 5. In
the western part of Hunt County the high water washed
out a railroad bed, causing a train derailment. Neighboring
southwestern Arkansas and southern Oklahoma had some
flash flooding from rains on April 4. At DeQueen in
Sevier County, Ark., a 6.5-inch rainfall caused widespread
flooding in the city, and two bridges were washed out.

Near Granada Hills in northwestern Los Angeles, Calif., a

broken pipeline resulted in discharge of nearly 30,000
gallons of crude oil, of which 21,000 gallons reached near-
by storm drains and Bull Creek. Most of the oil was
removed from the drains and the creek, but an unknown
amount of oil flowed into Los Angeles River, to which
the creek is tributary. The banks and affected vegetation
along Bull Creek were cleaned with high-pressure water
and the oil-water mixture was recovered for recycling.

In eastern South Dakota during much of the spring and

especially in April, unusually persistent and severe
lowland and lake flooding occurred on flat and poorly
drained areas. The remnant wet conditions from above-
normal precipitation during 3 of the past 4 years were
augmented by another spring of high runoff, including
snowmelt from the Northern Plains blizzard of April 13
to 14 (6 to 15 inches of snow). Lake elevations rose more
than 6 feet above normal, flooding hundreds of recrea-
tion homes, submerging sections of roads and railroads,
and causing serious structural and erosional damage when
winds generated lake waves. Estimated damage by the end
of the month was nearly $4 million, and 8 counties were
declared disaster areas in late April by the President. The
James, the Vermilion, and the Big Sioux River basins were
the basins principally affected by the floods of April 14
to 18 resulting from 2 to 4 inches of rain and the snowmelt
runoff generated from the blizzard snowfall of April 13
and 14. The area hardest hit by flooding during April was
in the Big Sioux River basin between Watertown
(Codington County) and Madison (Lake County).
Madison is 60 miles south of Watertown and 35 miles
north-northwest of Sioux Falls. Lake Thompson in
Kingsbury County (45 miles south of Watertown)
increased from a 6,000-acre slough to a 16,000-acre,
20-foot-deep lake, flooded adjacent farmland and roads,
and discharged into the Vermilion River for the first time
in at least the past century.

MAY 1986

46

A hydrologic occurrence unique in its coincidence of

documentation was recorded on May 8 at Devils Hole
about 60 miles northwest of Las Vegas, Nev. U.S.
Geological Survey hydrologists completing some
measurements in an air-filled subterranean chamber
(reached only by scuba diving through a flooded cavern)
suddenly were aware of low, moaning sounds in the
naturally dark and normally silent chamber, followed by
noises mimicking the draining of a bathtub. Then
fluctuations of 8 to 12 inches in the water level occurred
in the chamber at 2- to 3-second intervals. These effects
lasted about an hour. They apparently were hydraulic
pulsations related to the May 7 earthquake in the Aleutian
Island of Alaska. The epicenter of the earthquake
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No.

(fig. 4)

EVENT

MAY 1986 (con.)

MAY 1986 (con.)

46 (con.)

47

48

49

50

51

was nearly 3,000 miles away from the subsurface site in
Nevada where this hydrologic phenomenon was observed.

Thunderstorms in central and eastern South Dakota on May

8 and 9 and in central Iowa on May 9 and 10 caused flash
flooding in scattered areas. The largest reported rainfall
in South Dakota was 7.5 inches west of Redfield in Spink
County. In Walworth and Potter Counties most roads were
under water and several bridges were washed out. In
Lyman County the rain washed out the dam on Lake Byre,
thereby removing the sole source of water for the city of
Kennebec. In central Iowa, rains of 4 to 7 inches in Polk
and Dallas Counties in the Walnut Creek basin caused
a record crest of 18.3 feet in West Des Moines early on
the morning of May 10. Damages to homes and businesses
in the area of the creek reportedly were in millions of
dollars. Walnut Creek is tributary to the Des Moines River
via Raccoon River.

In Puerto Rico on May 15 to 16, 2 days of intense

thunderstorms following nearly 2 weeks of scattered
thunderstorms caused flooding in many parts of the island.
Most of the intense rains were concentrated in the central
interior. Numerous landslides blocked most of the higher
interior roads, especially in the area of San Sebastian in
northwestern Puerto Rico. As much as 11 inches of rain
in 48 hours was reported in the central regions and nearly
6 inches along the northern coastal sections. One death
was reported. The Rio de la Plata, Rio Grande de Manati,
and Rio Grande des Arecibo were at bankfull stage. The
Guayanilla River destroyed a bridge at Macana (near the
western part of the southern coastline) that had been built
to replace provisionally the bridge destroyed 7 months ago.

On May 15 and 16 in extreme southern Illinois (Johnson,

Pulaski, Union and Alexander Counties) and adjacent
Missouri (Cape Girardeau and Scott Counties), rains of
4 to 16 inches produced severe and widespread flash
flooding. In Illinois several miles of secondary roads were
washed out and about 15 bridges were severely damaged.
Substantial damage occurred to 29 houses along Mill and
Duck Creeks (tributary to the Ohio River via the Cache
River). In Missouri, many homes and roads were
damaged, and bridges were washed away. Cape Girardeau
officials estimated damage of nearly $50 million. There
were two deaths.

In eastern Washington the upriver dam on the Spokane River,

1 mile east of Spokane, was breached on May 20 by rising
waters after a power failure during a thunderstorm. With
the dam gates closed, the spillway could not convey the
9,000 ft*/s flow. After the breach, peak discharge at the
Spokane River gaging station 4.5 miles downstream was
16,200 ft*/s, which is 10,200 ft*/s less than the 1985 peak
flow at that site. The Spokane River is a tributary to the
Columbia River.

On May 24 in northeastern Arkansas and north-central Texas,

severe storms caused localized damages in Piggott (80
miles north of Memphis, Tenn.) and Fort Worth, respec-
tively. At Piggott, Ark. (Clay County), a downpour
estimated at 5 to 6 inches in less than an hour inundated
the town. About 50 families were evacuated from their
homes. Nineteen city or county bridges were damaged
or washed out. Estimated damages exceeded $1.5 million
for structures (including bridges) in addition to crop
damage of about $1.5 million. In the Fort Worth, Tex.,
area, a southeastward-moving storm traversed the
downtown and east side of the metropolitan area,

51 (con.)

52

producing damaging downburst winds of up to 95 miles
per hour, hail as much as 3 inches in diameter, and about
4 inches of rain in an hour. Wind, rain, and flood damages
were estimated to be nearly $2 million, and 2 persons
drowned when swept from their car after driving into a
flooded underpass.

Between 3 and 5 p.m. on May 30, as much as 8 inches of

rain fell on the northern suburbs—North Hills section—of
Pittsburgh, Pa. (Allegheny County), and caused severe
flash flooding along Pine Creek and its tributary Little
Pine Creek. Pine Creek is a small tributary of the
Allegheny River. The cone shape of the 6-mi® drainage
area of the headwaters of these creeks concentrated the
runoff, and the severity of the flood was aggravated further
by the paved surfaces covering much of the natural
drainage area. Also, flooding occurred as homebound
commuters were on the roads. Nine lives were lost as a
result of motorists being caught in their cars as waters
rose and vehicles were washed off roadways that crossed
or bordered the creeks. Numerous homes and businesses
were damaged or destroyed, as were a sewage-treatment
plant and a newly completed flood-control project.
Damage was estimated at $23 million, and on June 5 the
President declared the area a national disaster. The peak
flow of Little Pine Creek near Etna (drainage area 5.78
mi?) was about 7,400 ft*/s, with a recurrence interval
greater than 100 years. This is more than three times the
previous peak .discharge in the 25 years of stream
measurements at that site.

JUNE 1986

53

54

Near the southern coast of Alaska, about 170 miles northwest

of Juneau, the advancing ice of Hubbard Glacier on May
29 reached the western shore of Russell Fiord, blocking
the fiord and transforming it into a lake. The entrance
of the fiord is off Disenchantment Bay, which forms a
narrow inner arm of the larger Yakutat Bay. Hubbard
Glacier is one of about 20 glaciers advancing rapidly (as
much as 130 feet a day) in the area where the southeastern
Alaskan Panhandle joins the main part of the State. The
cause of rapid forward movement of these particular
glaciers is not fully understood. However, Hubbard
Glacier, which has been advancing since about 1900, began
moving forward more rapidly in the winter of 1985-86,
in part associated with the concurrent accelerated advance,
or surge, of a main tributary, Valerie Glacier. Formation
of the lake by advancing glaciers has occurred at least
once before in the last 1,000 years, since the terminus of
Hubbard Glacier was at the entrance of Yakutat Bay in
the 12th century. [Note: The Hubbard Glacier ice dam
failed in early October, and the lake drained within 2 days.
During a 4-hour period of maximum lowering of the water
level, average discharge from the lake was estimated to
be about 3.7 million ft*/s. See article in this volume
‘‘Hubbard Glacier Near Yakutat, Alaska—The Damming
and Breakout of Russell Fiord/Lake, 1986.""]

On June 2 in southwestern Montana, flooding in the upper

reaches of the Madison River occurred as a result of
record-breaking snowmelt runoff. The maximum
discharge of the river near West Yellowstone, Mont.,
(drainage area, 420 mi?), was 2,340 ft*/s, highest since
records began in 1913 with a recurrence interval of 100
years. The Madison River ultimately joins the Gallatin
and Jefferson Rivers to become the Mississippi River.
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(fig. 4)

EVENT

JUNE 1986 (con.)

JUNE 1986 (con.)

55

56

57

58

In the southern Texas counties of Bexar (including San

Antonio), Atascosa, Frio, Guadalupe, and Medina,
widespread flash flooding resulted from rains of 4 to 11
inches on June 4. The San Antonio River and its tributary,
the Medina River, remained above flood stage for several
days. The San Antonio River near Elmendorf (10 miles
south of San Antonio) crested at 53 feet on June 5, the
second highest level at that site in the past 25 years.
Flooding of lowlands occurred along many smaller
streams. The 6.5-inch rainfall that occurred in the area
of the San Antonio office of the National Weather Service
was the highest 24-hour total of record, but it was exceeded
in some other parts of the city and in many nearby areas
to the west and southwest. In Medina County, as much
as 11.5 inches of rain fell in and around the town of Yancy.
In San Antonio itself, flooding was so severe that several
of the main freeways were closed and more than 100 low-
water crossings were barricaded. Although the storm
caused no deaths, many rescues and evacuations were
necessary and local damages were estimated to total nearly
$3 million.

Between June 3 and 8, the level of Great Salt Lake reached

4,211.85 feet above sea level, the highest level in nearly
140 years of recorded and estimated levels of the lake,
and 0.25 foot higher than the previous high in 1873. The
slow seasonal rise of the lake was interrupted on June 8
when a 13-mile-long dike protecting the mineral recovery
ponds of the AMAX Magnesium Corporation was
breached during a severe windstorm. Estimated damage
to the ponds, dike system, and potential economic impact
to AMAX Magnesium Corporation was about $300
million. Maximum level of the lake would have been about
4.211.95 (perhaps on June 20) if the breach had not
occurred. High waves damaged the 27-mile Southern
Pacific Railroad causeway, putting that facility out of
service for several weeks. Also in northern Utah, a com-
bination of snowmelt and failures of small upland dams
caused flash flooding along the Duchesne, the Weber, and
the Provo Rivers during June 5 to 7. The flow of Provo
River (a tributary of the Jordan River) near Woodland,
Summit County, was the highest since 1963, with a
recurrence interval greater than 100 years.

In northwestern Louisiana (Caddo, Bossier, Webster, and

DeSoto Parishes) and adjacent east Texas, rains of 3 to
7 inches from June 9 to 11 caused major rises in Cross
and Wallace Lakes west and south of Shreveport, La.,
widespread flash flooding, and washout of four bridges.
Damage was estimated to be $4 million to bridges and
roads and nearly $1 million to homes and businesses.

In mid-June in southwestern Wyoming (Sweetwater County),

about 60,000 fish—almost entirely white suckers and Utah
chubs—died from unknown cause in a 3- to 5-day period
in Flaming Gorge Reservoir 15 to 30 miles north of the
‘Wyoming-Utah border. The reservoir, created by damming
the Green River in northeastern Utah, occupies many
miles of the valley of the Green River in Utah and
Wyoming and of its major Wyoming tributary Blacks Fork.
The fishkill affected 11,000 acres of surface area of the
main stem part of the reservoir and 7 miles along the
Blacks Fork part of the reservoir.

In southeastern New Mexico a series of rains between June

17 and 27 in the Pecos River basin caused extensive
flooding along the river in Lincoln, Chaves, and Eddy
Counties. Total rainfall during the period generally was
between 3 and 5 inches but reached a maximum of 15.72
inches at Carlsbad Caverns southwest of Carlsbad, Eddy
County. Estimate of storm damage was at least $2 million.

Bonnie, the second Atlantic tropical cyclone of June 1986,

was the 1lth hurricane of this century to make landfall
on the United States coast during the month of June.
Spawned in the central Gulf of Mexico, Bonnie was
classified a tropical storm on June 24 and a hurricane on
June 25, moving northwestward and making landfall on
the southeastern Texas coast that day. Then the center of
the storm track moved northward, parallel to Louisiana’s
western border, and entered southwestern Arkansas on
June 27 and southeastern Missouri on the 28th. More than
23,000 people evacuated the Texas-Louisiana coastal area,
which sustained wind and water damages of at least $1.5
million from the initial onslaught of the storm. Torren-
tial rains of 6 inches or more caused widespread flooding,
including about 150 miles along the downstream half of
the Neches River. Rainfall of 13 inches occurred at Ace
in southern Polk County, Tex. From June 26 to 29 in
adjoining areas of Louisiana, Arkansas, and Texas,
downpours of 4 to 10 inches associated with the dissipating
hurricane caused estimated flood damages of $10 million,
centered on Shreveport, La. Cross and Wallace Lakes west
and south of the city rose to their highest levels of record.
Flow of Paw Paw Bayou (tributary to Cross Lake from
the west) near Greenwood (drainage area, 80.5 mi?) on
June 27 was 19,100 ft*/s, with a recurrence interval greater
than 100 years. Remarkably there was but one death
resulting directly from the floods of Hurricane Bonnie—a
drowning from an overturned boat on Cross Lake near
Shreveport.

In northwestern Georgia, municipal sewage killed more than

12,000 fish (70 percent game-fish) along 9 miles of West
Chickamauga Creek near and northeast of Chickamauga,
Walker County, during 5 days, June 24 to 28. Chickamauga
is 15 miles south of Chattanooga, Tenn. West Chickamauga
flows into South Chickamauga Creek (a tributary of the
Tennessee River) near the southeastern boundary of
Chattanooga.

Extremely intense thunderstorms traversed Iowa on June 29,

dropping as much as 8 inches of rain, which caused flash
flooding, especially in the Raccoon River (tributary to
the Des Moines River) basin in Carroll, Dallas, Greene,
and Guthrie Counties west and northwest of Des Moines
in the west-central part of the State. Flooding and con-
current tornadoes and strong winds caused an estimated
$30 million damage, including about $20 million to crops.
One death was reported. One house adjacent to an artificial
lake was lifted up and carried 3 miles away by the flood-
waters. To the west, in eastern Nebraska, rainfall of 3 to
6 inches on June 29 and 30 in Polk, Butler, Hamilton,
York, Seward, and Saline Counties caused flash flooding
of farmlands, roads, and urban areas, especially along the
Big Blue River and some of its tributaries. On 70 miles
of the Big Blue River (a tributary of the Kansas River)
from Seward (Seward County) to Barneston (Gage County)
near the Kansas State line, the water level crested 5 to
12 feet above flood stage and did not drop below flood
stage for about a week.
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Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986 — continued

No.
(fig. 4)

EVENT

JuULY 1986

JULY 1986 (con.)

63

64

65

66

67

68

69

In northeastern Kansas northwest of Kansas City, two periods
of intense rainfall on July 5 and 6 resulted in localized
but major flash flooding in the city of Leavenworth. Total
rainfall was more than 10 inches. The flooding was con-
centrated along 3 Mile and 5 Mile Creeks (small tributaries
of the Missouri River) in and near the city, damaging at
least 15 businesses and 50 homes.

On July 7 in north-central Alabama, nearly 50,000 fish
(including 18 percent game-fish) died along 24 miles of
Mulberry Fork where it borders or flows through Blount,
Cullman, and Walker Counties near Sloan (Blount
County), 25 miles northwest of Birmingham, Ala. The
specific contaminant was not determined, but the kill
apparently resulted from a heavy nutrient load and a
subsequently low content of dissolved oxygen. Mulberry
Fork is a tributary to the Mobile River via the Black
Warrior and Tombigbee Rivers.

In southwestern Louisiana on July 7, a well blowout at a
strategic oil reserve cavern spilled more than 300,000
gallons of crude oil into the lake and marsh area of Black
Lake, Cameron Parish, about 20 miles southwest of Lake
Charles, La., and 15 miles north of the Gulf of Mexico.
By July 23, most of the oil had been recovered, partly
from a containment area and partly from the lake and
marsh area.

In eastern Iowa, rains of 4 to 8 inches on July 8 caused flash
flooding, especially in the Wapsipinicon River (a
Mississippi River tributary) basin, in Cedar, southern
Clinton, and northern Scott Counties and in the Skunk
River basin in Henry County. About 1,000 families were
affected and SO of these had to evacuate their homes
because of the high waters.

In mid-July, toxic blooms of blue-green algae occurred in
Hebgen Lake, which is in Gallatin County in the
southwestern part of Montana west of Yellowstone
National Park. Four cattle died as a result of algal
poisoning, according to the Gallatin County Health
Officer, and the lake was posted with signs warning people
not to swim in areas where the algae, which looked like
pea soup, were growing. Hebgen Lake has had toxic
blooms of these algae in 1977 and 1985, also. This is only
the fifth time toxic concentrations of blue-green algae have
been documented in Montana. The 1985 blue-green algal
blooms on Lake Hebgen caused the death of 17 cattle.

Late in the evening on July 18 and in the early morning of
the next day, as much as 6 inches of rain (5 inches in 4
hours) fell on south-central Chautauqua County in
southwestern New York State and adjacent parts of Warren
County in northwestern Pennsylvania, causing flash floods
along several small tributaries of the Allegheny River. In
New York the Panama-Ashville area (west of Jamestown)
received the most intense thunderstorm rainfall,
overtopping Panama Dam and flooding Little Brokenstraw
Creek. Goose Creek washed out a bridge and several
homes in Ashville. In Chautauqua County as a whole,
51 bridges, 189 homes, and 39 businesses were among
the structures flooded, and damages were estimated to
exceed $5 million. Severe flood damages also occurred
immediately to the south in Pennsylvania along Little
Brokenstraw Creek (Lottsville, Wrightsville, and Pittsfield,
Pa.) and Stillwater Creek (Sugar Grove, Pa.). Damage
in just the town of Sugar Grove was estimated to be $1
million.

On July 20 and 21, near the southernmost part of Washington,
DC., close to the Maryland State boundary, about 50,000
fish (nearly all menhaden) died along 5 miles of the
Potomac River as a result of toxic conditions generated
by discharge of a combined sewer overflow.

U

72

73

In eastern South Dakota on July 25 and 26, thunderstorm rains
of 5 to 10 inches caused widespread lowland flooding,
with water 5 feet deep in some areas. Beadle, Brookings,
and Kingsbury Counties were among those affected by
the storm. The most severe damages from the storm
system resulted from associated hail and high winds.

On July 26 in Lancaster County in eastern Pennsylvania,
thunderstorm rains of 5 to 10 inches caused flash floods
on many local streams including Little Chickies Creek
and Little Conestoga Creek, tributaries to the Susquehanna
River via Chickies Creek and Conestoga Creek respec-
tively. Many roads were damaged, at least one bridge was
washed out, and dozens of people had to be rescued as
rapidly rising water trapped them in buildings and
automobiles.

Thunderstorm rains of 3 to 8 inches on July 29 caused flash
flooding in several parts of the Northeast, including east-
central New York, western Massachusetts, southwestern
New Hampshire, and northern Vermont.

Drought conditions, especially with respect to agriculture,
continued to prevail in most of the Coastal Plain in
Delaware, Maryland, and Virginia and the Southeastern
States except Florida. Flows of some streams were
extremely low in eastern Alabama, eastern Tennessee,
Georgia, and the Carolinas—conditions more typical of
September and October than of mid-summer. Water-use
restrictions were in effect in parts of Alabama, Georgia,
Kentucky, North Carolina, and South Carolina.

AUGUST 1986

74

75

76

77

78

On August 6, thunderstorm rainfall of nearly 7 inches (5.24
inches in 2 hours) caused widespread flooding in the
Milwaukee metropolitan area of southeastern Wisconsin.
(See article in this volume, ‘‘Flood of August 6, 1986,
in the Milwaukee Metropolitan Area, Wisconsin.””)

In southwestern Wisconsin on August 14 and 15, about 10,000
fish (including 3,100 smallmouth bass) died along 5 miles
of Sinsinawa Creek about 4 miles northwest of Hazel
Green, Grant County, and 15 miles east-northeast of
Dubuque, Iowa. The pollutant was thought to be from pig
manure from animal feedlot and waste operations.
Sinsinawa River is tributary to the Mississippi River in
northwestern Illinois.

From August 16 to 18, Hurricane/tropical storm Charley
caused coastal and small-stream flooding from South
Carolina to Virginia as the storm moved northward along
the coast. Hurricane damages were estimated to exceed
$10 million.

Unusually heavy midsummer rainfall in the Mohawk River
basin of east-central New York State resulted in an August
mean monthly discharge of the Mohawk River at Cohoes
(Albany County) (drainage area 3,456 mi*) more than
twice the previous high discharge for August (1976) in the
68 years of record.

In southern Mississippi, a fishkill of about 40,000 fish (70
percent game-fish) occurred from August 16 to 18 along
50 miles of Bogue Chitto (river) south of Brookhaven,
Lincoln County, 60 to 100 miles south of Jackson, Miss.
The pollutant was a wood-preservative phenol—
pentachlorophenol. Bogue Chitto is a tributary of the
Pearl River.
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Table 1. Chronology of significant hydrologic and water-related events, October 1985 through September 1986 — continued

EVENT

No.
(fig. 4)
AUGUST 1986 (con.) SEPTEMBER 1986

o On August 18 in southeastern Virginia, nearly 61,000 gallons 85 Severe flooding began on September 11 in the central part

of sodium bisulfite discharged from a storage tank into
the Western Branch Elizabeth River at Portsmouth. A
valve of the tank had inadvertently been left open during
plant shutdown procedures in preparation for Hurricane
Charley. The chemical, in anhydrous solution, rapidly
dissipated, and no adverse environmental effects were
reported to the Coast Guard office responding to the hazard
incident. The Elizabeth River enters the lower Chesapeake
Bay by way of the Hampton Roads channel.

In central South Carolina northwest of Columbia, locally in-

tense rains caused flooding and two deaths near Newberry
(Newberry County) on August 18 and one death near Lex-
ington (Lexington County) on August 21. At Newberry,
about 10.2 inches of rain fell in 7 hours, causing $800,000
in damage to homes, bridges, and culverts. Flooding at
Newberry was estimated to have had a recurrence inter-
val of more than 100 years.

An extensive fishkill in the headwaters of Lake Marion in

central South Carolina, southeast of Columbia, was first
reported to State officials on August 23. The kill appears
to have resulted from dissolved oxygen depletion caused
by natural hydrologic events. Runoff from storms that
caused flooding on tributaries in the upper part of the basin
on August 18 and 21 apparently flushed organic debris
from Sparkleberry Swamp at the headwaters of the lake
into the lake. However, these materials were concentrated
in the upper part of the lake because the total water
discharged was small and did not flush these materials
through the lake. A conservative estimate of the size of
the kill is 100,000 fish, but the number of fish killed could
well exceed that number.

Drought conditions persisted in parts of the Southeast but were

eased at least temporarily in many areas by August rains.
An example of prevalent much-drier-than-normal condi-
tions was the Apalachicola River in Florida. The August
flow of the river at Chattahoochee (Gadsden County)
(drainage area, 17,300 mi?), northwest of Tallahassee near
the Georgia State line, was at an all-time monthly low
in 58 years of record at that site. The river was closed
to barge transportation early in the month and there was
concern about possible adverse effects of low river flows
on the Apalachicola Bay oyster industry because of preda-
tion by saltwater species associated with increasing salinity
of bay waters.

SEPTEMBER 1986

On Septemnber 2 in New Jersey south of Philadelphia, Pa.,

about 9,500 pounds of phenol from a reaction kettle at
a chemical plant was discharged from a coolant water
system into Matthews Branch at Woodbury, Gloucester
County. Matthews Branch is tributary to the Delaware
River via Woodbury Creek. Several thousand fish died
from the toxic chemical. No cleanup was possible and
local authorities posted signs prohibiting fishing in
Matthews Branch.

Along the Delaware River near Paulsboro, N.J., and

Philadelphia, Pa., a tanker ran aground on September 10,
spilling 295,000 gallons of crude oil into the river near
an oil refinery. Some oil came ashore on both sides of
the river. Cleanup was completed by October 22, using
booms, vacuum trucks, and high-pressure water to remove
the oil and contaminated debris from along the banks of
the river.

of Michigan's Lower Peninsula (between Lakes Huron
and Michigan), caused by runoff from as much as 13
inches of rainfall during 48 hours. Peak discharges on
many rivers equaled or exceeded both the peak of record
and the 100-year flood. (See article in this volume **Flood
of September 10 to 15, 1986, Across the Central Lower
Peninsular of Michigan.””)

On September 14 in northeastern Georgia, farm drainage of

manure killed more than 16,000 fish (mostly non-game
fish) along 7 miles of Barber Creek south of Bogart,
Oconee County, southeast of Athens, Georgia. Barber
Creek is a tributary of Altamaha River via NcNutt Creek
and Oconee River.

Heavy thunderstorms on the evening of September 20 and

early morning of the 2Ist forced the evacuation of more
than 60 homes in Rochester, Minn. Continuing heavy
thundershowers and flash floods over 17 counties in the
southern part of the State resulted in one drowning on the
21st and another on the 22d. Maximum rainfall amounts
in the 3 days totaled from 4 to 6 inches and followed 3
to 4 inches received in the previous week. Property
damage in Rochester was estimated at nearly $100000 with
losses to agricultural crops estimated in the millions of
dollars.

In north-central Montana, flooding occurred in the latter part

of the month along the Milk River (a major tributary of
the Missouri River) and its tributaries, especially when
torrential rains of as much as 6 inches occurred within
a 12-hour period on September 24. For example, peak
discharge of Battle Creek of 9,780 ft*/s at International
Boundary (about 25 miles east of the Montana-
Saskatchewan-Alberta tri-boundary point) (drainage area,
997 mi®) was the highest flow in the 69 years of record
at that site and was estimated to have a greater than
100-year recurrence interval.

During September, a breakout of Berg Lake, dammed by

Steller Glacier, flooded about 50 mi* along the Bering
River in southern Alaska.

During the last 7 days of September, rainfall totals of 10 to

12 inches in northeastern Illinois, especially in heavily
populated northern Lake County north of Chicago, caused
severe flooding on the Des Plaines and Fox Rivers
(tributaries of the Illinois River). Peak flows in the Des
Plaines River basin at various times between September
27 and October 1, included some with recurrence inter-
vals of 75 years. Four deaths were attributed to the
flooding, and damage estimates of $30 million in the
Chicago area and $70 million in the outlying suburbs were
reported.

In September 1986, the average flow of the Mississippi River

at St. Paul, Minn., was the highest September flow in
the entire 95 years of continuous record at the site—35,390
ft}/s. The flow is from a drainage area of 36,800 mi?, about
45 percent of the total area of Minnesota. In addition to
the September flow, the greatest average annual flow in
the 88-year period of record also occurred at this site
during the 1986 water year—29,285 ft*/s. This is almost
three times (11,230 ft*/s) the average annual flow for the
88-year period, and 34 percent greater than the previous
high of 21,780 ft*/s, which occurred in 1983. (See also
article in this volume, ““Unusual Hydrologic Events in
Minnesota—When it Rains. . . .”’)
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SEASONAL SUMMARIES OF HyprRoLOGIC CONDITIONS,
WATER YEAR 1986

By Thomas R. Karl* and Harry F. Lins?

FALL 1985

The fall (October-December 1985) of water
year 1986 saw a marked increase in streamflows from
the preceding summer in many parts of the Nation.
Substantial increases occurred in Arizona, New
Mexico, the central Great Plains, the middle
Mississippi Valley, the middle Atlantic region, and
southeastern Georgia. Low flows, although less acute
than during the summer, persisted from the Dakotas
into the northern Rocky Mountains, in central Texas,
in much of the Southeast, and along the Pacific Coast
from San Francisco Bay to Puget Sound. (See figure
5A.) For the Nation as a whole, however, the general
condition as characterized by the combined flow of
the three largest rivers in the conterminous United
States—the Mississippi, the St. Lawrence, and the
Columbia—was one of abundant streamflow. The
combined mean discharge of the ‘‘Big Three’’ for the
season was 1,161,600 ft*/s (cubic feet per second),
up 51 percent from the previous season and 42 per-
cent above the fall season median flow.

The above-median flows throughout much of
the Nation continued a series of recent wet autumns.
National precipitation data indicate that six of the
wettest fall seasons of the 20th century have occurred
since 1972. The fall of 1985 was the sixth wettest of

this century. The heavy precipitation (fig. 5B) was
associated with record cold temperatures (fig. 5C),
which were the coldest of the century in much of the
Pacific Northwest and the upper and middle
Mississippi Valleys. As a result of the cold
temperatures considerable precipitation fell as snow
and, during November especially, record snows were
reported in many areas of the Northwest. This early
cold-season precipitation kept streamflows lower than
they might have been if the weather had been milder.

The circulation feature that was responsible for
the anomalously wet and cold weather in the
Northwest was a Pacific/North American (PNA)
teleconnection. In this instance, positive anomalies
of the 700-millibar height field in the North Pacific
centered around lat 50° N., long 150° W. were
associated with negative 700-millibar heights
downstream in the Western United States and positive
heights in the Southeast (fig. 5D). Such a pattern
is conducive to an uninterrupted path of cyclonic
activity that starts on the west coast, moves over the
Rockies, and stalls or decelerates in the Midwest.
These storms draw warm air into their southeast sector
and produce very wet and cold conditions to the north
and west of their tracks.
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Figure 5. Hydrologic conditions during the fall (October-December 1985) of water year 1986. (Sources: Meteorological data— National
Oceanic and Atmospheric Administration, Climate Analysis Center and National Climatic Data Center; streamflow data—U.S. Geological Survey.)

'National Oceanic and Atmospheric Administration, National Climatic Data Center. *U.S. Geological Survey.



National Water Summary 1986 — Ground-Water Quality: SEASONAL SUMMARIES 27

Precipitation from tropical storm systems was
responsible for considerable flooding throughout much
of the season. In October, for example, tropical storm
Isabel generated rain that produced record discharges
in 11 river basins in Puerto Rico. Flows on the Rio
Descalabrado, Rio Inabon, and Rio Cerillos met or
exceeded the 100-year recurrence interval. The
flooding was directly responsible for 55 deaths and
damage in excess of $65 million (table 1, event 1).
Several days later, the remnants of Pacific Hurricane
Waldo caused localized flooding in New Mexico and
from western Texas to Kansas (table 1, events 3, 4).
At the end of October, Hurricane Juan caused severe
flooding in the bayous of Louisiana and erosion along
the coasts of Louisiana and Mississippi and, to a lesser
extent, along coastal reaches in Texas, Alabama, and
extreme western Florida (table 1, event 8). Property
damage was estimated at about $1 billion. In the first
days of November, Juan moved into the Ohio River
valley, stalled, and was fed additional moisture by a
blocking high-pressure system over the Canadian
Maritime Provinces. As the storm gradually drifted
eastward it produced severe flooding in eastern West
Virginia, western Virginia, and the Maryland
panhandle and along the Monongahela River in Penn-
sylvania. Flood records were broken at 40 gaging sta-
tions and flood magnitudes equaled or exceeded the
100-year recurrence interval at 45 gaging stations in
the region (table 1, event 10; see article in this volume
““The Ruinous West Virginia Flood of November
1985”"). By the end of November this storm, along
with the remnants of Hurricane Kate, produced suffi-
cient precipitation to raise the levels of reservoirs of
the New York City system up to or above average and
put an end to the mandatory restrictions imposed on
water use during the drought of the previous water
year (table 1, event 15 and unnumbered event between
events 21 and 22). The drought emergency declared
by the Delaware River Basin Commission on May 13,
1985, was officially terminated on December 18 as
reservoir storage, ground-water levels, and
streamflows throughout the basin rose to the normal
range. (For details on the Delaware River basin
drought, see Harkness and others, 1986, p. 29-34.)

B. Precipitation—Fall 1985

REFERENCE CITED

Harkness, W.E., Lins, H.F., and Alley, W.M., 1986,
Drought in the Delaware River Basin, 1984-85, in U.S.
Geological Survey, National water summary
1985—Hydrologic events and surface-water resources:
U.S. Geological Survey Water-Supply Paper 2300,
506 p.

BB. Precipitation in the conterminous United States expressed
as a percentage of average (1951-80) fall total precipitation.

5C. Temperature in the conterminous United States expressed
as a departure from average (1951-80) fall conditions.
(MA=much above, at least 1.28 standard deviations above
the mean; A=above, between 0.52 and 1.28 standard
deviations above the mean; N=near normal, between
—0.52 and 0.52 standard deviations from the mean;
B=below, between 0.52 and 1.28 standard deviations
below the mean, MB=much below, at least 1.28 standard
deviations below the mean.)

5D. Average height of 700-millibar pressure surface (blue line)
over North America and departure from average (1951-80)
fall conditions (black dashed line). Data in meters.

Figure 5. Continued
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WINTER 1986

The largest change in the distribution of
streamflow anomalies during the winter
(January-March 1986) season was related to the
dramatic increase in the area and magnitude of below-
normal flows across much of the Southeast (fig. 64).
Record low flows for the month of March were
recorded on the Etowah River at Canton, Ga., and
the Cahaba River at Centerville, Ala. Typically, flows
in the Southeastern States increase during the
winter, but reduced precipitation during the winter
of 1986 (fig. 6B) reversed this characteristic pattern.
These dry conditions were reflected in the combined
flow of the Nation's ‘‘Big Three’’ rivers during
January, which, at 803,500 ft*/s, was a 47-percent
reduction from the December flow. By contrast, the
dryness that had prevailed in coastal areas of the
Northwest during the fall season had been replaced
by mostly above-normal flows. Throughout most
of the West, the upper Mississippi Valley, and in
the Great Lakes States, streamflows persisted in the
above-normal range through March.

The winter precipitation pattern across the
Nation was nearly a complete reversal from the fall
pattern (fig. 6B). Much of the central part of the
country during these winter months had below-normal
precipitation, and areas in the Northeast and Northwest
that had been relatively dry during the fall were
now wet. January was particularly dry in the southern
and central Plains with no precipitation recorded

in Texas, Oklahoma, and Kansas (table 1, event 28).
The Southeast was consistently dry each month
through the winter, continuing the pattern that began
during December.

In the West heavy rains began in mid-season.
During the third week in February a complex grouping
of relatively weak low-pressure systems brought
heavy precipitation to the Pacific coast. Flood peaks
associated with this storm system equaled or exceeded
record peaks at more than a dozen sites in California,
Nevada, and Oregon (table 1, event 31). Farther east
this same storm system produced heavy rains along
the east slopes of the Wasatch Mountains in Utah
(table 1, event 32). Between February 15 and 19
several sites received nearly one-half the average
annual precipitation, essentially melting the snowpack
below an altitude of 7,000 feet. Also, the Great Salt
Lake rose 0.75 feet during February to an elevation
of 4,209.9 feet above sea level. In March the lake rose
another 0.6 feet to close the season at 4.210.5 feet
above sea level.

Temperature patterns (fig. 6C) during the
winter also were reversed from their fall pattern. The
intense cold in the West was replaced by much- above-
normal temperatures, with many areas west of the
Mississippi River having the warmest January and (or)
March of the century. In the East, however,
temperatures were much closer to normal during this
period. The extremely warm temperatures in the
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northern Great Plains during March undoubtedly
contributed to rapid snowmelt and thawing, which
caused streams to flow higher than expected given the
precipitation pattern in this area during the winter.
Much of the moisture in this area had fallen as snow
during the previous season.

The circulation features that produced the
remarkable reversal of temperature and precipitation
patterns, which directly affected the streamflow,
resulted from an opposite phase of the Pacific/North
American teleconnection pattern that existed during
the previous season. During the winter months large
negative 700-millibar height anomalies, centered
around lat 45° N., long 155° W., replaced the positive
700-millibar height anomalies that had existed in that
region (fig. 6D). The downstream North American
height field reacted accordingly with positive
anomalies over the Rocky Mountains and somewhat
below normal heights in the East. The anticyclonic
flow, or ridge, over the Rocky Mountain States
discouraged the development or movement of storms
from the Pacific or Gulf of Mexico as a dry
northwesterly flow prevailed in the Southeast. During
much of the season storms from the Pacific Ocean
were only able to penetrate the western periphery of
the upper-level ridge in the Rockies. This ridge helped
produce the anomalous warmth in the West, and the
downstream trough in the East helped keep
temperatures there more seasonable.

65. Precipitation in the conterminous United Stated expressed
as a percentage of average (1951-80) winter total
precipitation.

6C. Temperature in the conterminous United States expressed
as a departure from average (1951-80) winter conditions.
{(MA =much above, at least 1.28 standard deviations above
the mean; A=above, between 0.52 and 1.28 standard devia-
tions above the mean; N =near normal, between —0.52 and
0.52 standard deviations from the mean; B =below, between
0.562 and 1.28 standard deviations below the mean;
MB=much below, at least 1.28 standard deviations below
the mean.)

6D. Average height of 700-millibar pressure surface (blue line)
over North America and departure from average (1951-80)
winter conditions (black dashed line). Data in meters.

B. Precipitation—Winter 1986
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SPRING 1

986

With the spring season (April-June 1986) came
a progressively dramatic intensification of low
streamflow conditions in the eastern third of the
Nation. From the Ohio River valley and mid-Atlantic
States south to the Gulf of Mexico, flows in most areas
were less than half their normal value throughout the
season (fig. 74). In contrast, abundant streamflows
persisted from the winter in the northern Great Plains,
west-central Texas, and across the Great Basin into
the central and southern Rockies.

The season began with below-normal flow
conditions expanding to encompass most of the area
east of the Mississippi River, including those areas
where flows had been above normal in March. In those
areas of the Southeast where dry conditions prevailed
during the winter, flows continued to decrease
dramatically.

During April, record monthly low flows
occurred at 16 of the 38 index gaging stations in the
Southeast. Although flows increased slightly in some
parts of the East in May, they continued declining in
most areas of Kentucky, Tennessee, Alabama,
Georgia, and the Carolinas. By season’s end, all river
basins in Georgia, North Carolina, and South Carolina
had experienced three consecutive months of below-
normal streamflow. The sixth consecutive month of
below-normal flows occurred at 10 index stations—
five in North Carolina, two in South Carolina, and
one each in Tennessee, Alabama, and Georgia. Record
low flows for each month of the season were recorded
on Contentnea Creek at Hookerton, N.C., on South
Yadkin River near Mocksville, N.C., and on Pee Dee
River at Peedee, S.C. In addition, the usable contents

of most reservoirs in the Southeast declined to below
normal levels by the end of the spring. The most
significant declines occurred in the Tennessee Valley
where the contents of selected reservoirs by the end
of June ranged from 57 percent to 94 percent of
normal.

While the Southeast was suffering with drought,
above-normal flows and flooding were widespread in
parts of the northern and southern Plains and from the
Colorado Plateaus into the Great Basin. The most
significant flooding occurred during June in Iowa and
Utah. Severe thunderstorms in Iowa on the 30th of
June caused record floods, with recurrence intervals
in excess of 100 years, on several streams in the Des
Moines River basin (table 1, event 62). A combina-
tion of snowmelt and small upland dam failures
generated record floods on the Duchesne, the Weber,
and the Provo Rivers in northern Utah (table 1,
event 56).

Another significant event in Utah during the
spring was the recording of the highest level of the
Great Salt Lake since lake-level observations began
in 1847. As stated in the summary of the winter season
conditions, the elevation of Great Salt Lake on March
31 was 4,210.50 feet above sea level, 1.10 feet below
the 1873 record high level of 4,211.60. By mid-May,
the old record was surpassed and by the end of May
the level stood at 4,211.80. A slow rise continued until
June 8 when a dike was breached during a wind-
storm.At that time the lake stood at a record 4,211.85
feet above sea level. It fell to 4,211.45 feet by
June 10, rose to 4,211.55 feet on June 20, then began
a slow seasonal decline, falling to 4,211.40 feet by

A. Streamflow— Spring 1986
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Figure 7. Hydrologic conditions during the spring (April-June 1986) of water year 1986.

(Sources: Meteorological data— National

Oceanic and Atmospheric Administration, Climate Analysis Center and National Climatic Data Center; streamflow data—U.S. Geological Survey.)
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June 30. Had the breach not occurred, the maximum
elevation of the lake would have been about 4,211.95
feet (table 1, event 56).

The spring precipitation anomaly pattern
(fig. 7B) closely matched the streamflow. In the
Southeast a very dry April and June along with a near-
normal May combined to produce the driest spring
season of the 20th century from central Virginia to
southwest Georgia. The tenacity of the extreme
dryness was unprecedented in the modern climate
record. Other dry spells had persisted for longer
periods, but the magnitude of the December through
June dryness was unequaled in many parts of the
Southeast. Meanwhile, other parts of the country, such
as parts of the northern Great Plains and eastern New
Mexico, had their wettest springs on record, which
contributed to the excessively high streamflows and
lake levels observed in these areas. The heavy rains
during this time of the year are particularly signifi-
cant considering that, especially in the northern Plains,
spring normally is the wettest time of the year and
nearly half the annual rainfall occurs during this
season.

The accompanying temperature pattern during
this spring season was one of anomalous warmth (fig.
7C), which undoubtably aided in the increased
domestic water use and evaporation rates from
reservoirs in the Southeast. Nearly the entire country
had either above-normal or much-above-normal
temperatures. The only major exception was the
Florida peninsula where substantially cooler than
normal temperatures prevailed.

The mean circulation pattern that contributed
to the anomalous warmth and wetness in the middle
of the country and the extreme dryness and warmth
in the Southeast is depicted in figure 7D. A strong Gulf
of Alaska upper-level low and anomalously higher-
than-normal 700-millibar heights over Canada helped
produce the pattern of warmth over the United States.
The anomaly pattern was much weaker over the con-
terminous United States due to the large number of
““cut-off”” low pressure systems and strong ridges that
progressed from west to east across the country. These
““cut-off’” lows provided the mechanism for heavy
rains and excessively high streamflows in the central
States. The fact that these cyclonic systems were cut-
off from the general circulation contributed to their
relatively slow movement and long rainy periods. By
the time the “‘cut-off”” lows reached the East, however,
they often either dissipated and became absorbed in
an upper atmospheric long-wave anticyclonic flow or
they intensified far enough east so that a dry
northwesterly flow prevailed in the Southeast. This
situation helped produce the record low streamflows
observed in that area.

7B8. Precipitation in the conterminous United States expressed
as a percentage of average (1951-80) spring total conditions.

7C. Temperature in the conterminous United States expressed
as a departure from average (1951-80) spring conditions.
(MA =much above, at least 1.28 standard deviations above
the mean; A=above, between 0.52 and 1.28 standard devia-
tions above the mean; N=near normal, between —0.52 and
0.52 standard deviations from the mean; B=below, between
0.52 and 1.28 standard deviations below the mean;
MB =much below, at least 1.28 standard deviations below
the mean.)

7D. Average height of 700-millibar pressure surface (blue line)
over North America and departure from average (1951-80)
spring conditions (black dashed line). Data in meters.

B. Precipitation— Spring 1986

D. 700-millibar pressurersurface Spring\1

Figure 7. Continued.
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SUMMER

1986

The summer season (July-September 1986) was
characterized by a continuation of the anomalous
streamflow patterns. In general, flows remained high
in the northern and southern Great Plains and low in
the Southeast (fig. 84). Moreover, this geographical
pattern was very consistent from month to month. The
magnitude of the most extreme departures, however,
especially the area of very low flows in the Southeast,
tended to decrease through the season. Nationwide
streamflow conditions, as indicated by the combined
flows of the ‘“Big Three,’” experienced their normal
seasonal decline. Even so, the flow of the ‘‘Big Three’’
remained above the summer season median.

The season began with an initial intensification
of drought conditions in the Southeast where record
low flows for July occurred at 11 index stations. Much
of the Southeast had below-normal precipitation; many
parts of Georgia, Mississippi, Arkansas, South
Carolina, Louisiana, and Texas received less than 50
percent of their normal July precipitation. July was
the seventh consecutive month of dry weather in the
Southeast. The intensity of the dryness for the 7-month
period December 1985 through July 1986 was greatest
in the Carolinas and Georgia. In these areas the
dryness during this period was the most severe on
record, and many records date back to the turn of the
20th century or earlier. The extreme drought during
July was maintained by a westward extension of the
Bermuda High, which covered all of the Southeast.
This, in combination with already parched soils, led
to record-breaking heat, excessive insolation, and

anomalously high evaporation and water-use rates
from existing water supplies.

At the 16 index stations located in North and
South Carolina, Georgia, and Alabama, July
streamflow averaged only 36 percent of median. At
the same time, the contents of reservoirs in the
Southeastern States also were generally below their
seasonal normal. Reservoir contents were quite
variable, ranging from 38 to 96 percent of normal.

Despite the intense dryness in the Southeast,
flows elsewhere across the Nation during July were
abundant. Indeed, more than 75 percent of the index
stations in the United States and southern Canada had
flows in the normal to above-normal range as much
of the area continued to have near- or above-normal
rainfall. Heavy rains along coastal portions of the
Southeast modified drought conditions in many areas
during August. In response to the rain, streamflow at
the 16 index stations in the Carolinas, Georgia, and
Alabama increased to an average of about 69 percent
of the median for the month. Even so, record monthly
low flows occurred at five index stations in Georgia,
Alabama, and Florida (table 1, event 82). Hurricane
Charley helped alleviate the drought conditions along
the coastal sections of North Carolina and the mid-
Atlantic area, but by far the most beneficial rains
resulted from an upper atmospheric low pressure
trough that often was well south of its normal late
summer position. Frontal activity associated with this
trough aided the development of widespread
convective activity over the Southeast.

A. Streamflow—Summer 1986
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Figure 8. Hydrologic conditions during the summer (July-September 1986) of water year 1986.

8A. Streamflow in the United States and Puerto Rico expressed 0
as a percentage of average (1951-80) summer conditions.
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(Sources: Meteorological data— National

Oceanic and Atmospheric Administration, Climatic Analysis Center and National Climatic Data Center; streamflow data—U.S. Geological Survey.)
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A significant hydrological and meteorological
event occurred along the Kinnickinnic River at
Milwaukee, Wis., in early August. A low-pressure
system and a cold front produced nearly 7 inches of
rain (5.24 inches in 2 hours) on the evening of August
6 causing both rural and urban flooding. The peak
discharge of the Kinnickinnic River was nearly twice
that of the 100-year flood (table 1, event 74; see article
in this volume “*Flood of August 6, 1986, in the
Milwaukee Metropolitan Area, Wisconsin’’).

By season’s end the dryness in the Southeast,
although still widespread, had moderated significantly.
In fact, a very wet September helped produce a rather
wet summer across much of the Nation (fig. 8B). The
very wet weather, however, was not welcome
everywhere. Near the middle of the month severe
flooding began in the central part of Michigan’s Lower
Peninsula. Peak discharges on many rivers and streams Weal
exceeded both the record peak and 100-year flood. B. Precipitation—Summer 1986
Several dams failed as did the Flint River dikes in
southern Saginaw County. Flood damages were
estimated at $400 million with 28 counties declared
Federal disaster areas (table 1, event 85; see article
in this volume ‘‘Flood of September 10 to 15, 1986,
Across the Central Lower Peninsula of Michigan’’).

The extremely wet weather during September
resulted from a series of weather disturbances in the
upper atmosphere, which often became nearly sta-
tionary in the west. This led to some anomalously cold
weather in this part of the country and, in fact, set
the character of the entire season (fig. 8C). These cold
unstable pools of air are reflected in the seasonal
anomaly pattern of 700-millibar heights over the
Western United States (fig. 8D). The contrast between
the persistent warm air in the Southeast, which
returned in September, and the cold air in the West
provided the instability for the record breaking rains
and floods in the western two-thirds of the country.
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8B. Precipitation in the conterminous United States expressed
as a percentage of average (1951-80) summer total
precipitation.

8C. Temperature in the conterminous United States expressed
as a departure from average (1951-80) summer conditions.
(MA=much above, at least 1.28 standard deviations above
the mean, A=above, between 0.52 and 1.28 standard devia-
tions above the mean, N =near normal, between —0.52 and
0.52 standard deviations from the mean; B=below, between
0.52 and 1.28 standard deviations below the mean;
MB=much below, at least 1.28 standard deviations below
the mean.)

8D. Average height of 700-millibar pressure surface (blue line)
over North America and departure from average (1951-80)
summer conditions (black dashed line). Data in meters. Figure 8. Continued.
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SELECTED HyDprOLOGIC EVENTS, WATER YEAR 1986

Many floods, droughts, and other water-related events occurred
during water year 1986, as documented in the previous section of this
report (‘‘Review of Water Year 1986, Hydrologic Conditions and
Water-Related Events™’). In the “‘Selected Hydrologic Events Water
Year 1986 section, several of those events, which were selected to
illustrate a range of events that affected large numbers of people,
required a variety of management actions to mitigate their effects, or
were scientifically exciting, are described in more detail.

Weather-related events caused more than $10.5 billion in economic losses in water year 1986.
Of this amount, flood damages were more than $6 billion—the highest amount of damages incurred
since such records began and three times the 10-year (1976-85) average of $2 billion (U.S. Army
Corps of Engineers, 1987). Flood-related fatalities totaled 208, just above the annual national average
of 200 lives. Flash floods accounted for more than 80 percent of the death toll, and at least 60 percent
of those deaths occurred in moving vehicles. Eight major floods occurred in water year 1986; these
events are summarized in the previous section in table 1 (events 1, 8, 10, 31, 49, 52, 74, 85, 87,
90). Three of these events, which received nationwide attention, are expanded on in this section:
*“The Ruinous West Virginia Flood of November 1985”’, ‘*Flood of August 6, 1986, in the Milwaukee
Metropolitan Area, Wisconsin,”” and ‘‘Flood of September 10 to 15, 1986, Across the Central Lower
Peninsula of Michigan.”” Unusually high amounts of precipitation occurred for the fifth straight
year in Minnesota, and the resulting effects are described in the article ‘‘Unusual Hydrologic Events
in Minnesota—When it Rains . . . .”’

The effects of drought are more difficult to estimate, but they can be documented through
reports of crop losses, forest fires, and mandatory restrictions on water use. An article in this section,
“‘Drought in the Southeastern United States, 1985-86,’" describes the hydrologic effects of and
management responses to the drought. Streams were below normal and most reservoirs were drain-
ed to record lows or near-record lows. More than 100,000 acres of land were burned, areas throughout
the region imposed water-use restrictions, and agricultural communities were devastated. These con-
ditions all contributed to more than $3 billion in damages (U.S. Army Corps of Engineers, 1987).

What is not reflected in the events listed in table 1 is some good news. The U.S. Army Corps
of Engineers’ dams, levees, and flood-protection projects prevented an estimated $27.3 billion in
economic damages, about three times the 10-year average (U.S. Army Corps of Engineers, 1987).
The 1986 water year also was a significant year for the U.S. Bureau of Reclamation, as described
in this section in the article ‘“Hoover Dam and the Central Arizona Project—A Milestone Year.”’

Water year 1986 also was the year that the public became aware of the health hazards of
radon in the home. Because of the increased concern about radioactivity in the environment, the
article, *‘Natural Radioactivity in Ground-Water—A Review,”’ presents a review of naturally occurring
radioactivity in ground water, the general areas of occurrence, and methods for treating the water.
Finally, a scientifically exciting event related to glacier movement in Alaska is described in ‘‘Hubbard
Glacier Near Yakutat, Alaska—The Ice Damming and Breakout of Russell Fiord/Lake, 1986.”” This
event, perhaps without parallel in human experience, may have produced the greatest short-lived
discharge of water in North America in recorded history.
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By Harold G. Golden and Harry F. Lins

INTRODUCTION

A severe meteorological, hydrologic, and
agricultural drought occurred in parts of the
Southeastern United States during 1986. Rainfall was
below normal throughout much of the Southeast during
1985, and, except for Arkansas, Florida, and
Louisiana, remained much-below normal during the
winter, spring, and early summer of 1986. This
persistent rainfall deficiency resulted in a major
drought over a large geographical area (fig. 9) during
the summer of 1986.

The word *““‘drought’” has different meanings to
different people. To a farmer a drought is a deficiency
of moisture that affects the crops under cultivation—
even 2 weeks without rainfall can stress many crops
during certain periods of the growing cycle. To a
meteorologist a drought is a prolonged period of
moisture deficiency—a drought lasting 1 to 3 months
is considered short term, 4 to 6 months is intermediate,
and more than 6 months is long term. To a water
manager a drought is a deficiency in water supply
because of its effects on water availability and water
quality. To a hydrologist a drought is defined in terms
of the effects of periods of deficient precipitation on
water resources—these effects can include deficient
streamflow, declining reservoir contents, reduced soil
moisture, and falling ground-water levels.

In 1988, precipitation and streamflow varied
greatly throughout the Southeast, and monthly
streamflow averages were below normal for much of
the year. In much of Alabama, Georgia, Tennessee,
North Carolina, and South Carolina, precipitation
ranged from 65 to 95 percent of normal and
streamflow ranged from 50 to 80 percent of normal.
These 1985 dry conditions were followed by very low
rainfall in the winter and spring of 1986. Streamflow
in many rivers was below average for the first 7 or
8 months of 1986, which resulted in extreme low flows
in ezstern Alabama, eastern Tennessee, Georgia, and
the Caronuas during July and August 1986. As of mid-
August 1986, streamflow had increased from the
mirimum for the year and did not recede again to that
extreme low.

Ground-water levels, which usually are highest
in April and May, were below normal during those
months in 1986. As the rainfall deficiency persisted,
ground-water levels began to recede at greater than
normal rates from already lower-than-normal levels.
Ground-water levels remained much-below normal
during the summer growing season as the rainfall
deficiency continued. However, above-normal rain-
fall occurred in late summer and fall and provided
recharge over most of the area; as a result, the water
levels in most observation wells began to rise during
September, October, or early November, depending
on geographic location and depth of the wells.

CLIMATOLOGICAL CONDITIONS
ASSOCIATED WITH THE DROUGHT

The progressive development of drought
conditions across the Southeast during the winter and
spring of 1986 resulted from anomalous seasonal

patterns in the general atmospheric circulation. The
most notable departures from normal were a relatively
weak and variable flow in the subtropical jet stream
over the Southeastern United States and the absence
of low-pressure troughs over the lower and middle
Mississippi River valley at the 700-millibar level
(about 10,000 feet). Typically, during winter and
spring months a strong subtropical jet flow coupled
with occasional upper-level troughs over the
Mississippi valley promotes the development of large-
scale cyclonic storms over and along the margins of
the Gulf of Mexico. Usually several such storms will
form and move north-eastward, spreading abundant
precipitation across the Southeast. In 1986, however,
fewer than normal storms formed in the Gulf area and
those that did form generally were weak and produced
insufficient rain to break the drought. To summarize,
the upper-level circulation of the winter and spring
period was characterized by an alternative pattern of
troughs displaced either west of normal (accounting
for above-normal precipitation in the Central Plains,
northern Mississippi River valley, and western Great
Lakes area) or east of normal (along or just offshore
of the East Coast) bringing enhanced precipitation
to parts of Florida and extending well offshore into
the Atlantic.

Although the late spring and early summer
circulation pattern was close to normal, the typical
surface pattern of convective showers and
thunderstorms characteristic of the region never
materialized. Through June and early July an upper-
level trough persisted off the east coast with an adjacent
upper-level ridge over the Southeast. The dry
subsiding air associated with the ridge effectively
blocked the normal influx of moist air from the Gulf
of Mexico, leading to record dryness across much of
the area by the end of July.

During the first 2 weeks of August, low
pressure aloft moved over the Southeast bringing an
increase in convective activity. In fact, many parts of
the region received unusually large quantities of
precipitation in mid-August. Although the moisture
deficits by this time were very large, this abundant
moisture did alleviate the streamflow-drought severity.
By late August and throughout September, the
Southeast again was largely under the influence of high
pressure aloft, which resulted in below-normal
precipitation. However, streamflows did not recede
to the extreme lows of late July and early August.

HYDROLOGIC CONDITIONS ASSOCIATED
WITH THE DROUGHT

PRECIPITATION

Precipitation during 1985 ranged from 65 to 95
percent of normal in much of the Southeast excluding
the States of Arkansas, Louisiana, and Florida. The
below-normal rainfall in 1985 was followed by
extremely low rainfall in the winter and spring of 1986.
The percentage of normal precipitation at selected sta-
tions in each State for the period January to August
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is shown in figure 9. Also shown are the cumulative
monthly precipitation for 1986, normal precipitation
for the 1951-80 reference period, and the previous
minimum year of record for four locations—Atlanta,
Ga., Raleigh, N.C., Nashville, Tenn., and Jackson,
Miss. In Atlanta (fig. 94) the cumulative precipita-
tion in 1986 was lower than the minimum year of
record (1954) for January-August and in Raleigh (fig.
9B) it was lower than the minimum year of record
(1933) for January-June. In Nashville, Tenn. (fig.
9C), and Jackson, Miss. (fig. 9D), the cumulative
precipitation was below the minimum year of record
in the middle or early part of the year, respectively.

Rainfall in June and July produced runoff that
alleviated the drought to some extent in Mississippi,
Alabama, western Tennessee, and Kentucky. In late
August, heavy rains following Hurricane Charley
reduced the rainfall deficit for the year in parts of
North and South Carolina and southern Georgia and
locally produced flooding of small streams.

The chronology of the 1986 drought is
documented by the drought-severity index maps shown
in figure 10. Maps for mid-April to mid-September
show the progression of the drought. In mid-April the
extreme drought was limited to a small area in eastern
Tennessee and the western Carolinas. By mid-July it
had covered most of Georgia, the Carolinas, Virginia,
Maryland, eastern Alabama, eastern Tennessee, and
southeastern Kentucky. In mid-August the area of
extreme drought remained about the same, but by
September it had receded to eastern Alabama, eastern
Tennessee, western North Carolina, and Georgia. This
expansion and contraction of the drought area is con-
sistent with the streamflow data discussed below.

STREAMFLOW

Streamflow in much of the Southeast was only
50 to 80 percent of normal for 1985. The low flows
continued into the first 8 months of 1986, when many
streams had the lowest seasonal flows of record for
the season. The cumulative runoff for the year through
August 1986 as a percentage of normal is shown in
figure 9. From Mississippi to North Carolina the
yearly runoff through August was less than 40 per-
cent of normal. In other parts of the drought area
streamflows were less than 80 percent of normal
except for southern Georgia, which had heavy rains
in late February. After these rains little precipitation
occurred in southern Georgia until August, and
streamflows were low from March through July.

Weekly flows for 1986 and the minimum
weekly flows for the period of record at selected
streamflow-gaging stations in Tennessee, Alabama,
North Carolina, and Georgia are shown in figure
9E-H. Each of those stations had some daily flows
below the previous minimums. New minimum flows
of record also occurred in late July at several other
long-term gaging stations (50 years or more of record)
in Georgia.

A statistic widely used by water-quality and
water-use managers to estimate the reliability of a
surface-water source for water supply or for use in
diluting waste discharge is the 7-day 10-year low flow
(lowest average flow for 7 consecutive days with a
10-year recurrence interval). The 1986 flows were
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below this average flow for 54 days at the Georgia
station, 34 days at the North Carolina station, and 28
days at the Alabama station; no days were below that
average flow at the Tennessee station. Tennessee also
uses the statistic 3-day 20-year low flow, and no days
were below that flow at the Tennessee station. The
hydrograph trends through August show that serious
flow deficiences occurred and that new record
minimum flows were set by many streams in the most
severely affected parts of the Southeast. The time of
occurrence of these record minimum flows in July and
August is rare for the Southeast, where annual
minimums usually occur in September and October.
Also, the occurrence of the extreme low flow during
months of high-evapotranspiration loss caused the
recession in flow to be more rapid than had been
previously experienced in this flow range in many
streams.

When comparing monthly streamflow to nor-
mal (reference period 1951-80), July was the lowest
month for this drought, and at many stations in the
Southeast, July streamflow also was the lowest July
flow of record. Streamflow for July 1986 expressed
as a percentage of normal July flow is shown in
figure 11.

In northern Georgia and the eastern Carolinas,
streamflows during the 1986 drought were near the
lowest in this century. The minimum daily flows of
several streams in these areas were lower than those
in 1931, 1941, 1954, and 1981 and were near the
record low flow during the 1925 drought. In the most
severely affected area, the recurrence intervals of the
1986 annual minimum daily flows for many streams
were between 50 and 100 years. The 1986 annual
streamflows in this area were much-below normal with
recurrence intervals between 50 and 100 years.

RESERVOIR LEVELS

Many reservoirs in the Tennessee River basin
were below normal summer levels in 1985, and several
reservoirs in east Tennessee, north Georgia, and
western North Carolina were still below normal in
September 1986. However, mainstem reservoir levels
were maintained at near-normal elevations because of
less-than-normal releases for hydropower generation.

Lake Sidney Lanier in northern Georgia is the
primary water supply for Metropolitan Atlanta and also
is the most popular recreation lake of all the U.S.
Corps of Engineers’ reservoirs nationwide. In late
October, Lake Lanier was at the lowest level recorded
for that time of year—16 feet below normal summer
lake level. Boaters were cautioned to watch for
submerged objects because of the low lake level. (See
figure 12.) In late August the Corps of Engineers
significantly reduced flow releases from Lake Lanier.
This, coupled with runoff-producing thunderstorms in
the headwaters and below-normal air temperatures that
reduced evaporation losses, reduced the rate of decline
in the lake level during late August; by late October
the lake level had begun to rise, and at year’s end it
was only 11 feet below normal summer level.

Elsewhere in Georgia, low reservoir levels
caused boat ramps to be out of water, exposed objects
normally submerged, and rendered the lakes
esthetically unpleasant. Thus, recreation and visits



decreased an estimated 25 percent at Allatoona Reser-
voir and 10 to 20 percent at Hartwell, Russell, and
Clarks Hill Reservoirs.

The most severely affected reservoirs in
Alabama were on the Coosa and the Tallapoosa
Rivers. Deficient rainfall during the months of
December 1985 through April 1986 resulted in below-
normal reservoir levels. To conserve water, reservoir
releases were reduced to minimum requirements. This
practice was continued through the summer and reser-
voir levels in September remained below normal.

GROUND WATER

Ground-water levels in the areas affected by the
drought generally were below average during
mid-1986. In parts of the Piedmont (central Georgia
and central Carolinas), water levels during the sum-
mer months were lower than during the same period
of the 1981 drought. A record low water level was
established at a Griffin, Ga., observation well during
the fall (fig. 97). In parts of southwest Georgia, larger-
than-normal withdrawals for irrigation induced by the
drought resulted in record low water levels. Elsewhere
in southwest Georgia, below-normal precipitation
reduced recharge and increased demand for irrigation
to the extent that water levels in some areas reached
record lows by the end of the summer.

In Tennessee, ground-water levels had been
below normal since December 1985, and record low
water levels were reached at two wells in middie
Tennessee during April and May 1986. Water levels
recovered slightly and were near normal throughout
the State following rains in late May and early June;
however, the rainfall was insufficient to maintain the
rise in water levels and by August the water level had
declined to a near record low in one well (fig. 9J)
before levels began to rise again.

In early September, ground-water levels in
unconfined aquifers in North Carolina remained well
below normal in the western part of the State, were
near normal in the central part, and were above nor-
mal in the eastern part. Ground-water levels began to
rise in October in the western and central parts of the
State (fig. 9K), and in January 1987 in the eastern part.

In east-central Alabama low ground-water
levels were reflected in record low discharges of
Coldwater Spring near Anniston in August.

EFFECTS OF THE DROUGHT
AGRICULTURE

The 1986 drought severely affected the
agricultural economy of the area. The Georgia Depart-
ment of Agriculture estimated losses at $319 million.
Maryland reported losses of $117 million, South
Carolina $165 million, North Carolina $325 million,
and Virginia $303 million. In July and August,
pastures in much of the drought area were in poor con-
dition, supplemental feeding of livestock was required
in many localities, and ranchers marketed more cattle
than usual. As of mid-September, many counties in
each State were declared eligible for Federal drought
relief: Alabama, 67; Georgia, 159; Maryland, 22;
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Mississippi, 39; North Carolina, 81; South Carolina,
39; Tennessee, 75; and Virginia, 83.

Irrigation water use in southwest Georgia
during 1986 exceeded the withdrawals made during
the 1980-81 drought. In Georgia about 65 percent of
the withdrawals were from ground-water sources and
the remaining withdrawals were from surface-water
sources. Irrigation use in other parts of the Southeast,
although not as large, followed the same pattern. In
North Carolina some water shortages resulted when
irrigation ponds were depleted.

WATER SUPPLY

Shortages in surface-water supply were
experienced throughout many areas of the Southeast
in 1986. In Georgia, water-supply shortages first
occurred in a few Atlanta metropolitan systems,
primarily because of high demand and small reservoir
storage. As the drought continued, several systems in
the southern part of the metropolitan area also had
water-supply problems. Several municipalities in north
and central Georgia had surface-water-supply
shortages.

North and South Carolina reported water-supply
problems in a number of municipalities throughout the
States, and in central Kentucky, several communities
that rely on surface water experienced shortages and
imposed use restrictions. Fortunately, precipitation in
late August and early September helped abate most
surface-water-supply problems.

Shortages of ground water from rural-domestic
wells were noted primarily in the northern one-third
of Georgia and in southern Tennessee where several
hundred wells were reported dry. Most public-water
supplies in these areas rely on surface water and also
experienced water shortages.

Water shortages occurred in some Alabama
communities that are supplied by ground water.
Coldwater Spring, one of Alabama’s largest springs
and the source of water for about 70,000 people in
the Anniston area, reached a record low flow in
August. In the Mississippi Delta, record low ground-
water levels were set in August because of the drought
and heavy irrigation demands.

WATER QUALITY

Quality of the water in some major reservoirs,
especially in the Tennessee River mainstem reservoirs,
was seriously degraded by the drought. Water
temperatures were uncharacteristically high at depths
as great as 80 feet, dissolved-oxygen concentration and
pH were lower than normal, and aquatic weed growth
was excessive. In Kentucky Lake, fish reportedly were
sluggish, about 65 percent of the catfish caught by
commercial fishermen could not be sold because of
their poor condition, and minor fishkills were reported.
Some industries curtailed operations to reduce waste
releases to the Tennessee mainstem reservoirs.

The Alabama Department of Environmental
Management reported about 80 fishkills that were
suspected to be related to wastewater discharges.
Fishkills were reported in northwest and southwest
Mississippi on the Yazoo River and Bogue Chitto,
respectively. Fishkills reported in Georgia were



primarily due to low streamflow and high
temperatures. Significant water-quality effects reported
by North Carolina include blue-green algae blooms
and fishkills in the headwaters of Falls Lake near
Raleigh, and fishkills in Middle Creek near Clayton.

Chloride and sodium concentrations were a
problem for Chesapeake, Va., which has a water
intake on the Northwest River. Abnormally high
concentrations in August 1986 were caused by low
freshwater flow in the river, which reduced the nor-
mal flushing and dilution in this tidal stream. Locally
heavy rains and resultant runoff in late August reduced
the problem. Fortunately, there were no reports of
major algae blooms such as the one on the James River
that caused taste and odor problems for Richmond,
Va., during the 1980-81 drought.

MANAGEMENT ACTIONS IN RESPONSE
TO THE DROUGHT

To conserve water and minimize the effects of
reduced precipitation and streamflow in 1986, the
affected States resorted to drought emergency plans
or other management actions. Actions also were taken
to minimize the effects of low flows on hydropower
generation. These actions are described below.

The first major restrictions on water use in the
Southeast region occurred in June 1986 in the Atlanta
metropolitan area when several water authorities
limited or banned outdoor water use. These restric-
tions were imposed because heavy demands caused
by the drought exceeded the storage and distribution
capacities of the systems or the maximum permitted
withdrawals were being approached. During July, the
Georgia Environmental Protection Division (EPD)
notified more than 100 communities in north Georgia
to adopt water-conservation measures, and most of the
communities complied. Several of these communities
imposed total bans on outdoor water use, and a few
localities, because of insufficient supplies, also
requested reductions in industrial use. In mid-August
about 330 ground-water users, mostly in southern
Georgia, were notified by EPp to adopt water-
conservation practices by September 5. Most users
implemented these practices, but before they became
completely effective, rain in October reduced their
impact.

The Kentucky Cabinet for Natural Resources
issued a ‘‘water shortage watch’” in mid-August to
warn local officials of the potential for shortages if
dry conditions persisted. The watch, which advised
local officials to monitor water supplies and to begin
conservation measures if shortages continued, was
especially important for public water-supply systems
that depend on small streams.

A Drought Task Force made up of represent-
atives from State and Federal agencies was established
by the Governor of Alabama in the summer of 1986
to consider all aspects of the drought. By October 1,
1986, the Task Force actions to reduce hydropower
generation had resulted in a 25-percent reduction in
releases from five reservoirs in the Coosa and the
Tallapoosa River basins in Alabama.

As early as 1985, the State of Virginia in
response to the drought conditions established a
Drought Monitoring Task Force under the auspices
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Figure 10. Area of extreme drought in the Southeastern United States, April 12, 1986,
to September 13, 1986. The term ““extreme drought” is derived from the long-term Palmer
Drought Severity Index, which is based on precipitation, evapotranspiration, and soil
moisture conditions—all of which are determinants of hydrologic drought. (Source: Data
from National Oceanic and Atmospheric Administration and U.S. Department of Agriculture Joint
Agricultural ““Weekly Weather Crop Bulletin.”)



of the Virginia Water Control Board. When drought
conditions persisted into the spring of 1986, the
Task Force was reactivated. It consisted of represen-
tatives from the Virginia Water Control Board,
Department of Health (public water supplies),
Department of Agriculture, Division of Forestry,
Department of Emergency Services, State
Climatologist, the National Weather Service, and the
U.S. Geological Survey. The Task Force issued
biweekly statements on current hydrologic and
agricultural conditions as well as near- and long-term
weather forecasts. In late August, the Virginia
Governor’s Office issued letters to all communities
and large industrial water users requesting voluntary
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in Camden and York. In North Carolina, mandatory
water-use conservation measures were placed in effect
by city officials in Durham, Charlotte, Bessemer City,
Cherryville, Stoville, Landis, Hillsborough,
Mount Pleasant, Concord, Atlantic Beach, and
Orange-Alamane and also by the Orange Water and
Sewer Authority. Voluntary conservation was
requested in 26 additional systems including Winston-
Salem and Greensboro.

Water-use restrictions were imposed by 17
water systems in east and central Tennessee.
In August, Alabama requested a reduction in the use
of water for some communities in DeKalb, Calhoun,
Marion, and other central Alabama counties.
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conservation of water in order to mobilize citizen
participation in conservation efforts. Voluntary
conservation of water was requested earlier in the
summer in a few communities having shortages due
to a lack of supply or to distribution problems.
The States of Georgia, Florida, and Alabama
and the U.S. Army Corps of Engineers formed a
drought-management committee to formulate water
management action to combat the serious water
shortage in the Apalachicola-Chattahoochee-Flint
River basin. The committee coordinated many actions
taken by the member organizations in response to the
drought including reduction in reservoir releases,
which reduced hydropower generation and releases for
navigation, implementation of water-conservation
measures, and water-use restrictions when necessary.
In South Carolina, voluntary restrictions on
water use were requested in numerous municipalities
and mandatory water-use restrictions were instituted

FLORIDA

P e 1l

Streamflow for July 1986, the most severely affected month of the 1985-86
drought in the Southeastern United States.

(Source: Data from U.S. Geological Survey

By mid-September, many jurisdictions in the
Southeast had lifted restrictions because of increased
precipitation and the decrease in outside water use.

The 1986 drought also seriously affected
hydropower generation in many areas of the Southeast.
For example, power generation by the Corps of
Engineers’ reservoirs in northern Georgia and
Alabama was reduced by 50 percent because of
reduced streamflow. The Southeast Power Administra-
tion, which markets power generation by Corps
facilities, was forced to purchase alternative power
because of reduced hydropower generation resulting
from the drought.

The Tennessee Valley Authority (TvA) reported
that for the period January-May 1986, hydropower
generation was only 50 percent of normal because of
conservation measures at reservoirs in the Tennessee
basin. However, increased precipitation, coupled with
the conservation measures, produced near-normal



elevations in many of the mainstem reservoirs
during early September, permitting a return to near-
normal hydropower generation.

The Alabama Power Company reported that
hydropower generation was about 70 percent
below average in May and about 60 percent
below average in June. Hydropower generation in
South Carolina was severely reduced because of
low reservoir levels. On June 13th a South Carolina
company ceased hydropower generation at
Lake Murray where generation had been
minimal for several months. When the drought
eased later in the fall, hydropower generation
was resumed.

Figure 12. Lake Sidney Lanier, Georgia, September 1986, at
Young Deer Creek embayment on the north side of reser-
voir near Buford Dam. Water-level elevation was about 1,056
feet above sea level. Tree-line marks near-normal summer elevation
of 1,071 feet. In October 1986, the reservoir level had receded to a
minimum of 1,054.8 feet, which was only 2.1 feet above the record

minimum level of 1,062.7 feet in December 1981.

courtesy of U.S. Army Corps of Engineers.)

CONCLUSIONS

An agriculturally, meteorologically, and
hydrologically severe drought occurred in parts of the
Southeastern United States during 1986. The drought
began in 1985 in much of Alabama, Georgia, Ten-
nessee, North Carolina, and South Carolina. During
1985 the annual precipitation ranged from 65 percent
to 95 percent of normal and the annual streamflow
ranged from 50 percent to 80 percent of normal. These
dry conditions in 1985 were followed by very low rain-
fall in the winter and spring of 1986, which resulted
in extreme low flows in eastern Alabama, eastern Ten-
nessee, northern Georgia, and the eastern Carolinas
during July and August 1986. These low streamflows
were less than the previous minimum streamflows
recorded at several gaging stations with 50 years or
more of record. The timing of these extreme low flows
in late July and early August was unusual because
annual minimum flows in much of the Southeast
usually occur in September and October.

In Atlanta, Ga., the precipitation for the first
half of 1986 set a new record low for January-June,
and in Raleigh, N.C., and Nashville, Tenn., it was
the second lowest January-June on record. The

{Photograph
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cumulative streamflow through August 1986 was less
than 40 percent of normal from Mississippi to North
Carolina. In northern Georgia and the eastern
Carolinas the streamflows during late July and August
1986 were near the lowest of this century.

Reservoir levels were below normal in north
Georgia, east Tennessee, and the eastern Carolinas
during the spring and summer of 1986. However, the
mainstem reservoirs in the Tennessee River basin were
maintained near normal throughout the dry period.

Ground-water levels in the drought-affected
area generally were below average. During 1986,
water levels in the most severely affected area were
below average in the spring and declined to near-
record lows in August in many
observation wells.

The drought severely
affected agriculture, and estimated
losses in the Southeast exceeded
$1 billion. Many counties in the
affected Southeastern States were
declared eligible for Federal
drought relief. Water-supply shor-
tages occurred in Georgia and the
Carolinas as a result of low
streamflows and declining
ground-water levels.

Water-quality problems
occurred in many streams in the
Southeast and in the major reser-
voirs in the Tennessee River
mainstem. Fishkills, odor prob-
lems, and excessive aquatic weed
growth were reported in several
States in the Southeast because of
the low streamflow and high water
temperatures. Most Southeastern
States took management actions
during this drought emergency
and established a variety of
drought contingency plans. In
some places, particularly in north
Georgia and the eastern Carolinas, water use
was restricted.
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HuBBARD GLACIER NEAR YAKUTAT, ALASKA—
THE Ice DAMMING AND BREAKOUT OF RUSSELL
Frorp/LAKE, 1986

By Lawrence R. Mayo
INTRODUCTION

One of the most
dramatic hydrologic
events in the United
States during this
century occurred in
May 1986, when the
Hubbard Glacier,
which originates in an
ice field in the
Canadian part of the
St. Elias mountains
and flows in a
southerly direction through the Wrangell-St. Elias
National Park and into Disenchantment Bay, sealed
the entrance to Russell Fiord in the Tongass National
Forest near Yakutat, Alaska, and transformed the fiord
into Russell Lake. (See figures 13 and 14.) During
the past century, the glacier had been encroaching
gradually on the fiord, and it had been predicted (Post
and Mayo, 1971) that by about 1990 the fiord would
be blocked (dammed) by the advance of the Hubbard
Glacier against the northern part of Gilbert Point.
When this blockage did occur on May 29, 1986,
Russell Fiord (now transformed into Russell Lake)
filled rapidly, giving rise to the possibility that by 1987
the elevation of the lake would be so high that it would
discharge into the Situk River basin. If that were to
happen the new outlet at the southwestern shore of
Russell Lake would seriously disrupt a world-
renowned fish-spawning habitat, drown forests, inun-
date two roads, and flood a ‘‘bush’ airstrip and
numerous subsistence fishing camps. Rising lake levels
potentially also could alter the local climate and
possibly inject residual seawater from the fiord into
local aquifers.

On October 8, 1986, before this could occur,
the Hubbard Glacier ice dam failed, rapidly dis-
charging an estimated 1.3 mi® (cubic miles) of lake
water into Disenchantment Bay. The outburst flood
maintained an hourly average discharge of 3,700,000
ft*/s (cubic feet per second). This outburst may have
produced the greatest short-lived discharge of water
in North America since glacial-lake outburst floods
occurred at the end of the Pleistocene Epoch (about
10,000 years ago).

The closure of the fiord and the subsequent out-
burst flood from the ice-dammed lake set the stage for
potentially more dramatic hydrologic events in the
years ahead, events that could have profound and long-
term effects on the inhabitants of Yakutat and environs,
the resources of the national park and the national
forest, and the ecology of the area. In response to the
importance of the Hubbard Glacier advance and the
complexity of the natural processes of change in the
geology, hydrology, and ecology of the region, the
U.S. Secretary of Agriculture dedicated the Russell
Fiord Wilderness Area as a GEOLOGIC INTEREST AREA,

the 15th such in the national forest system.
The observations of the Hubbard Glacier reported
herein are the result of a cooperative project by two
bureaus of the U.S. Department of the Interior—the
U.S. Geological Survey and the National Park
Service—and an agency of the U.S. Department of
Agriculture—the U.S. Forest Service.

HISTORIC ADVANCE AND RETREAT OF
HUBBARD GLACIER

Legends and stories told to early explorers, and
which are still in the oral history and memory of the
Tlingit native people of Yakutat, testify that major
glacial advances in the past had overridden villages,
changed the local ecology, and altered the courses of
rivers, whereas major glacial retreats had opened new
bays and provided new transportation routes (de
Laguna, 1972). Hubbard Glacier last advanced to the
Gulf of Alaska in A.D. 1130 +160 years (Plafker and
Miller, 1958) and formed a terminal moraine on which
the town of Yakutat is now located (fig. 13). After
this ‘‘Middle Ages’’ advance, the glacier retreated 20
to 30 miles; in about A.D. 1700 it again advanced
(Plafker and Miller, 1958). Both of these advances
left prominent submarine moraines in Yakutat Bay.
After the A.D. 1700 advance the glacier again
retreated, exposing land (west of Gilbert Point) that
was named Haenke Island by the explorer Malaspina
who mapped Disenchantment Bay in 1791 while
searching for the elusive Northwest Passage. In 1891,
I.C. Russell, the first scientist to conduct studies in
the area, found Russell Fiord to be open to Disenchant-
ment Bay. In 1895, the International Boundary Com-
mission (1952) mapped the Hubbard Glacier terminus
about 1.5 miles from the point where the damming
of Russell Fiord was to occur in 1986 (fig. 14).

Since 1895, the glacier has advanced by
depositing a protective submarine moraine across the
entrance of Russell Fiord (and across the upper part
of Disenchantment Bay). Recent fathometer
measurements in water near the terminus and ice radar
measurements through Hubbard Glacier behind the
terminus reveal that a protective moraine extends
across the mouth of the fiord almost to the sea sur-
face at the ice cliff terminus of the glacier.

The advance of Hubbard Glacier is made
possible because 95 percent of the glacier’s 1,300-mi?
(square mile) area lies in its accumulation area.
Hubbard Glacier lost most of its ablation (ice melting)
area after it had retreated about 35 miles from the
mouth of Yakutat Bay since A.D. [130. From a
glaciological point of view a glacier can be divided
into an accumulation area (accumulation > ablation)
and an ablation area (ablation > accumulation). The
line of demarcation between the two is called the
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Figure 13. Hubbard Glacier, Russell Fiord/Lake, and Situk River, Alaska.
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from U.S. Geological Survey topographic maps. Photograph is Landsat image of Hubbard Glacier
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equilibrium line. At the present time, most of the ice
flowing from the vast accumulation area of the Hub-
bard Glacier is lost by calving. Only a small fraction
of the ice volume either melts or is stored as the glacier
lengthens and thickens; this results in a slow advance
of the glacier. During the past century the Hubbard
Glacier advance rate has increased gradually. From
1895 to 1961, the glacier advanced only about 3,300
feet at an average rate of 50 feet per year. From 1961
to 1985 the glacier advanced 2.600 feet at an average
rate of 108 feet per year.

Before 1985 the terminal submarine moraine
of Hubbard Glacier had been advancing into deep
water, but in 1985 the terminus reached shallow water
near Gilbert Point (fig. 13). The increased rate in
glacier advance that culminated in the fiord closure
in 1986 was caused primarily by reduced calving losses
near Gilbert Point as the glacier entered progressively
shallower water. From August 7, 1985, to June 12,
1986, the glacier advanced only 160 to 650 feet along
its terminus into the deep water of Disenchantment
Bay but it advanced 1,000 to 1,600 feet into the
shallower Russell Fiord. It also advanced about 2,600
feet along a 1,600-foot-wide segment of the terminus,
into the rock ridge below Gilbert Point. This advance
blocked Russell Fiord from the sea and created Russell
Lake on May 29, 1986. The average rate of advance
from August 1985 to June 1986 in very shallow water
in the vicinity of the new ice dam was about 3,300
feet per year.

The localized, rapid advance that caused the
closure of Russell Fiord was assisted by soft sediments
at the glacier terminus and by a surge of a tributary
glacier. Soft marine silt and gravel were plowed up
by the advancing ice terminus and were pushed above
sea level. This effectively halted any further calving
losses from that part of the terminus during the spring
of 1986. At the same time, the Valerie Glacier, which
is a 25-mile-long southeastward-flowing tributary to
Hubbard Glacier, underwent a weak surge that
increased its normal rate of ice flow from 3 to 6 feet
per day to 100 feet per day. This ice flow from Valerie
Glacier, which entered Hubbard Glacier north of its
terminus, contributed to the accelerated movement of
Hubbard Glacier into and across the mouth of Russell
Fiord.

RUSSELL FIORD/LAKE

Tlingit Indians of Yakutat gathered berries and
hunted beside a lake in the Russell Fiord basin in the
years before about 1860 and witnessed the drainage
of the lake (de Laguna, 1972). I.C. Russell (1893)
observed shoreline features and a lack of vegetation
on the fiord walls that indicated clearly the presence
of the former glacier-dammed lake. River-delta
sediments with two layers of lake sediments above sea
level, dated at 6,000 and 4,000 years ago, were
observed in October 1986 by George Plafker (U.S.
Geological Survey), John Clague (Canadian
Geological Survey), and the author, indicating that
major glacier-dammed lakes formed several times in
the recent past in Russell Fiord.

During the summer of 1985, tidal inflow
apparently had been reduced by debris deposited by
the glacier advance at the fiord’s entrance, and
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fishermen noticed that about 20 feet of freshwater had
accumulated on top of the saline water in the fiord.
The channel closed completely on May 29, 1986,
according to Mike Brahnum of Yakutat, and turned
Russell Fiord into a lake once again. The freshwater
flowing into Russell Lake in May 1986 floated on the
residual seawater, isolating the seawater as had been
predicted (Reeburgh and others, 1976). With inflow
of oxygen by seawater advection eliminated by the
closure, the trapped seawater was predicted to become
anoxic within 2 years (W.S. Reeburgh, 1986,
University of Alaska, oral communication).

Inflow to Russell Lake is from an 800-mi?
drainage basin that is 50 percent glacier covered (fig.
13). The surface area of the lake ranges from 75 mi?
when its surface is at sea level, to 100 mi* when the
lake surface is elevated by 150 feet. Traces have been
found of a lake shoreline at 150 foot elevation. The
present outlet to the Situk River is at 130 feet.

Immediately after the lake formed in 1986 it
was important to assess the possible outcome of a
rising lake level: either the water would overflow the
rising moraine dam at the glacier terminus or it would
overflow into the Situk River basin. To calculate which
of these two possibilities might occur, a prediction of
the filling rate of the lake was needed. Inasmuch as
no river gages were in operation in this region of
Alaska and only one gage had been operated on a small
stream 120 miles west for 11 years, the prediction had
to be based on information extrapolated from research
conducted on distant basins, as explained below.

Previous research at three glacierized drainage
basins in Alaska produced a simple method for deter-
mining the average runoff rates expected from the
glaciers (Mayo, 1986). An inverse relation exists
between average glacier runoff rate and the
equilibrium-line altitude (ELA) of glaciers—the altitude
at which snow accumulation from precipitation is
balanced by melting losses.

The average ELA of glaciers in the Russell Lake
drainage basin is 2,600 feet, and the average runoff
rate for glacier-covered areas was estimated to be 170
in/yr (inches per year). At Yakutat, the average
precipitation rate is 135 in/yr, but inland from the Gulf
of Alaska the precipitation decreases. If a precipita-
tion rate of 120 in/yr is taken to be representative for
the nonglacier areas of the basin and if evaporation
is assumed to be 15 in/yr, then the runoff rate for
nonglacier parts of the basin is estimated to be about
105 in/yr. This simple ELA/runoff model applied to
the Russell Lake drainage basin indicated that the
average annual water yield for the entire basin is about
138 in/yr, which is equivalent to an average annual
flow of 7,700 ft*/s.

To complete the prediction of lake-level rise,
the average monthly discharge measurements from the
Kenai River were used to estimate the seasonal varia-
tion of flow into the lake. The Kenai River was
selected because it is at approximately the same latitude
in Alaska as the Russell Lake basin, is near the Gulf
of Alaska, and also contains glaciers and a major lake.
The estimated monthly inflow to Russell Lake was
used to develop the lake-height predictions shown in
figure 154.

During the summer of 1986, Russell Lake filled
rapidly with freshwater, of which about 80 percent
was from melted snow and glacier ice, and reached



an elevation of 82.5 feet on October 7, 1986 (Seitz
and others, 1986). The actual lake-height
measurements (fig. 154) were found to be
consistent with the predicted runoff rates estimated
for Russell Lake, and the measured filling of Russell
Lake provided the first reliable runoff data
for a glacierized basin in this region of Alaska, a region
that may produce 5 percent of the Nation’s runoff
(Mayo, 1986).

STABILITY OF THE ICE DAM

The stability of the newly formed ice dam
was uncertain during the summer of 1986 because
it was only 1,600 to 2,000 feet wide, and the lake
overflow point on the terminal moraine of the Hubbard
Glacier was being pushed higher by the glacier only
slightly faster than the lake was being filled (fig. 154).
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have been caused by a submarine landslide from the
terminal moraine.

Stress on the ice dam from the flow of Hubbard
Glacier caused ice compression between the glacier
and the mountain and laterally directed ice extension
parallel to the terminal moraine. From this motion,
crevasses formed in the dam, separating a series
of individual, narrow ice dams that pressed edge-on
against the mountain front. Local runoff from rain
and ice melt became trapped in the crevasses between
these narrow dams, forming small lakes against
the moraine that were higher than Russell Lake.
Pressure from this trapped water increased the
rate of lateral spreading of the ice. Movement of
ice in the direction of the lake was effectively halted
by the lake water pressure.

Calving of icebergs into Disenchantment Bay
during the late summer exceeded the ice-replacement

Figure 14. Oblique aerial photograph of
the terminus of Hubbard Glacier,
Alaska, June 13, 1986. View is
northeast and shows the ice dam formed in
May 1986 and the terminus position as
mapped in 1895 by the International Boun-
dary Commission (1952) and in 1961 by the
U.S. Geological Survey (Mount St. Elias A-6,

Alaska, map). (Source: U.S. Geological
Survey photograph 86M1-51, by
L.R. Mayo.)
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'
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The height of the ice dam itself could not be measured
accurately because it was a complex array of spires
and crevasses; it was estimated, however, to be about
3 times higher than the lake surface.

During the initial months after the lake formed,
the most likely mode of dam failure appeared
to be overtopping of the moraine at the glacier
terminus. However, the advancing ice pushed the
moraine up the steep mountainside at a rate that
exceeded the rate of rise in lake level (fig. 154);
therefore, by September overtopping of the moraine
was judged to be unlikely. Ice-dam failure by overflow
did not occur. However, in August, the glacier
terminus in Disenchantment Bay retreated 1,000 feet
near the ice dam, which reduced the amount of ice
flowing into the dam area. This sudden retreat may

CLOSURE

-

L4

rate; consequently, the width of the ice dam decreased
from 1,600 feet on August 7 to only 500 feet on
October 7, 1986. During this period, muddy fresh
water flowing from the dam after calving of each
iceberg gave the appearance that lake water was
leaking through the dam. However, muddy water also
was flowing from the dam into Russell Lake.
Apparently, water pressure in the dam was greater than
the water pressure in the lake, a condition that blocked
the outflow of any lake water. A greater water-
pressure gradient in the ice dam relative to sea level
was responsible for more calving on the ocean side
than on the lake side of the ice dam.

Failure of the ice dam was thought to be
imminent on September 26, 1986, when the ice dam
was observed to be settling and breaking apart.
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Figure 15. Measured and predicted rise of and discharge from Russell Lake, Alaska.
A, Monthly lake-level rise and elevation of the moraine at Gilbert Point, May 1986 to October 1987.
B, Discharge data for the outburst flood of October 8, 1986. (Sources: A, Measured lake heights
from Seitz and others, 1986; predicted lake heights by L.R. Mayo; elevation of top of terminal moraine
of the Hubbard Glacier at Gilbert Point measured by L.R. Mayo using aneroid altimeter. B, Lake-
height data from Seitz and others, 1986; discharge data calculated by L.R. Mayo from lake-height
data; Teton Dam burst discharge from Costa, 1985; Yukon River peak flow from Jones, 1983; tide
predictions from NOAA tide tables for Alaska.)

On September 27, 1986, the U.S. Forest Service
closed Russell Lake to float-equipped aircraft and
boats because of the potential threat of strong
currents in the lake if the dam failed. Similarly, the
U.S Coast Guard issued a warning that no vessel
should operate within 5 miles of Hubbard Glacier in
Disenchantment Bay.

OUTBURST FLOOD oF OCTOBER 8, 1986

The outburst flood of Russell Lake began during

" the afternoon of October 7, 1986, when lake water

began flowing through the ice dam carrying with it
small bits of ice from the dam itself. At the same time,
the lake was still rising and it continued to do so until
10:30 p.m. (Alaska Standard Time) on the evening
of October 7, as a result of about 20,000 ft*/s of water
flowing into the lake; this was an indication that the
flow of water out of the dam until 10:30 was less than
this amount. Unfortunately, sunset occurred before the
ice dam failed, and it was not possible to observe
directly the breakout of Russell Lake. Blowing rain,
wet snow, and fog also obscured the glacier during
the night, further impeding visual observations. A rare
display of St. Elmos’s fire, a static discharge
phenomenon produced by the blowing fog, made the
breakout of the lake even more memorable and
dramatic.

Just before midnight, a water-level monitoring
station on Russell Lake began to register a drop in lake
level. By 1:00 a.m. on October 8 a loud roar of water
with frequent sounds of calving ice was heard by the
author from the ridge 2,000 feet above the failing ice
dam. The rate of lake decline and the noise level
increased until about 2 a.m. Between 1:00 a.m. and
2:00 a.m., the fall of the lake level reached a rate of
5.5 feet per hour (Seitz and others, 1986), indicating
a 1-hour average rate of discharge from the lake of
about 3,700,000 ft3/s (fig. 15B). From 2:00 to 3:00
a.m., the outburst discharge decreased temporarily,
possibly because a very large iceberg could have
partially blocked the outburst channel at 2 a.m. and
remained there for part of the hour.

During the outburst flood, lake-height
measurements telemetered at 15-minute intervals
through the Geostationary Operational Environmental
Satellite (cors) communication system indicated that
the peak discharge may have been as high as 4,100,000
ft3/s at about 1:15 a.m. By comparison, the measured
peak flow of the Yukon River, Alaska’s largest river,
is only 1,030,000 ft*/s (Jones, 1983).

The peak discharge from the Russell Lake out-
burst flood was larger than would have been expected
on the basis of a generalized analysis of both glacier
and nonglacier dam failures worldwide (Costa, 1985).
In fact, the peak outburst discharge from Russell Lake
may have been the largest historical discharge on the
North America Continent.

The ice-dam failure was gradual, not abrupt.
Crumbling and flushing of ice from within the dam
were observed during the evening of October 7. The
increase of outburst discharge also was gradual.
Once an initial breach in the ice dam was made, the
steadily increasing rate of lake decline and the
observed continuous din of individual calvings of ice
indicate that the ice dam failed progressively by



frequent calving of ice into a rapidly widening open
river rather than through a tunnel in the ice. The ice
dam calved progressively and was not removed ‘‘en
masse.’’

At 5 a.m. the outburst was first seen and by
then the ice dam was largely gone. A powerful river
about 1,600 feet wide flowed from the lake near Osier
Island to Disenchanment Bay where the ice dam had
been (fig. 16). Moderate turbulence of the water
moving in the lake towards the dam brought lake-
bottom sediments to the surface for 2 miles before
the water plunged through the outburst channel. Highly
turbulent flow began at Osier Island. Even the largest
icebergs floating into the channel were lost from
sight in the foaming standing waves, which were
about 30 feet high. The water with individual eddies
as large as 300 feet in diameter was carried across
Disenchantment Bay as a ‘‘river in the sea,’” a distance
of about 4 miles. Most of the ice from the dam
was trapped and floated in a large gyre on
Disenchantment Bay between the outburst current
and the calving terminus of Hubbard Glacier.

During the outburst flood, the channel widened
not only by glacier calving but also by erosion
of bedrock, moraine, and gravel along the shore
of Russell Fiord. All but a remnant of the terminal
moraine, which had been pushed 108 feet high
onto the fiord wall, was washed away. Individual
boulders as large as 50 feet in diameter were removed
from the moraine by the outburst flood.

Landsliding from the fiord wall into the outflow
from Russell Lake occurred continuously throughout
the outburst flood. The mountain front was undercut
by the swift current, and seismic tremors from
the outburst possibly caused the continual release of
individual rocks from the newly exposed face. Rock
sliding was more continuous than episodic, at least
after dawn. Erosion resulted in 500 to 1,000 feet
of shoreline recession.

The retreating ice dam limited the outflow until
only about 2 a.m., at which time the channel between
the fiord wall and Osier Island (fig. 16) controlled
the remaining lake drainage. Had the outburst channel
width not been controlled by Osier Island, the peak
discharge would have been several times greater, the
lake would have emptied in only a few hours, and even
more dangerous currents would have occurred
throughout Disenchantment Bay.

Water discharge of the magnitude of the outflow
of Russell Lake is rare in human experience and out-
bursts of this magnitude have not been measured
previously. Fortunately, during the Russell Lake
breakout direct measurements of the flood were
possible. The water-surface speed through the outburst
channel at 6 a.m., measured by timing the foaming
turbulence between range lines surveyed by theodolite,
was 36 ft/s (feet per second). At 9:00 a.m. the water-
surface speed through the channel was measured
by a hovering helicopter, equipped with microwave
distance-measuring equipment, that tracked
identifiable objects such as giant eddies or icebergs.
At that time, average speed through the channel was
32 ft/s.

Forecasts made before the outburst flood that
water currents in Russell Lake and Disenchantment
Bay near Hubbard Glacier would be hazardous to any
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vessels were verified by observations of currents
during the outburst. The swift and turbulent water
submerged and tore apart large icebergs, which
emerged again far out in Disenchantment Bay. Land-
sliding on one side and frequent calving on the other
side of the channel made both shorelines hazardous
as well.

By 2 p.m. October 8, outburst water covered
95 percent of the surface of Yakutat Bay and large
icebergs had been carried into the Gulf of Alaska,
creating a temporary hazard to vessels in areas that
usually were free of ice. The outburst ended at about
3 a.m. on October 9, 1986, when the falling lake level
met a rising tide in Disenchantment Bay.

Figure 16. Oblique aerial photograph of
“Russell River,” Alaska, October 8,
1986, at 9:01 a.m. (Alaska Standard

Time). View is east; in background is
discharging Russell Lake and in foreground
is Disenchantment Bay. Discharge rate from
Russell Lake at this time was about 2,500,000
cubic feet per second.  (Photograph by L.R.
Mayo.)

THEORY OF TIDEWATER GLACIER
VARIATIONS AND THE FUTURE MOVE-
MENT OF HUBBARD GLACIER

Hubbard Glacier is one of about 50 tidewater
glaciers in Alaska that advance and retreat over several
tens of miles in a cycle dominated by the water depth
at the glacier terminus. Glacier advances and retreats
resulting from this cycle are asynchronous because all
the glaciers do not advance and retreat together under
the influence of common climate change; the cycle
period (usually many centuries) is unique for each
glacier.

Austin Post (1975) proposed the theory that
“‘Instability results when a tidal glacier retreats even
a short distance into a deep basin from a stable position
on a terminal shoal.’” Instability occurs because a
glacier’s calving rate of icebergs is directly propor-
tional to the water depth at the terminus (Brown and
others, 1982), and if for some reason the glacier
retreats from the terminal moraine the calving rate in
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Figure 17. Schematic cross sections of a grounded tidewater glacier illustrating processes
of (A4) retreat and (B) advance in the calving glacier fluctuation cycle.

the deeper water behind the moraine becomes greater then can
be supported by ice flow (fig. 174). This theory has been used
to explain why Columbia Glacier, 270 miles west of Hubbard
Glacier, recently began a retreat that is expected to continue for
decades, ultimately resulting in a retreat of the terminus of the
glacier by 25 miles (Meier and others, 1985; Meier, 1986).
A glacier entering water, or remaining in water following
retreat, such as Hubbard Glacier, can remain stable and again
advance a great distance if the glacier deposits a protective
submarine moraine shoal at the calving terminus (fig. 17B). The
buildup of the moraine reduces the iceberg calving rate. If a
tidal glacier has a large excess of snow and ice in its accumulation
area and a small ablation area, and it carries sufficient rock debris
to fill the fiord or lake with a moraine at the glacier terminus,
the glacier can thicken behind the moraine, erode the glacier
side of the moraine, and begin to advance again as it redeposits

the moraine debris into the water at the
glacier’s terminus. Thus protected, a glacier
can move the terminal moraine forward and
advance into a body of deep water, a process
that may take centuries to complete.

Eventually, however, glacier growth
ceases because the accumulation of snow and
ice in the accumulation area is balanced by
the melting of ice in the newly enlarged
ablation area. Such a tidal glacier can remain
at an advanced, stable position for an
indeterminate length of time. However, it will
survive only so long as the snow accumulation
rate in the accumulation areas exceeds both
the snow and ice melting and the iceberg
calving rate in the ablation area. If the glacier
recedes only a short distance from its terminal
moraine, an unstable retreat ensues (fig. 174)
as Post described, and the ‘‘calving glacier
cycle’” is complete. This process is
responsible for major glacial advances and
retreats of not only tidewater glaciers but also
of glaciers that calve into lakes, such as
Portage Glacier near Anchorage (Mayo and
others, 1977).

The recession of a tidewater glacier can
be stopped in either of two ways: when a
glacier retreats onto land, or when moraine
debris accumulates at the terminus to form a
sand and gravel deposit between the water
body and the glacier terminus.

During the last century, Hubbard
Glacier has deposited and moved a protective
terminal moraine shoal into Disenchantment
Bay. The accumulation area of the glacier
represents 95 percent of the total glacier area;
therefore, the terminus undoubtedly will
continue to advance in the near future. A
warming of climate is not expected to reverse
this process because moderate climatic
warming in Alaska is associated with substan-
tially increased snowfall in winter, which
results in observed glacier growth (Mayo and
Trabant, 1984). Hubbard Glacier is robust
and, by January 1987, it had advanced over
most of Osier Island; it is expected that within
the next few years the glacier will have
advanced across the outburst channel to form
a new ice dam.

The next ice dam at Hubbard Glacier
probably will be wider and stronger than the
1986 dam because of the continued advance
of the glacier and because thickening has
occurred along the entire terminus of the
glacier. However, the ice dam may lack a
substantial terminal moraine because the
underlying unconsolidated marine sediments
undoubtedly were eroded during the previous
outburst.

Russell Fiord also could be dammed by
a landslide from the fiord wall into its en-
trance. A major landslide could occur because
the mountain was undercut by the outburst
flood, the bedrock is highly fractured from
previous large earthquakes, the area receives



great amounts of precipitation, and earthquakes within
the region are frequent and large.

The major uncertainty is whether the re-formed
lake will rise higher than it rose in 1986 and thus
threaten the stability of the entire terminal lobe of
Hubbard Glacier. Should this happen, it could take
several years for the glacier to redeposit a stabilizing
terminal moraine.

Russell Lake after if forms again could poten-
tially trigger an instability at the glacier front resulting
in rapid calving and major retreat, Russell Lake would
break out through the main part of the glacier, rather
than being restrained between the fiord wall and Osier
Island. An outburst flood through the glacier could
carry away a large part of the terminus of Hubbard
Glacier, therefore, exposing the terminus to deep water
behind the terminal moraine. As a consequence, an
immediate retreat of Hubbard Glacier could occur.

CONCLUSIONS

Russell Lake has formed several times in the
geologic past. The processes involved and the time
required to complete the previous closures are
unknown. If the current advance of Hubbard Glacier
continues as expected, Russell Fiord could eventually
become sealed so completely that outburst floods from
Russell Lake will no longer occur. Furthermore, the
advance probably will continue for several centuries
and will affect numerous local rivers, lakes, other
glaciers, ground water, local climate, and geology.

SELECTED REFERENCES

Brown, C.S., Meier, M.F., and Post, Austin, 1982, Calving
speed of Alaska tidewater glaciers, with application to
Columbia Glacier—Studies of Columbia Glacier,
Alaska: U.S. Geological Survey Professional Paper
1258-C, 13 p.

Costa, J.E., 1985, Floods from dam failures: U.S. Geological
Survey Open-File Report 85-560, 54 p.

de Laguna, Frederica, 1972, Under Mount Saint Elias—The
history and culture of the Yakutat Tlingit: Smithsonian
Contributions to Anthropology, part 1, v. 7, 547 p.

International Boundary Commission, 1952, Establishment of
the boundary between Canada and the United States,
Tongass Passage to Mount St. Elias: Washington, D.C.,
U.S. Department of State, 365 p.

Jones, S.H., 1983, Floods from small drainage basins in
Alaska: U.S. Geological Survey Open-File Report
83-258, 60 p.

National Water Summary 1986 —Ground-Water Quality: SELECTED EVENTS 49

Mayo, L.R., 1986, Annual runoff rate from glaciers in
Alaska—A model using the altitude of glacier mass
balance equilibrium, in Kane, D.L., Cold regions
hydrology symposium: American Water Resources
Association Technical Publications Series TPS-86-1,
p. 509-517.

Mayo, L.R., and Trabant, D.C., 1984, Observed and
predicted effects of climate change on Wolverine
Glacier, southern Alaska, in McBeath, J., and others,
Potential effects of carbon dioxide induced climate
change in Alaska: University Alaska Miscellaneous
Publication 83-1, p. 114-123.

Mayo, L.R., Zenone, Chester, and Trabant, D.C., 1977,
Reconnaissance hydrology of Portage Glacier basin,
Alaska—1972: U.S. Geological Survey Hydrologic
Investigations Atlas HA-583.

Meier, M.F., 1986, Disintegration of Columbia Glacier,
Alaska, continues unabated, in U.S. Geological Survey,
National water summary 1985—Hydrologic events and
surface-water resources: U.S. Geological Survey
Water-Supply Paper 2300, p. 43-46.

Meier, M.F., Rasmussen, L.A., and Miller, D.S., 1985,
Columbia Glacier in 1984—Disintegration underway:
U.S. Geological Survey Open-File Report 85-81, 16 p.

Plafker, George, and Miller, Don, 1958, Glacial features
and surficial deposits of the Malaspina district, Alaska:
U.S. Geological Survey Miscellaneous Investigations
Map 1-271.

Post, Austin, 1975, Preliminary hydrography and historic
terminal changes of Columbia Glacier, Alaska: U.S.
Geological Survey Hydrologic Investigations Atlas
HA-559.

Post, Austin, and Mayo, L.R., 1971, Glacier dammed lakes
and outburst floods in Alaska: U.S. Geological Survey
Hydrological Investigations Atlas HA-455.

Reeburgh, W.S., Muench, R.D., and Cooney, R.T., 1976,
Oceanographic conditions during 1973 in Russell Fjord,
Alaska: Estuarine and Coastal Marine Science,
p. 129-145.

Russell, I.C., 1893, Second expedition to Mount St. Elias,
in Powell, J.W., Thirteenth annual report of the United
States Geological Survey to the Secretary of the Interior,
1891-92: Washington, D.C., Part II-Geology, p. 7-98.

Seitz, H.R., Thomas, D.S., and Tomlinson, Bud, 1986, The
storage and release of water from a large glacier-
dammed lake: Russell Lake near Yakutat,Alaska, 1986:
U.S. Geological Survey Open-File Report 86-545,
10 p.

FOR ADDITIONAL INFORMATION

Lawrence R. Mayo, U.S. Geological Survey, 800 Yukon
Drive, Fairbanks, AK 99775-5150

U.S. Geological Survey Water-Supply Paper 2326



50 National Water Summary 1986 — Ground-Water Quality: HYDROLOGIC CONDITIONS AND EVENTS

NATURAL Rabpioactivity IN GROUND WATER—

A REVIEW

By Otto S. Zapecza and Zoltan Szabo

INTRODUCTION

Natural radioactivity and its effects on human
health recently have become a major environmental
concern because of the discovery of widespread
occurrence of levels of radon in the air of homes at
concentrations that exceed the U.S Environmental
Protection Agency’s (EPA) recommended maximum
levels, particularly in the Eastern United States.
Radon-222 in air, even in small concentrations,
contributes to the high incidence of lung cancer among
uranium miners in the Western United States (Archer
and others, 1962). Recent estimates indicate that radon
in indoor air may cause 5,000 to 20,000 lung-cancer
fatalities annually in the United States (U.S.
Environmental Protection Agency, 1986a).

A less publicized but also important health
hazard is the presence in ground water of naturally
occurring radioactive substances, which along with
radon are known as radionuclides. In addition to radon,
large concentrations of dissolved radium and uranium
radionuclides have been detected in many ground-
water supplies across the United States. All
radionuclides dissolved in water are colorless,
odorless, and tasteless and, thus, cannot be detected
by our senses, unlike many water pollutants that may
impart undesirable colors, odors, and tastes to water.

Although much is known about the theoretical
geochemistry of radionuclides in ground water, it still
is very difficult to forecast the amount of radionuclide
activity in a particular ground-water supply because
of the strong influence of local geologic, geochemical,
and hydrogeologic conditions. Much of what is known
about the distribution of radionuclides in water has
been derived from analysis of water from public water-
supply systems, which supply slightly more than 80
percent of the population in the United States (Solley
and others, 1983). However, it is difficult to develop
site-specific information about the occurrence and
activities of radionuclides in specific aquifers because
public water supplies commonly are a blend of water
from numerous ground- and surface-water sources.
Relatively little is known of the concentrations of
radionuclides in private water supplies, which rely
heavily on ground water and supply more than 20 per-
cent of the total ground water used for human
consumption.

In recent years, estimates have appeared in the
scientific literature about the effects of radionuclides
in ground water on human health. These estimates,
and the growing body of scientific knowledge of the
distribution and levels of radionuclides in ground
water, have stimulated a review of the adequacy of
standards and regulations for radionuclides in drinking
water. Fortunately, conventional methods for treating
raw water for some other contaminants also are
effective in removing radionuclides found in ground
water. (See table 2.)

GEOCHEMISTRY OF RADIONUCLIDES

Radionuclides are found as trace elements in
most rocks and soils and are formed principally by
the radioactive decay of uranium-238 and
thorium-232, which are the long-lived parent elements
of the decay series that bear their names (fig. 18). The
parent elements produce intermediate radioactive
daughter elements with shorter half-lives (half-life is
the time required for half of the initial amount of the
radionuclide to decay). Decay occurs by the emission
of an alpha particle (a nucleus of the helium atom) or
a beta particle (an electron) and gamma rays from the
nucleus of the radioactive element. The geochemical
behavior of a daughter element in ground water may
be quite different from that of the parent element.
However, the parent may govern the occurrence and
distribution of the daughter element.

The most common radionuclides in ground
water are radon-222, radium-226, uranium-238, and
uranium-234 of the uranium-238 decay series, and
radium-228 of the thorium-232 decay series. Other
radionuclides of these two decay series, and all
isotopes of the uranium-235 decay series, generally
are not present in significant amounts in ground water,
because most are highly immobile and many have very
short half-lives that preclude the buildup of large
concentrations.

The occurrence and distribution of
radionuclides in ground water is controlled primarily
by the local geology and geochemistry. For daughter
radionuclides to be present in large concentrations, the
parent radionuclide must be present in the rock
material composing the aquifer. Each radioactive
decay product has its own unique chemical
characteristics, solubility, mobility, and half-life,
which can be very different from those of the parent.
For this reason, parent and daughter radionuclides in
ground water are not usually found together in similar
amounts (Gilkeson and others, 1983, p. 22); nor do
they decay at similar rates or produce the same level
of radioactivity. Therefore, a high concentration of
one radionuclide in ground water at a specific site does
not necessarily imply that similar concentrations of
other radionuclides in the same decay series are
present. For example, the parent/daughter radionuclide
pairs uranium-238 or uranium-234/radium-226 or
radium-226/radon-222 usually are not present in high
concentrations in the same ground water.

The movement of many radionuclides is very
dependent upon the radionuclide’s solubility in water.
Uranium, which is most soluble in bicarbonate-rich
oxidizing (oxygen-rich) ground water with low total
dissolved-solids content, is easily dissolved and
transported by oxidizing ground water; thus, it can
be transported to areas far from its original emplace-
ment. Solubility of uranium tends to be enhanced by
association with carbonate, phosphate, and fluoride
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Figure 18. Uranium-238 and thorium-232 radioactive decay series.
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ions, or with organic compounds, especially humic
substances (Langmuir, 1978, p. 556; Turner-Peterson,
1980, p. 163). Uranium is less mobile in reducing
ground water, and it tends to be adsorbed very strongly
onto humic substances in the aquifer. Conversely,
radium is most mobile in chloride-rich reducing
ground water with high total dissolved-solids content
(Tanner, 1964, p. 261).

Field measurements of dissolved-oxygen
concentration and oxidation-reduction potential (Eh)
in parts of New Jersey have shown that these are
important controls on radium-226 and uranium con-
centrations in ground water (Szabo and Zapecza,
1987). Where the ground water is reducing, elevated
levels of radium-226 are associated with elevated gross
alpha activities. Where the ground water is oxidizing,
only small concentrations of radium-226 are associated
with high levels of gross alpha activity. The high levels
of gross alpha activity in oxidizing water are caused
by dissolved uranium.

DRINKING-WATER STANDARDS AND
MONITORING REQUIREMENTS

Because of the health hazards of radium-226
and -228 in drinking water the EPA has established
maximum contaminant levels (MCL) to regulate total
radium concentration in public water supplies.
According to the EPA’s National Interim Primary
Drinking-Water Regulations (U.S. Environmental
Protection Agency, 1986b) the maximum contaminant
levels for radionuclides are:

Radium-226 and radium-228 combined......... 5 pCi/L
Gross alpha-particle activity (including

radium-226 but excluding uranium and

FALOR) .« 650 wmimimn o b5 5« 5 Bvime s 5 v 15 pCi/L
Gross beta-particle activity ........ 4 millirems per year

Radioactivity in ground water commonly is measured
in picocuries per liter (pCi/L)—1 pCi/L is equal to
0.037 disintegrations of the radionuclide per second
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per liter of fluid. In the fall of 1986, the EPA announced
its intentions to expand its regulations to control
radionuclides—radium-226 and -228, natural uranium,
radon, and gross alpha, gross beta, and gamma
emitters—in public water supplies (U.S.
Environmental Protection Agency, 1986c¢).

The EPA requires that all public-water suppliers.
analyze composite water samples from their distribu-
tion systems for gross alpha-particle, gross beta-
particle, and radium-226 activity every 4 years.
Samples also are analyzed for radium-228 when the
radium-226 activity exceeds 3 pCi/L. Gross alpha- and
beta-particle activity are used to determine if further
radiochemical analyses are necessary. Alpha emitters,
such as radium-226, radon-222, and uranium add to
the total gross alpha-particle activity. Radium-228 is
a beta-particle emitter.

Although standards have not yet been
established by the EPA for radon-222 or total uranium
in drinking water, health physicists propose a 10,000
pCi/L limit for radon-222 in water (Cross and others,
1985, p. 649). On the basis of several assumptions
about the volume of air in a dwelling, the amount of
water consumed daily in various domestic uses, the
efficiency of removal of radon from water by aeration
and heating, and the proportions of water used for
showering, laundering, and cleaning, Gesell and
Prichard (1975) estimated that water containing 10,000
pCi/L of radon per liter would contribute about 1
pCi/L per liter of air in a dwelling. The Epa has recom-
mended a 4 pCi/L limit for radon in air. A 10 pCi/L
MCL for uranium in water has been suggested by
Cothern and others (1983, p. 377).

Under present regulations, uranium and radon
activity is subtracted from the total gross alpha con-
centration of the sample. Therefore, drinking water
with high concentrations of radon or uranium can be
supplied legally if the water does not exceed standards
for other radionuclides.

Another deficiency in the current screening
technique arises from the analysis required for
monitoring radium-226, an alpha emitter, and
radium-228, a beta emitter. Historically, it has been
assumed that these radionuclides were present in water
in a 1:1 ratio. However, in recent years investigators
have shown that very little correlation exists between
levels of radium-226 and radium-228 and that separate
guidelines for each isotope are needed (Michel and
Moore, 1980, p. 663; King and others, 1982, p. 1173;
Menetrez and Watson, 1983, p. 13; Kriege and Hahne,
1982, p. 558; Cecil and others, 1987, p. 444). Hess
and others (1985, p. 563) report that present screening
procedures (measuring for radium-228 only if
radium-226 is greater than 3 pCi/L) can miss from
10 to 50 percent of violations for total radium.

DISTRIBUTION OF RADIONUCLIDES IN
GROUND WATER

Figure 19 shows generalized areas of the con-
terminous United States where various radionuclides
exceed the following concentrations:

Radon............................... 10,000 pCi/L
(equivalent to about 1 pCi/L in air)
Radium............ . ... ... 5 pCi/L
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The generalized areas shown in figure 19 reflect the
dominant radionuclide detected in ground water; when
other radionuclides are known to be present in the
same area, they are indicated by a number. Informa-
tion in figure 19 is based on a study of published
reports; no field investigations were performed by the
authors. Most of the data are from work by Cothern
and Lappenbusch (1984) and Hess and others (1985),
who examined the results of compliance data from a
nationwide monitoring of more than 50,000 public
water supplies for radioactivity in drinking water, and
from data provided in published reports on individual
States as indicated in the following discussions.

RADON

Radon in ground water is most prevalent in the
Northeastern United States, especially in the New
England area. High concentrations of radon have been
detected in ground water associated with granitic and
metamorphic rocks of Maine and New Hampshire
(Brutsaert and others, 1981; Hall and others 1985).
Radon concentrations commonly exceed 10,000
pCi/L, and a number of water samples were reported
to have concentrations that ranged from 100,000 to
300,000 pCi/L.. These high concentrations are
attributed to uranium minerals in granites and uranium
minerals in pegmatites associated with metamorphic
rocks (Brutsaert and others, 1981, p. 413). Hess and
others (1985, table 7) show that higher concentrations
of radon occur most often in water from wells that
yield small quantities of water. Many public supply
systems in Maine draw their water from large-yielding,
less radioactive glacial sand-and-gravel aquifers;
whereas most self-supply wells draw their water from
small-yielding, uranium-rich granites, pegmatites, and
metamorphic rocks. This difference is significant
because 40 to 50 percent of the population of Maine
and New Hampshire depends on water from private
self-supply wells (Hall and others, 1985). High
concentrations of radon also have been detected in
ground water associated with granitic and metamorphic
rocks in Rhode Island (Hess and others, 1985, p. 571),
Connecticut (Thomas, 1987, p. 352), Massachusetts
(James H. Persky, U.S. Geological Survey, oral
commun., 1987), New Jersey (Nicholls and Cahill,
1987, p. 424), Pennsylvania (Wanty and Gundersen,
1987, p. 135), North Carolina (Sasser and Watson,
1978, p. 667), South Carolina (King and others, 1982,
p- 1175), and Georgia (Michel and Jordana, 1987,
p-236).

RADIUM

Radium, in concentrations greater than 5 pCi/L,
is present in ground water in the Southeastern and the
North-Central States. In the Southeastern States
concentrations of radium that exceed EPA drinking-
water standards were reported locally in public supply
systems in Georgia (Cline and others, 1983), North
Carolina (Menetrez and Watson, 1983), South
Carolina (Michel and Moore, 1980; King and others,
1982), and Virginia (U.S. Geological Survey, 1984,
p. 430).

From Georgia to Virginia, most of the higher
radium concentrations in ground water straddle the Fall
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EXPLANATION

Dominant radionuclide—
Generalized area (boundaries are
approximate) where naturally
occurring radionuclide exceeds
indicated concentration

D Radon-10,000 pCi/L (equivalent
to about 1 pCi/L in air)

D Radium-5 pCi/L

[:] Uranium-10 pCi/L

Other radionuclides also present

1 Radon
2 Radium
3 Uranium

Figure 19. Generalized areas of the conterminous United States known to have high concentrations of
naturally occurring radionuclides in fresh ground water. (Data are in picocuries per liter (pCi/L). (Source:
Compiled from data in Cothern and Lappenbusch, 1984; Hess and others, 1985; Scott and Barker, 1962; Hall and others,
1985; Brutsaert and others,-1981; U.S. Geological Survey files, and other sources indicated in the text.)

Line, which separates fractured rock aquifers of the
Piedmont province from the unconsolidated sand
aquifers of the Coastal Plain province. The source of
the radium-226 and radium-228 radionuclides are
uranium- and thorium-bearing minerals respectively,
contained in granites of the Blue Ridge and Piedmont
provinces, and sands of the Coastal Plain that were
derived from these granites (Michel and Moore, 1980,
p. 665). Higher concentrations of radium-228
generally are found in Coastal Plain aquifers near the
Fall Line. This is because the parent radionuclide
thorium-232 is abundant in the sands, and because
thorium is virtually immobile in ground water and has
not migrated elsewhere. Therefore, radium-228 levels
in ground water in the southeastern Coastal Plain
decrease with distance from the Piedmont source (Hess
and others, 1985, p. 561). Radium-226 is more
widespread in ground water of the southeastern Coastal
Plain because of the mobility of its parent uranium
in ground water and the presence of uranium-rich
phosphate deposits.

Radium concentrations that exceed EPA
drinking-water standards occur less frequently in the
fractured rock aquifers of the Piedmont province
because nonsedimentary rocks adsorb radium onto
mineral-grain surfaces much more effectively than do
the unconsolidated sand aquifers of the Coastal Plain.
This adsorbed radium, however, is a possible source
for radon levels present in ground water of the Pied-
mont in this area (King and others, 1982, p. 1180).

Radium-226 and radium-228 in concentrations
that exceed EPA drinking-water standards also are
found widely throughout the North-Central States,
particularly southern Minnesota and southern and
eastern Wisconsin (Hahn, 1984), northern Illinois
(Gilkeson and others, 1983, 1984), Iowa (Kriege and
Hahne, 1982), and Missouri (Hess and others, 1985).

Much of the radioactive water comes from wells that
tap deep aquifers of Cambrian and Ordovician sand-
stones and dolomites and Cretaceous sandstones.
Significant sources of dissolved radium-226 in ground
water are the parent uranium-238, uranium-234, and
thorium-230 radionuclides that have been chemically
precipitated or adsorbed on the surfaces of silica in
sandstone aquifers. Dissolved radium-228 in ground
water is due primarily to the occurrence of
thorium-232 enriched accessory minerals in the sand-
stones (Gilkeson and Cowart, 1987).

Other areas where radium concentrations in
ground water exceed EPA drinking-water standards are
more widely scattered, which could in part be because
of insufficient sampling. These areas are near uranium-
rich zones in Colorado, Wyoming, the Four Corners
Region of Arizona and New Mexico, southeastern
Texas, Kansas, Oklahoma, and northern Mississippi
(Hess and others, 1985, p. 559; Cowart, 1981; Scott
and Barker, 1961). High concentrations of radium-226
in reducing ground water have been detected in
association with uranium-rich black mudstones in the
Newark Basin of New Jersey (Zapecza and Szabo.
1987, p.47; Szabo and Zapecza, 1987, p. 283) and
near uranium-rich phosphate beds in central Florida
(Miller and Sutcliffe, 1985, p. 1). High concentrations
of radium-226 and radium-228 occur in acidic, iron-
rich ground water in a quartzite aquifer in eastern
Pennsylvania (Cecil and others, 1987, p.437).

URANIUM

Uranium is widely dispersed in ground water
because of the great mobility, the long half-life, and
the relative abundance of this element. The highest
concentrations in ground water are found in
uranium-ore provinces, granites, and sediments
derived from these granites in Colorado, Wyoming,
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Table 2. Summary of conventional water-treatment methods that remove the most abundant naturally occurring radionuclides from ground water
[Source: Compiled from information in Reid and others, 1985; Brinck and others, 1978; Hahn, 1984; Lowry and Lowry, 1987; and Menetrez and Watson, 1983.

> =greater than]

Water-treatment method

Effects of treatment

Suitable user Efficiency Potential problems
in removal . : N .
Type - of radio- Additional benefits Radioactive-waste
Public Self nuclide, in byproduct requiring Other
supply  supply percent proper disposal
RADON

Granular Yes Yes >90 No potential for radon to be re- Sludge—Can become Cannister may have high gamma emis-
activated leased to indoor air. radioactive and require sions; should be kept away from
carbon. Little operational expertise required. licensed disposal at children.

Inexpensive. licensed radioactive- Radon removal capacity can be strongly

Long life: adsorbed radon decays waste depository. diminished by organic compounds or
away before radon adsorption iron in the water.
capacity is exhausted.

Aeration. Yes Yes >90 No solid/liquid waste disposal Radon in air. Cannot be housed indoors, as can pro-

problems. duce high levels of radon in indoor air;

Little operational expertise required. Moving parts need frequent repair.

RADIUM
lon-exchange Yes Yes 81-97 Removes hardness. Brine. Adds sodium.
water softener. Little operational expertise required. Softened water is corrosive.
Reliable.
Removes radium until hardness-
removal capacity is exhausted.
Inexpensive and widely available.

Radium selective  Yes Yes >90 Does not soften water. Sludge— Can become Radium removal capacity can be dimin-

complexor. Little operational expertise required. radioactive and ished by high concentrations of other
require licensed ions in waters, especially iron.
disposal at licensed Expensive.
radioactive-waste
depository.

Iron and Yes No 15-65 Removes iron and manganese. Liquid. Low-removal efficiency; cannot
manganese Does not soften water. be used on water containing more
removal. than 10 pCi/L radium.

Unreliable.

Operational expertise required.

Suitable only for treating large volumes
of water.

Barium Yes No High in Does not soften water. Sludge. Barium is a regulated pollutant and levels
co-precipitation. labora- in water must be monitored.

tory Operational expertise required.
studies. Suitable only for treating large volumes of
water.
Not tested extensively.
Manganese Yes No 90 Does not soften water. Sludge. May work only for a short period.
coated filters. Little operational expertise required. Removal capacity can be affected by high
amounts of iron in the water.
Expensive.
New technique and not readily available.
RADIUM and URANIUM

Reverse osmosis  Yes Yes >90 Decreases total dissolved solids. Liquid. Operational expertise required.
or electro- Expensive to operate.
dialysis. Water can become corrosive.

Lime softening. Yes No 80-90 Removes hardness. Liquid and sludge. Adds sodium.

Can operate continuously. Softened water is corrosive.

Operational expertise required.

Suitable only for treating large volumes of
water.

Unreliable in some circumstances.

URANIUM ]
Coagulation. Yes No 80 Removes other ions. Liquid and sludge. Operational expertise required.

Sensitive to water pH.

Suitable only for treating large volumes of
water.

Anion exchange. Yes Yes >90 @ - Brine. Operational expertise required; difficult to

recharge exchange resin. |
New, not widely available. “
Expensive. i

Activated alumina Yes No >90 - Liquid. Operational expertise required.

columns. New, not widely available.




New Mexico, Arizona, Utah, Oklahoma, South
Dakota, Nebraska, and Kansas (Scott and Barker,
1962; Hess and others, 1985). In the Eastern United
States, concentrations of uranium that exceed 10 pCi/L
have been found in southeastern Maine (Wathen, 1987,
p- 34), in the Piedmont of New Jersey (Szabo and
Zapecza, 1987, p. 283), and in the Piedmont of
Georgia and North Carolina (Cline and others. 1983;
Menetrez and Watson, 1983).

HEALTH EFFECTS OF RADIONUCLIDES

In the past several years, there has been a
renewed concern about the health effects of exposure
to radon. Radon in water is a twofold health
problem—it can enter the body by direct water con-
sumption, or through inhalation when radon is
liberated from water used for cleaning, showering, and
various other purposes. The health risk from radon
arises when it decays and its charged alpha-emitting
progeny attach to dust, cigarette smoke, and other
aerosol particles. These particles can be inhaled and
attached to the lung interior, bringing alpha-emitting
particles in constant and intimate contact with the cell
lining of the respiratory system (Hess and others,
1985, p. 567). A recent estimate suggests that from
2,000 to 40,000 lung cancer fatalities per 70 years can
be attributed to radon in public drinking water sup-
plies in the United States (Cothern, 1987).

Consumption of water containing radium and,
to a lesser degree, uranium can cause a significant
accumulation of these radionuclides in human bone
tissue. A significant dose may accumulate, producing
bone and head-sinus cancers (Mays and others, 1985,
p. 635; Wrenn and others 1985, p. 601). Hess and
others (1985, p. 579) estimate almost 1,000 fatal
cancers may occur per lifetime (70.7 years) in the
United States, on the basis of the average level of
radium (1.6 pCi/L) in public ground-water supplies
in the United States. Mays and others (1985, p. 635)
estimate the cumulative lifetime risk to 1 million
people, each consuming 5 pCi/L of radium per day,
to be 9 bone and 12 head cancers for radium-226.
Radium-228, which is considered to be twice as
hazardous as radium-226, was estimated to produce
22 bone cancers per million people. According to their
estimates, lifetime ingestion of 5 pCi/L per day of
uranium could induce 1.5 additional bone cancers per
million people. Hess and others (1985, p. 580)
estimate 105 fatal cancers may occur per lifetime in
the United States on the basis of average concentra-
tion of uranium (0.8 pCi/L) in public water supplies
of the United States. Uranium in ground water poses
additional health risks because it also is chemically
toxic. Uranium has been detected in significant
concentrations in soft body tissues, particularly the
kidneys (Wrenn and others, 1985, p. 601).

REMOVAL OF RADIONUCLIDES FROM
GROUND WATER

Conventional water-treatment methods can
remove as much as 95 percent of the radionuclides
present in ground water (table 2). Each radionuclide
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has its own specific treatment method(s) that will
remove it with the greatest efficiency. If several
different radionuclides are present in the water, no
single treatment method will remove all of them, and
multiple treatment techniques may have to be applied.
Therefore, it is essential to identify the radionuclide(s)
present before selecting the specific water-treatment
method(s). Water purveyors will need to consider how
the radionuclide removal methods can be best
integrated into their existing water-treatment
processes.

Each radionuclide treatment method, besides
providing benefits, does pose potential problems. One
of the most serious is that material removed from the
water constitutes a radioactive-waste product that
requires proper disposal. Disposal of the material must
be carefully coordinated with appropriate
environmental regulatory agencies. The self-supply
well owner is limited further by operating expenses
and the lack of operational expertise. All the potential
problems and benefits of a radionuclide water-
treatment method must be carefully weighed before
making a decision about which method to use.

Conventional water-treatment methods that
remove the most abundant naturally occurring
radionuclides (uranium, radium, and radon) from
ground water are listed in table 2. Benefits and prob-
lems of each method also are given. Additional
information including detailed methods of operation,
comparison of operational expenses, and details about
potential problems are reported by Brinck and others
(1978), Hahn (1984), Reid and others (1985),
Menetrez and Watson (1983), and Lowry and Lowry
(1987), and in reports referenced therein. A summary
of radioactive waste-disposal alternatives that can be
managed by municipalities is given by Reid and others
(1985, p. 685-686).

CONCLUSIONS

Health effects attributed to the consumption of
drinking water containing radionuclides are based
primarily on the analysis of water from public-supply
distribution systems and not individual wells, and the
risk factors generally are averaged nationwide. Water
from private self-supply wells is not subject to EPA
regulations and, therefore, relatively little data on the
quality of the water are available. Of the more than
14 billion gallons per day of ground water withdrawn
for human consumption by public-supply and self-
supply wells, more than 20 percent is withdrawn by
private self-supply wells (U.S. Geological Survey,
1985). In areas where radionuclides are present in
ground water, self-supplied well water is suspected
to contain higher levels than public supplies for the
following reasons. In public-supply systems the
residence time of ground water usually is relatively
long because the water may be held in storage facilities
and in the system itself for a period of time before
being delivered to the consumer. This allows
radionuclides with very short half-lives, such as
radon-222 with a half life of 3.82 days, to decay to
lower levels. In addition, public-water suppliers com-
monly mix water from several wells and/or surface-
water sources. Generally, surface water has very low



radionuclide activities (Hess and others, 1985, p. 563,
578). The mixing of waters with low levels of
radionuclides dilutes the water and produces a finished
water supply with lower levels of radionuclides when
it is delivered to the consumer through the distribu-
tion system. In contrast, water supplies from domestic
self-supply wells commonly are stored in small holding
tanks for short periods and are not mixed with water
from other sources.

Inasmuch as most of the data collected to deter-
mine radioactivity in ground water has come from the
distribution lines of public water-supply systems, much
additional work is needed to define levels of radioac-
tivity in specific aquifers. Data collection and analysis
are needed in rural areas where self-supply ground-
water withdrawals are the primary source of water for
human consumption. Areas near ore bodies, zones of
uranium or thorium enrichment, and areas with high
concentrations of radon in indoor air can be expected
to have high concentrations of radionuclides in ground
water. More detailed studies are needed to improve
definition of the geochemistry of naturally occurring
radionuclides, to identify constituents that might serve
as indicators of their presence, to define mechanisms
of their transport in ground water, and to determine
their effects on human health.
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Figure 20. The lower Colo-

359

U

Hoover Dam anD THE CENTRAL ARizONA PRrOJECT

—A MILESTONE YEAR
By Roy H. Rush?

During water year 1986, two events occurred
that are major milestones in the history of western
water development. First, the 50th anniversary of
Hoover Dam was observed, and second, the Central
Arizona Project began to deliver water to Phoenix,
Ariz. (fig. 20). These two events are described below.

HOOVER DAM—THE PAST

Hoover Dam, the Nation’s highest and third
largest concrete dam, began its second 50 years of
operation in water year 1986. The structure, which
dams the Colorado River between Nevada and Arizona
just east of Las Vegas, Nev., was designed to control
river flow by forming Lake Mead, a 110-mile-long
storage reservoir with a capacity of 32,471,000 acre-
feet or nearly 2 years of normal Colorado River flow.
(See figure 21.) It has successfully achieved this goal.

Before the dam was constructed, the flow of
the 1,400-mile-long Colorado River was extremely
variable, as it wound its way from the Colorado Rocky
Mountains to the Gulf of California. In 1909, for
example, an estimated maximum annual discharge of
25.2 million acre-feet occurred near Yuma, Ariz. At

rado River basin showing
the location of Hoover
Dam and the Granite Reef,
Salt-Gila, and Tucson
Aqueducts of the Central
Arizona Project.
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.S. Bureau of Reclamation.

other times, river flow often was too low to be diverted
for use by settlers along the lower river. Not only was
the flow unpredictable, but the vast quantity of
sediment carried downstream by the river clogged
diversion structures and irrigation canals used by
farmers and made the water unsuitable for use as a
municipal water supply.

To overcome these problems, a plan was pro-
posed to impound flood waters behind a 700-foot high
dam and release the water as needed. The reservoir
behind the dam was to be large enough to trap millions
of tons of sediment that the Colorado carried every
year without impairing the reservoir’s storage capacity
or interfering with the dam’s energy-generating
capability. On December 21, 1928, passage of the
Boulder Canyon Project Act authorized the construc-
tion of Hoover Dam and related facilities for purposes
of storage and delivery of water, hydroelectric power,
flood control, and navigation.

In June 1931, initial dam construction started
with excavation of a tunnel that would divert the river.
By November 1932, the Colorado River had been
diverted enabling the building of the dam to begin.
During the following 2 years, specially designed equip-
ment was used to build a structure that the American
Society of Civil Engineers would later identify as one
of the Nation’s seven modern civil engineering
wonders. One of the innovative ideas used during con-
struction was the use of pierlike blocks of concrete
(fig. 22) that were cooled by running ice-cold water
through pipes embedded in the concrete blocks.
Without artificial cooling, it would have taken more
than a century for the dam to lose the heat created by
the setting cement, and the cement would have shrunk
and cracked as it cooled. On September 30, 1935, a
full 2 years ahead of schedule, President Franklin D.
Roosevelt dedicated the dam.

The Boulder Canyon Project meets a variety of
water demands. It assures a dependable water supply
for irrigation of about 650,000 acres in southern
California and southwestern Arizona, and more than
400,000 acres in Mexico. Once Hoover Dam
controlled the flow of the Colorado River and created
a reliable water source, cities and water authorities
in southern California looked to the Colorado River
as a dependable supply to meet growing municipal
demands. The Colorado River Aqueduct was
completed in 1941 to deliver water to the Metropolitan
Water District of Southern California service area. The
District annually distributes more than 900,000 acre-
feet of Colorado River water to more than 12 million
people.

Power production and flood-control functions
have similar stories of success. Between 1970 and
1980, the Hoover powerplant generated an average
of nearly 3.5 billion kilowatt-hours of energy each
year. It would take about 6 million barrels of oil to
generate a similar amount of electric energy. With
regard to flood control, Lake Mead, operated in



Figure 21. Hoover Dam with Lake Mead in the
background. (Photograph by Steve Van Denburgh,

U.S. Geological Survey.)

conjunction with upstream reservoirs, controls both
flash floods and the high runoff that normally occurs
each spring and summer. Nature can still muster
astounding volumes of water, as seen in 1983 and 1984
when mountain snowpacks yielded to unseasonably
warm weather (U.S. Geological Survey, 1985, p.
42-43), but such occurrences no longer cause
widespread destruction.

Hoover Dam is an important part of the
Nation’s past and is now a National Historic Land-
mark (fig. 23). It also is very much a part of the water
future of the Southwest.

CENTRAL ARIZONA PROJECT —
THE FUTURE

The first section of the Central Arizona Project
(caP), a major water-resource development and
management project under construction by the
U.S. Bureau of Reclamation, was commemorated by
the Secretary of the Interior on November 15, 1985,
with the first delivery of project water to the Phoenix
area. CAP consists of three sections (fig. 20): the
190-mile-long Granite Reef Aqueduct, which delivered
water to Phoenix during water year 1986; the Salt-Gila
Aqueduct, which is partially completed; and the
Tucson Aqueduct, which is projected to be completed
in 1991.

When the entire CAP aqueduct system is
completed, it will be 337 miles long and will provide
60 percent of the State’s surface-water supply. Each
year, the system will bring an average of 1.5 million
acre-feet of Colorado River water to central and
southern Arizona. Other parts of the State and a part
of western New Mexico also will benefit from cap
through water exchanges. Regulatory storage will
provide the capability to divert as much as 2.2 million
acre-feet per year from the Colorado River in
years of surplus flow. It is predicted that the water
supplied by cap will offset about two-thirds
of the ground water withdrawn within Arizona (U.S.
Bureau of Reclamation, 1972).

The water conveyance and storage system of
concrete-lined canals, inverted siphons, tunnels, dams
creating regulating reservoirs, and pumping plants will
enable water to be transported from Lake Havasu near
Parker, Ariz., east to Phoenix, and then south to
the San Xavier Indian Reservation southwest of
Tucson, Ariz. Between the Colorado River and its
final destination, the water will be lifted vertically
nearly 2,900 feet.
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Figure 22. Hoover Dam under con-
struction, December 1933. (Photograph
by U.S. Bureau of Reclamation.)

Figure 23. Hoover Dam was designated
a National Historic Landmark on
September 28, 1985. (Left to right: U.S.
Senator Paul Laxalt (Nevada); Secretary of
the Interior Don Hodel, Nevada Governor
Richard Bryan; U.S. Senator Chic Hecht
(Nevada); Assistant Secretary of the Interior
for Water and Science Robert Broad-
bent. Photograph by U.S. Bureau of
Reclamation.)

Allocation of Colorado River water to specific
uses is flexible and will change as users’ demands
change. Of the projected average annual diversion of
1.5 million acre-feet, 640,000 acre-feet will be
allocated for municipal and industrial use, and about
310,000 acre-feet will be allocated for Indian reser-
vation use. Agricultural uses will benefit from the
remainder of the water.

These two major milestones in water-resources
development—one old and one new—have had and will
continue to have a profound effect on the water
resources and economy of the Southwest.
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THE Ruinous WEesT VIRGINIA FLOOD OF
NoveEMBER 1985

By Thomas H. Noonan®

In early November 1985, the remnants of Hurricane Juan dropped a moderate to
heavy rainfall over the mid-Atlantic States. This remnant storm mingled with a significant
low-pressure system moving in from the west and then the combined systems stalled over
the Appalachian Mountains northeast of Elkins, W. Va. This unusual combination of weather
systems, already containing an enormous amount of moisture, drew in additional moisture-
laden air from the Atlantic Ocean. This system produced 4 to 8 inches of rain within
24 hours on November 3 and 4. From November 1 through 6, rainfall exceeded 18 inches
over the western areas of Virginia, and was as much as 12 inches in West Virginia. (See
figure 24.) The result was flooding from Washington, D.C., to Pittsburgh, Pa.
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Figure 24. Precipitation and selected peak flows resulting from storm of November 1 to 6, 1985, West Virginia. (Sources: Precipitation data
compiled by National Weather Service; peak-flow data from U.S. Geological Survey files.)
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The worst flooding occurred in West Virginia,
with record-breaking floods along many of its rivers.
In spite of antecedent dry conditions, the mountainous
topography and the location and intensity of the storm
created conditions that sent floodwaters raging
northeastward into the Potomac River basin, east into
the James River, southwest to the Greenbrier River,
west along the Elk and the Little Kanawha Rivers, and
northeastward into the Cheat and the Tygart Valley
Rivers, which feed the Monongahela River. Although
the flood frequency varied among locations, the
100-year flood frequency was greatly exceeded in
many areas (G.S. Runner, U.S. Geological Survey,
written commun., 1985).

The Federal Emergency Management Agency
(FEMA) estimated damage in West Virginia to be nearly
$700 million, and 29 counties of West Virginia were
declared Federal disaster areas. Many of the small
rural communities were devastated, and many cities
and towns in West Virginia looked as though they had
become war zones. More than 8,968 homes were
damaged and about 4,000 were completely destroyed;
711 businesses were demolished or battered. Miles of
roadways were either damaged or eliminated and
2,027 bridges washed away. FEMA estimates the total
cost of Federal assistance exceeded $235 million.
About 50 people lost their lives in the flood, and
thousands were traumatized by the loss of loved ones,
friends, homes, and a lifetime’s possessions.

In the Potomac River basin the South Branch
River reached 25.4 feet at the U.S. Geological Survey
gaging station near Petersburg [drainage area 642 mi*
(square miles)] and peaked at a record high of 130,000
ft*/s (cubic feet per second) for an estimated recurrence
interval of greater than 100 years. Badly damaged
cities in the basin included Petersburg, Franklin, and
Moorefield. Small communities such as Riverton and
Circleville on the North Fork were nearly destroyed.

The 74 dams built by the U.S. Department of
Agriculture, Soil Conservation Service (Scs), in the
Potomac basin stored large volumes of water. These
dams provided significant relief to beleaguered
downstream communities. The storm was so severe
that 21 of the 74 dams stored water to their full
capacity (100-year storage), and experienced flow
through their emergency spillways. Most of these dams
were on the South Fork (of the South Branch) River.

Many other West Virginia communities also
suffered hardships. The city of Marlington on the
Greenbrier River was flooded and many buildings
were lost. The towns of Parsons, Hendricks, and
Harman in the headwaters of the Cheat River also were
devastated. On the mainstem of the Cheat itself, raging
floodwater, reaching phenomenal heights and
velocities, flooded Albright leaving empty foundations
where homes once stood. Discharges of 230,000 ft*/s
and flood stages of more than 27 feet were recorded
near Rowlesburg on the Cheat River (drainage area
972 mi?, with a recurrence interval greater than 100
years). That river rose into the city causing severe
damage. The river simply stripped away a mobile-
home park in the lower part of town. Although the
velocities in the broader Tygart Valley River were
somewhat less, the flood stage at Philippi was almost
32 feet and most of the city was under water as
discharges reached 56,000 ft*/s (drainage area 916 mi?,
with a recurrence interval between 50 and 100 years).
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Rural communities
also were hit hard. Farm
buildings were damaged or
knocked down. Silos were
toppled and an undetermin-
ed number of livestock lost
or drowned. Hundreds of
thousands of chickens and
turkeys were killed, drowned in poultry houses or
scattered over miles of flood plain. The land itself was
damaged as farm fields were eroded and river rocks
were dropped everywhere. Valuable topsoil was
washed from the land, and productive farm fields were
littered with trash of all descriptions and tons of
infertile sediment.

Debris was left along hundreds of miles of flood
plain. This material included thousands of fallen trees
and splintered parts of homes and other buildings.
Flood plains and fields were littered with battered cars,
pieces of mobile homes, appliances, and personal
articles.

The depths and velocities of the mountain
streams were sufficient to move the heavy rocks in
the streambeds. As stream channels became choked
with rocks, new channels formed continuously.
Downed trees created battering rams, which flattened
trailers like aluminum cans, and destroyed thousands

of recreational sites.
During the aftermath, efforts to dig out from

under this historic and ruinous flood were undertaken
by the spirited people of West Virginia. Helping under
FEMA coordination were Federal and State agencies
including the U.S. Army Corps of Engineers and the
West Virginia Highway Department: both undertook
the massive job, among others, of removing
condemned buildings. The scs took leadership in burial
of thousands of dead livestock and fowl, removed
hundreds of stream blockages to prevent further
flooding, cleared tons of debris from over 400 miles
of rivers and streams, and assisted farmers in
restoration work to return damaged farmland to
production once again.
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Figure 25. Precipitation and
selected peak flows resulting
from the storm of August 6,
1986, Milwaukee, Wiscon-
sin. (Source: Precipitation
data compiled by South-
eastern Wisconsin Regional
Planning Commission; peak-
flow data compiled by W.A.
Gebert from U.S. Geological
Survey files.)

Froop or Aucust 6, 1986, IN THE MILWAUKEE
METROPOLITAN AREA, WISCONSIN

By Warren A. Gebert

Shortly after midnight on August 6, 1986, a
severe thunderstorm, which continued for 24 hours,
occurred in the Milwaukee metropolitan area of
southeastern Wisconsin. The storm caused record
flooding in urban areas that resulted in two deaths and
a range of property damages from $21 million to $30
million (Wisconsin Department of National Resources,
1986; U.S. Army Corps of Engineers, 1987).

The storm, which was produced by a low-
pressure system that moved eastward through Iowa
and across northern Illinois, was centered in a narrow
band 1 to 4 miles wide and about 12 miles long. It
extended from the city of Oak Creek to the northern
part of the city of Wauwatosa (fig. 25). The total rain-
fall for the 24-hour period recorded at the National
Weather Service rain gage at General Mitchell
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International Airport in southeastern Milwaukee
County was 6.84 inches. The maximum rainfall
intensity occurred when 1.10 inches of rain fell during
a S-minute period. The maximum amount of rainfall
varied from 6.00 to 6.84 inches and occurred in large
areas of the cities of Oak Creek, Milwaukee, West
Allis, and Wauwatosa and the village of West
Milwaukee.

The Southeastern Wisconsin Regional Planning
Commission (1986) estimated that the storm had an
average recurrence interval of about 300 years for the
24-hour period. The greatest amount of rainfall during
2- and 3-hour periods was 5.24 to 5.73 inches,
respectively. The recurrence interval for these
intensities exceeds 500 years.

Extensive flooding occurred along two major
rivers—the Menomonee and the Kinnickinnic—that
flow through Milwaukee and its suburbs into Lake
Michigan. Major floods also occurred along Oak
Creek and other tributary streams. The floods caused
the death of two people—an 11-year-old boy was swept
away in the swift waters of the Kinnickinnic River and
an elderly woman died of a heart attack in her flooded
basement apartment.

The Wisconsin Department of Natural
Resources (1986) estimated that the flooding caused
$21 million of damages—$5 million to private property
and $16 million to public facilities. Most of the damage
to private property was caused by floodwater seepage
into buildings. Flooding and sanitary-sewer backup
damaged 10,000 basements. The damage varied from
collapsed building foundations to damage of property
stored in flooded basements. Milwaukee County
Stadium, the home of the Milwaukee Brewers baseball
team, was flooded to the fourth row of box seats
(fig. 26).

General Mitchell International Airport was
damaged severely by several feet of water that entered
the lower level of the main terminal. The airport’s
electricity was shut off to avoid possible damage from
a transformer explosion. Lightning struck one of the
primary commercial runways, blowing a 4-foot hole
in it. Estimated damage to the airport was nearly $2
million.

Streamflow information used to evaluate the
extent and severity of the flood was provided by a net-
work of 18 continuous-record gaging stations operated
by the U.S. Geological Survey in cooperation with the
Southeastern Wisconsin Regional Planning Commis-
sion, Milwaukee Metropolitan Sewerage District, and
the Wisconsin Department of Natural Resources. Data
obtained showed that the Kinnickinnic River had by
far the largest flood, 10,700 ft*/s (cubic feet per
second) with a recurrence interval greater than 100
years, because almost the entire basin was in the area
of heaviest rain. The Kinnickinnic River also is entirely
an urban stream, whereas substantial parts of the
watersheds of the other major rivers are in rural areas.
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Flood waters collected very rapidly in the urban areas
due to the channelized waterways and storm sewers.
Much of the Kinnickinnic River is concrete lined, and
water moves rapidly through its smooth channel.
Estimated water velocities of 20 feet per second
occurred during the storm.

The peak flow of 10,600 ft*/s on the
Menomonee River at Wauwatosa was also a signifi-
cant flood. The recurrence interval for the flood was
about 75 years, which is high considering that the
upper part of the 123-square-mile drainage area is not
urbanized. It appears that the northwest-southeast
orientation of the storm was about the same as that
of the Menomonee River and the entire drainage area
appeared to have received significant rain. The
Milwaukee River, which has a much larger drainage
area and did not receive much of the larger amounts
of rain, had a flood with a recurrence interval of only
about 3 years.

Flooding of Milwaukee County
Stadium, Wisconsin, from August 6,

Figure 26.

1986, storm. (Photograph courtesy of
Richard Brodzelle, Milwaukee (Wisconsin)
Sentinel.)
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Figure 27. Precipitation and
peak discharge of several
rivers resulting from storms
of September 10 to 12,
1986, in the central part
of the Lower Peninsula of
Michigan. The maximum
recorded precipitation for this
period was 13.47 inches at Big
Rapids {blue circle). {Sources:
Precipitation data from Na-
tional Weather Service compil-
ed by Michigan Department of
Agriculture, Dr. Fred V. Nurn-
berger, State Climatologist;
peak-discharge data from U.S.
Geological Survey files.)

Froop or SEpTEMBER 10 TO 15, 1986, ACRrROsS THE
CeNTRAL LOWER PENINSULA OF MICHIGAN

By John B. Miller and Stephen P. Blumer

Torrential thunderstorms that began on
September 10, 1986, resulted in unprecedented
flooding in an east-west band across the entire Lower
Peninsula of Michigan (fig. 27). The flooding claimed
6 lives, injured 89, contributed to the failure of 11
dams, threatened 19 additional dams, and caused base-
ment flooding or structural damage to about 30,000
homes (Federal Emergency Management Agency,
1986a,b). Maximum recorded precipitation for the

EXPLANATION
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48-hour period ending 8 a.m. September 12 was more
than 13 inches at Big Rapids (National Oceanic and
Atmospheric Administration, 1986), and the Big
Rapids area sustained considerable damage (fig. 28).
The areal extent of significant precipitation was
widespread; records indicate that more than 10 inches
of rain fell over a 3,500 mi® (square miles) area. Four
primary road bridges and hundreds of secondary road
bridges and culverts failed making 3,600 miles of road-
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way impassable. The total extent of damage was in
excess of $400 million to homes, businesses, utilities,
governmental structures, and harvest-ready
agricultural crops. A 28-county area of the State was
declared a Federal disaster area by the President.
The extraordinarily severe rainfall was caused
by a low-pressure system that developed over the
central Great Plains on September 9, 1986.
Northeastward movement of the system produced a
warm front extending across the central part of the
Lower Peninsula of Michigan the following day.
Heavy precipitation was triggered by warm, moist air
south of the front that collided with cold air from the
north. The absence of upper atmospheric wind activity
caused the storm pattern to remain relatively stationary
over the State for several days. Hardest hit was an area
measuring 60 miles north to south and 180 miles east
to west, the area that coincided with the stagnated
front. Rainfall amounts recorded in a 48-hour period
ranged from 8 to more than 13 inches (Federal
Emergency Management Agency, 1986b; National
Oceanic and Atmospheric Administration, 1986). The
rarity of this precipitation can be put in perspective
by comparing these numbers with published
frequencies of similar storms that are known to have
occurred. A 2-day total of about 5.5 inches could be
expected to occur once in 100 years (Miller, 1964).
On the basis of this comparison, the present storm
greatly exceeded the 2-day 100-year precipitation.
Crop damages were severe, especially in the
Saginaw River basin where dikes were breached and
thousands of acres of sugar beets, beans, potatoes,
corn, and other vegetables were ruined. Of Michigan’s
12 million acres of cultivated land about 1.5 million
acres (Federal Emergency Management Agency,
1986b) were affected. In addition to the extensive crop
losses, over 1,200 farm-related structures were flooded
(fig. 29). The abnormally high precipitation for the
remainder of September prolonged inundation of some
agricultural acreage and prevented the salvage of many
crops. Some farmers lost their entire crop. A major
concern is that farmers will be unable to repay their
outstanding loans. Flood losses suffered in 1985 forced
farmers to borrow against the 1986 crop for working
capital, and as a result of the September 1986 flood
many farmers may be forced into bankruptcy.
Four major river basins discharging to the west
into Lake Michigan were affected by the flooding.
Two dam failures occurred in the upper part of the
White River basin, contributing to the peak discharge
of 4,990 ft*/s (cubic feet per second) at Whitehall
(drainage area, 406 mi?), slightly less than the 5,400
ft*/s peak of record discharge. The ratio of the peak
discharge of September 13, 1986, to the 100-year flood
is 0.78. The Pere Marquette River at Scottville (681
mi?) and the Muskegon River at Newaygo (2,350 mi?)
attained new maximum peak discharges of 6,440 ft*/s
and 23,200 ft%/s, respectively; the ratios of these
discharges to the 100-year flood discharge are 1.37
and 1.23, respectively. One dam failure occurred on
a tributary to the Pere Marquette River; two dam
failures occurred on tributaries to the Muskegon River.
Major flooding in the Grand River basin occurred
along tributaries that drain from the north. Three dam
failures on tributaries contributed to flooding in
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upstream areas; the Grand River itself was not as
severely affected. Peak of record discharges for two
of these tributaries—Maple River at Maple Rapids
(434 mi®) and Flat River at Smyrna (528 mi?)—were
8,770 ft*/s and 4,700 ft*/s, respectively; the ratios of
these discharges to the 100-year flood are 0.86 and
1.14, respectively.

On the eastern side of the State, the Cass, the
Shiawassee, the Flint, and the Tittabawassee Rivers
converge to form the Saginaw River, which drains
north into Saginaw Bay and Lake Huron. The Cass
River, which crested about 11 feet above flood stage,
inundated the major business district of the city of
Vassar and water levels reached second-floor apart-
ments. Discharge of the Cass River at the downstream
gaging station at Frankenmuth (841 mi?) was 22,200
ft*/s with a ratio to the 100-year flood of 0.96. The
new peak stage at Frankenmuth exceeded the previous
peak stage by more than 4 feet. Although flooding
occurred in the Shiawassee and Flint River basins no
new peaks of record were recorded. In fact, annual
peak discharges for both rivers occurred as the result
of a separate storm later in September. In the
Tittabawassee River basin, the Chippewa River near
Mt. Pleasant (416 mi?) and Pine River near Midland
(390 mi?) attained new maximum peak discharges of
6,660 and 9,360 ft3/s, respectively, with ratios to the
100-year flood of 1.08 and 1.19. One dam failure
occurred in the headwaters of the Chippewa River.
The Tittabawassee River at Midland peaked on
September 13, at 38,700 ft*/s, exceeding the previous
maximum of 34,800 ft3/s on March 28, 1916. The
river crested at 33.89 feet, exceeding the record of
1916 by more than 4 feet. The ratio to the 100-year
flood is 0.83. The Saginaw River peak discharge of
52,800 ft*/s on September 15 did not exceed the
previous peak of 68,000 ft*/s recorded in 1904.

Subsequent rainfall in the last half of September
magnified the effects of the original flooding and
hindered recovery. The September 1986 rainfall
exceeded the previous monthly high for any month
by about 20 percent, adding additional historic
perspective to the worst recorded flooding in this
region of Michigan.
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Figure 28. Floodwaters
caused the collapse of
Brookside DalrE Freeze

into Mitchell Creek in

Big Rapids, Michigan.
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by floodwaters in the

Saginaw River basin,
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News.)
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UnusuaL Hyprorocic EveEnTs IN MINNESOTA—

WreN IT RAINS...
By Kurt T. Gunard

Hydrologic events in Minnesota during the past
5 years have been so unusual that they could occur
only once or twice in an individual’s lifetime—as
frequently as the return of Halley’s Comet.

As a result of above-normal precipitation over
a consecutive 4- to 5-year period, ground-water levels,
lake levels, and streamflow have been above average
or excessive in many parts of Minnesota. Lake
Superior on Minnesota’s northeastern border has been
at record-high levels for almost a year, resulting in
increasing shoreline erosion and damage to shoreline
structures. Many ‘“inland’’ lakes, especially those with
no apparent surface-water outlet, are at record-high
levels, and shoreline flooding is causing extensive
damage to lakeside property and homes. More than
40 lakes across central Minnesota are higher than
anyone can remember. The long-duration flooding has
destroyed hundreds of homes and cottages, and
rendered onsite sewage-disposal systems inoperative,
resulting in millions of dollars in property losses in
addition to human misery from exposure, privation,
and inconvenience. Severe flooding of cropland was
localized; some fields were too wet to plant in the
spring and others too wet to harvest in the fall. Such
areas were only a small percentage of the total
cropland, and the high rainfall produced record crop
yields on farmland not affected by flooding.

Total precipitation in 1983 (39.04 inches) was
the fourth wettest single-year total in 149 years in the
Minneapolis-St. Paul area, which is representative of
precipitation trends in much of the State. Additional
precipitation in 1984 produced the wettest 2-year
period on record with 75.99 inches. Continued high
precipitation during 1985 brought the 3-year total to
107.65 inches, which is the wettest 3-year period on
record. The period ending with 1985 also was the
wettest 4-year period on record (137.88 inches), and
the second wettest 5-year period on record at 159.65
inches (Kuehnast and Zandlo, 1986, p. 2-3). The
metropolitan area around Minneapolis and St. Paul has
never received greater precipitation since record
keeping began in 1837. In parts of Ramsey, Anoka,
and Hennepin Counties north and west of
Minneapolis-St. Paul, annual precipitation has
averaged more than 9 inches above normal for the 4
years ending in 1985.

During 1986, precipitation set another record—
again in excess of 9 inches above normal in the
metropolitan area. Most of this excess occurred after
April 1. Adding the 36.61 inches of precipitation that
occurred during 1986, the 5-year record (174.49
inches) for total precipitation was established. The
period ending with 1986 also narrowly misses being
the wettest 10-year period, exceeded only by the
10-year period ending in 1874 (J.A. Zandlo,
Minnesota Department of Natural Resources, oral
commun., 1987). It appears that Minnesota may be
beginning a wet cycle similar to the 40-year wet period
that began in the 1870’s and extended over the turn

of the century (Kuehnast and Zandlo, 1986, p. 4).

The flow of many rivers and streams in
Minnesota has been excessive for many months in each
of several consecutive years. Monthly flows from 2
to 20 times the long-term average have been common.
These flows rank from 10th highest to the highest for
the period of record; many of these flows occurred
at locations where records are for 50 years or more.
For example, the average monthly flow of the Crow
River at Rockford in east-central Minnesota was 3,809
ft’/s (cubic feet per second) during October 1985. This
flow is 23 times greater than the normal October flow,
which is based on 63 years of record, and is 2.5 times
the previous high of record, 1,503 ft*/s, which
occurred in October 1968 (fig. 30).

A considerable number of monthly flow records
for streams and rivers throughout Minnesota were
broken in 1986, the greatest number of which were
broken in May. Record-high May flows were recorded
at each of the following index stations (part of a na-
tional network of streamflow stations used to assess
runoff and availability of surface water on a current
basis):

Buffalo River near Dilworth, in northwestern
Minnesota—average flow was 923 ft*/s, which is 4.4
times the long-term average May flow and the highest
in 56 years of record; the previous high of 906 ft*/s
occurred in 1962.

Crow River at Rockford, in central
Minnesota—average flow was 6,020 ft*/s, which is 4.9
times the average May flow and the highest in 67 years
of record; the previous high was 4,564 ft*/s in 1975.

Mississippi River near Anoka, which drains
most of north-central and central Minnesota—average
flow was 39,960 ft*/s, which is 2.7 times the average
May flow and the highest in 55 years of record; the
previous high was 38,490 ft*/s in 1950.

Minnesota River near Jordan, which drains
most of west-central and south-central Minnesota—
average flow was 22,250 ft*/s, which is 4.0 times the
average May flow and the highest in 52 years of
record; the previous high was 20,630 ft*/s in 1944.
A daily-flow record also was broken at the Jordan sta-
tion by a flow of 35,800 ft*/s on May 5: the previous
mean daily high was 35,100 ft}/s on May 26, 1960.

Mississippi  River at St. Paul, which is
downstream from the mouth of the Minnesota River
and drains 45 percent of the area of Minnesota—
average flow was 64,230 ft*/s, which is almost 3 times
the May average and the highest in 95 years of record;
the previous high was only 48,460 ft*/s in 1975. A
new daily-flow record of 83,900 ft*/s also was set at
St. Paul on May 5; the previous daily high was 78,100
ft*/s on May 4, 1975. September also was a month
of record flow— 35,390 ft¥/s; the highest September
flow in 95 years of record.

In addition to the above index stations, record
flows also occurred at several other stream-gaging sta-
tions in Minnesota during May 1986. Two of these
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Figure 30. Composite streamflow of river basins in Minnesota where record streamflow occurred
as a result of much-above-normal precipitation, 1982-86. Monthly discharge data are for stream-
gaging station at Crow River at Rockford, Minn., 1982-86. (Source: Compiled by K.T. Gunard fram
U.S. Geological Survey data.)




stations are in west-central Minnesota—one on the
Chippewa River near Milan and the other on the
Minnesota River at Montevideo. Average flow in the
Chippewa River was 2,490 ft*/s, the highest flow in
May in 49 years of record and 5.4 times the May
average; the previous high average monthly flow of
the Chippewa River was 1,715 ft*/s in 1972. In the
Minnesota River at Montevideo, the May flow was
7,120 ft*/s, which is 5.4 times the May average and
the highest average monthly flow in 76 years of record;
the previous high was only 4,939 ft*/s in May 1969.

Near-record flows occurred at many other
streamflow stations in Minnesota, both during 1986
and in the previous 4 years, indicating a high sustained-
flow condition as a result of continued above-average
precipitation. The Crow River at Rockford was the
extreme example of sustained flow of Minnesota
streams. Flow in the Crow River was in the excessive
range (the highest 25 percent of flow in the reference
period 1951-80) for 43 of the past 51 months; the last
27 of them consecutive (fig. 30). Although high flows
were sustained for long periods in many streams in
a large part of the State, contrary to what might be
expected, no peaks-of-record occurred during the past
5 years. Streams generally remained within banks and
only minor flooding occurred at isolated locations.
Two lives were lost as a direct result of high-water
levels at two of these locations.
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INTRODUCTION

The **Hydrologic Perspectives on Water Issues’’ part of the 1986 National Water Summary, which is divided into two sections—
Water-Quality Issues and Institutional and Management Issues— provides an introduction to some of the technical and institutional issues
that must be considered in developing ground-water-management programs. Collectively, the articles in the ‘‘Hydrologic Perspectives on
Water Issues’ provide background information for the *‘State Summaries of Ground-Water Quality.’” This method of presentation was
selected so that the individual State summaries, with their restricted page length, could concentrate on specifics pertinent to that State.

WATER-QUALITY
ISSUES

INSTITUTIONAL-
MANAGEMENT
ISSUES

‘‘Factors Affecting Ground-Water Quality,’’ discusses the technically complex subject of ground-water
movement and the geologic environment through which ground water circulates. A knowledge of the prin-
ciples involved can lead to a better understanding and appreciation of how ground-water quality varies in
three dimensions and over time within an aquifer system, and how aquifers become contaminated by various
human activities. In particular, these principles demonstrate the importance of understanding the flow systems
of aquifers in order to protect ground water from contamination. Large withdrawals of ground water have
profoundly affected flow patterns of some of the major aquifers in the United States and have directly con-
tributed to water-quality degradation.

This introduction to principles and concepts is followed by six studies selected from the U.S. Geological
Survey’s Toxic Waste—Ground-Water Contamination Program to illustrate the diversity and complexity of
ground-water contamination from point and nonpoint sources.

Point-Source Contamination. The first article, ‘‘Sewage Plume in a Sand-and-Gravel Aquifer, Cape Cod,
Massachusetts,’” provides an example of the contamination that can occur in a shallow, permeable unconfin-
ed aquifer. About 2.6 billion cubic feet of the Cape Cod sole-source aquifer has been affected by the disposed
sewage. The large amount of information collected at this site has documented in extraordinary detail the
geometry and composition of a narrow, thin sewage plume that extends nearly 2 miles from the disposal beds.

The second and third articles deal with the behavior of wood-preservative wastes in two different
hydrologic environments. More than 400 commercial wood-preserving plants are in operation in the United
States. Most of the wastes from these plants include creosote, a complex distillate of coal tar containing a
mix of aromatic and phenolic organic compounds. The health effects of creosote vary from chemical skin
burns to long-term carcinogenic effects. Therefore, the mechanisms by which these contaminants are transported
with and interact with the subsurface environment are of great interest and concern to ground-water managers.
‘‘Distribution and Movement of Wood-Preserving Compounds in a Surficial Aquifer, Pensacola, Florida™
describes the movement of waste in a recharge area of an unconfined, highly permeable, shallow sand aquifer;
the presence of a shallow confining layer of clay has inhibited contaminants from moving vertically. ‘‘Coal-
Tar Derivatives in the Prairie du Chien-Jordan Aquifer, St. Louis Park, Minnesota’ describes the contamination
of an unconfined glacial-drift aquifer and the underlying water-supply aquifer.

Nonpoint-source contamination. The articles herein describe nonpoint sources of contamination related
to various land uses—farm land in the Midwest and diversified land use in Eastern urbanized areas. Con-
tamination of ground water by agricultural chemicals is of increasing concern to farmers and ground-water
managers, especially in areas where irrigation water can carry fertilizers and pesticides from the surface into
the ground-water system. ‘‘Agricultural Chemical Contamination of Ground Water in Six Areas of the High
Plains Aquifer, Nebraska®” points out that well depth, irrigation-well density, and nitrogen fertilizer use can
explain 51 percent of the variation in nitrogen concentration in ground water. The distribution of nitrate cor-
related with the distribution of trazine herbicides, a weed killer frequently used on corn and soybeans, which
suggests that nitrate concentration may be an inexpensive test to use in identifying potential areas contaminated
by herbicides if herbicides are known to be used in the area under study.

The connection between land use and water quality in multiple land-use areas is described in two articles.
‘‘Relation of Land Use to Ground-Water Quality in the Outcrop Area of the Potomac-Raritan-Magothy Aquifer
System, New Jersey’’ discusses the most extensively used aquifer for water supply in the New Jersey Coastal
Plain. The area is heavily industrialized and has numerous landfills, surface impoundments, petrochemical
storage tanks, and industrial facilities—all existing or potential sources of ground-water contamination. The
study demonstrated the existence of an association of volatile organic compounds with industrial and urban-
residential lands, pesticides with agricultural land, and phenols, believed to be derived from decaying vegetative
matter, with undeveloped land. Benzene, a component of gasoline, was found in the petroleum-refining areas
south of Camden, N.J.

“‘Relation of Land Use to Ground-Water Quality in the Upper Glacial Aquifer, Long Island, New York™’
describes the effects of extensive suburban development on ground-water quality. It appears possible that
the detailed analyses of land-use and water-quality relations on Long Island, as well as in other areas of the
country, will help ground-water-management agencies to better identify potential areas of ground-water con-
tamination, thereby providing a basis for improvements in ground-water monitoring and protection programs.

““Policy Challenges in Protecting Ground-Water Quality”’ by the U.S. Environmental Protection Agency
describes the situation facing Federal, State, and local governments in protecting ground-water quality. *‘State
and Local Strategies for Protection of Ground-Water Quality—A Synopsis’ presents some of the conclusions
from the National Research Council study on ground-water-protection programs.
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Factors AFFECTING GROUND-WATER QUALITY

By Richard H. Johnston

The Nation’s ground-water reserves consist of
waters of various chemical quality contained in
numerous, complex aquifers. The water in these
aquifers can be affected by both natural and human
activities, and the extent to which the quality is
affected by either natural processes or human activities
varies with the hydrogeologic and climatic setting. In
aquifers unaffected by human activity, the quality of
ground water results from geochemical reactions
between the water and rock matrix as the water moves
along flow paths from areas of recharge to areas of
discharge. Thus, ‘‘natural’”” water is variable in
quality, and in very large, regional aquifer systems
the quality of ground water also can change as the
result of the mixing of waters from different aquifers
within the system. In aquifers affected by human
activity, the quality of water can be directly affected
by the infiltration of human-induced compounds or
indirectly affected by alteration of flow paths or
geochemical conditions.

This article describes the basic hydrogeologic
principles that can affect the movement of chemical
constituents in ground water and the quality of the
water. It also serves as an introduction to several
subsequent discussions of point and nonpoint sources
of ground-water contamination, and provides perti-
nent background information for understanding the
individual State summaries of ground-water quality
in the later part of this volume.

NATURAL GROUND-WATER SYSTEMS

HYDROLOGIC FACTORS AFFECTING GROUND-
WATER QUALITY

Ground-Water Flow Systems

A ground-water flow system includes aquifers
(water-yielding units) and confining beds (units that
restrict flow of water). Water enters the flow system
in recharge areas and moves through the aquifers and
confining units, according to their hydraulic proper-
ties and the hydraulic gradients, to discharge areas
(Heath, 1983, p. 14). Climate, topography, and
geology determine the nature and location of natural
areas of recharge and discharge. Movement of ground
water normally is by flow through small openings,
such as the pore space between sand grains or hairline
fractures in a granite. In some highly productive
aquifers, movement occurs through larger openings,
such as solution channels in limestone and tubular
openings in basalt.

The geometric arrangement of aquifers and
confining units in an area (hydrogeologic framework)
is determined by the stratigraphy and geologic
structure. Stratigraphy is the branch of geology that
is concerned with the composition, sequence, and
correlation of stratified (layered) rocks. Geologic
structure is concerned with folding and fracturing of
rocks due to movements of the Earth’s crust. Folding

of the rocks can cause jointing or cleavage that
increases permeability, or it can close up primary
openings and decrease permeability. Faults can disrupt
the continuity of aquifers or confining units and
thereby restrict ground-water flow. Alternatively, fault
zones can be permeable and enhance ground-water
flow.

A ground-water flow system can be simple—
one aquifer with short flow paths to a nearby stream
or spring (fig. 314). Conversely, a flow system might
be complex—several aquifers and confining units and
flow paths that range in length from hundreds of feet
to a hundred miles or more (fig. 31B). Water
following the longer (regional) flow paths may cross
river-basin boundaries and State boundaries in addition
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Unconfined sand aquifer

Figure 31. Hydrogeologic
framework and associated
ground-water flow systems
in the Atlantic Coastal
Plain. 4, Simple flow system
in Delaware; 8, complex flow
system in Georgia. (Sources:
Modified from A, Johnston,
1977; B. Barker, 1985).
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to several geologic formations and ultimately (after
many years or centuries) discharge at a river or the
ocean.

Recharge to aquifers tends to be spread over
very large areas. In the Eastern United States, natural
recharge rates can be very high as on Long Island,
N.Y., where the recharge rate is about 1 Mgal/d/mi*
(million gallons per day per square mile) (Cohen and
others, 1970, p. 12). This rate is equivalent to
about one-half of Long Island’s total precipitation of
44 inches annually. Conversely, in the arid Western
United States, recharge rates generally are very low
(perhaps in the range of 500 gal/d/mi* (gallons per
day per square mile)), except in or near some less arid
mountainous areas. Discharge from aquifers might
occur over large areas as leakage into rivers or the
ocean, or it might occur as point discharge, such as
the large springs of Florida and Idaho. Before pumping
of ground water by humans, an equilibrium
condition exists in ground-water systems—that is, the
long-term natural recharge rates and discharge rates
are equal.

Rates of Ground-Water Flow

Ground water moves very slowly, and most
ground water always is moving along a flow path from
where it is recharged to where it is discharged. Shallow
ground water generally moves at rates that range from
much less than a foot per day to as much as several
feet per day. An exception to this is in aquifers that
have conduit-like openings, such as basalt and karstic
limestone, where water may move much faster.
Deeply circulating ground water moves extremely
slowly—sometimes as little as a few feet or less per
century.

The velocity at which ground water moves
depends upon the permeability and porosity of the
rocks along its route and the hydraulic gradient.
Assuming the same permeability, ground water moves
faster as the hydraulic gradient increases. Highly
permeable rocks, such as sand and gravel and some
limestone, provide less resistance to flow;
consequently, given the same hydraulic gradient,
ground water will generally move faster in those rocks
than in less permeable rocks such as clayey sand,
granite, or shale.

The average time required for ground water to
move along different flow paths from recharge to
discharge areas is shown in figure 32. Water in the
shallow sand aquifer shown in figure 314 would reach
a stream in a few days to a few years after recharge.
However, water moving through the deeper parts of
the Floridan and sand aquifer systems shown in
figure 31 B would require thousands of years to reach
discharge points. Under most natural conditions, the
type of rock through which water flows from a
recharge area to a point of discharge is more
important in determining natural ground-water
quality than is the rock-water contact time. However,
water moving along deep, long flow paths may, in
succession, come in contact with rocks of different
composition, thus increasing the opportunity for
changes in the water chemistry.

Flow rates shown in figure 32 are average rates.
On a small scale within an aquifer, flow velocities vary
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greatly and generally are greater than the average rates
shown. The paths actually taken by the water are
tortuous and involve movement in pore spaces
between and around grains in a sand aquifer or through
amaze of joints or fractures in a fractured rock aquifer.
(See figure 33.) Thus, the velocity of flow through
individual pores would exceed the average velocity
through an aquifer. Also, the average velocity within
the most permeable horizons of an aquifer tends to
exceed the average velocity through the aquifer as a
whole. The rates shown in figure 32 can be termed
the average linear velocity (Freeze and Cherry, 1979,
p. 71), which is the flow (or volumetric flux) divided
by the cross-sectional area and porosity of the aquifer
through which flow occurs.

Fluid velocity and molecular diffusion are two
processes that move the dissolved constituents
(called “*solutes’’) in ground water. Within an aquifer,
local variations in fluid velocity cause the solutes to
spread out in a process called ‘‘dispersion,”” which
results in a decrease in the solute concentrations as
the solutes move through the aquifer (fig. 334).
Molecular diffusion, which is unrelated to the
hydraulic gradient, causes the solutes to spread in a
direction that tends to equalize their concentration.
Molecular diffusion generally is not important in
shallow, faster moving ground water but may be
significant in deep, slower moving systems.

HYDROCHEMICAL FACTORS AFFECTING GROUND-
WATER QUALITY

Chemical Processes

By Roger W. Lee

Water chemistry can be explained by one or
more combinations of three of the most significant
natural chemical reactions and one physical process
that affect ground-water quality, as follows:

« Dissolution-precipitation (exsolution) reactions
« Oxidation-reduction (redox) reactions

« Ion-exchange processes

» Mixing of ground waters

The dissolution-precipitation (exsolution)
process involves water-rock-gas relations. An impor-
tant dissolution reaction is uptake of carbon dioxide
(CO,) in the soil zone to form carbonic acid (H,COs);
the reaction causes dissolution of aquifer materials.
As a result, the chemistry of ground water often
reflects the primary suite of minerals in an aquifer.
For example, dissolution of calcite (CaCO;) in a
limestone would produce mostly calcium and
bicarbonate ions in solution. Aluminosilicate minerals
such as feldspars (for example, albite) might be
partially dissolved or ‘‘weathered’” as cations and silica
are removed, leaving products such as clay minerals.
Precipitation or exsolution can occur when the water
becomes saturated with ions or molecules that are

- contained in the aquifer material; examples include

the precipitation of calcite or quartz or the loss of CO,
gas (exsolution). Evaporation of water from a shallow
unconfined aquifer also can occur, increasing concen-
trations of dissolved constituents in the water
remaining in the aquifer and perhaps causing
precipitation of a mineral. This process is particularly
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important in arid areas of the Western United States.

Oxidation-reduction reactions occur throughout
ground-water systems, although in many instances
their effects are manifest in chemical constituents that
may be present in low concentrations in ground water
and, therefore, may be overlooked. Oxidation-
reduction takes place when electrons are exchanged
between electron-poor (oxidized) constituents and
electron-rich (reduced) constituents. This type of
process must, therefore, involve both oxidizable
species, such as sulfide in pyrite (FeS;) or
carbon in peat or lignite, and reducible species, such
as sulfur (+6) in gypsum (CaSO,2H,0). Ground
water near areas of recharge might contain some
dissolved oxygen and therefore be in an oxidizing
geochemical environment. Dissolved oxygen in
ground water is common in unconfined aquifers, and
it has been observed in some confined aquifers. In
parts of aquifers where oxygen has been depleted and
the ground-water system is closed to atmospheric
oxygen, reduction of certain chemical species is
accompanied by the oxidation of other chemical
species. For example, the bacterial reduction of sulfate
(SO, to sulfide (S2) can occur as organic
matter is oxidized to CO,. Many redox processes
involve bacteria that “‘catalyze’” a specific reaction,
using available organic matter.

The dominant form of ion exchange is the
exchange of cations in the aquifer material for cations
in the water, although anion exchange has been
documented. Cation exchange occurs whenever
cations in solution are not in equilibrium with cations
adsorbed on the rock materials through which the
water flows. The exchange of cations occurs most
commonly when clay minerals are abundant in the
aquifer framework. The most common cation
exchange process in aquifers involves the exchange
of aqueous calcium ions for adsorbed sodium ions,
or natural ‘‘softening’’ of the water.

Mixing of ground waters is largely a process
of physical alteration where waters from different
sources mix as a result of hydrogeologic controls on
ground-water movement. When the chemical make-
up of waters differs, the process of mixing can
produce dramatic changes in the water chemistry.
Mixing of waters that are at equilibrium with their
respective aquifer minerals can alter equilibrium and
cause extensive rock-water interactions. Mixing of
ground waters, especially fresher ground water with
saline water, is most common in downgradient parts
of aquifers (for example, in coastal areas or deep
sedimentary basins where salty water usually is
present downgradient) or where ground water flows
from one aquifer into another (fig. 31B).




Geologic Environment

As described in the section on chemical
processes, the nature of the geologic units in an area
directly affects the chemical constituents in ground
water. The mineral composition of rocks is a very
important influence on the water quality. Equally
important is the hydrogeologic framework; that is, the
sequence, thickness, and arrangement of the aquifers
and confining units. This framework and the
topography determine the paths that ground water
follows, affect the rates of ground-water flow, and
determine the sequence in which ground water moves
through different rock types.

Most rocks are complex mixtures of minerals
that differ widely in their stability toward or solubility
in water (Hem, 1985, p. 190). This fact, plus the
complicating factors resulting from variations in the
sequence and arrangement of rock units, makes it
difficult to generalize about the influence of lithology
on ground-water quality. The chemical character and
evolution of ground water in various rock terrains are
described by Hem (1985) and Freeze and Cherry
(1979) and are summarized briefly here.

Rocks are classified broadly as sedimentary,
igneous, or metamorphic on the basis of their origin.
Sedimentary rocks (which were deposited by water
or wind) constitute most of the world’s great aquifers
and are classified as either indurated (limestone, shale,
and sandstone) or nonindurated (granular deposits such
as sand, gravel, and glacial outwash). Igneous rocks
are formed by solidification from lava (such as basalt)
or from molten rock in the subsurface (such as
granite). Metamorphic rocks are derived from
sedimentary or igneous rocks that have been changed
by heat and pressure and include such rocks as gneiss
and slate.

Water in limestone terrain—that is, rocks com-
posed of calcium carbonate (CaCOQ;)—is perhaps
easiest to characterize. Calcium carbonate is relatively
soluble in water containing carbon dioxide (CO,); con-
sequently when water comes into contact with the rock,
some of the limestone will be dissolved, and,
therefore, the chemical quality of this water gener-
ally is dominated by calcium and bicarbonate.
However, if the limestone is associated with dolomite
(CaMg(COs),, a calcium-magnesium-bicarbonate
water may result. If gypsum (CaSO,2H,0) beds
occur with the limestone and dolomite, the result may
be a calcium-magnesium-suifate type water.

Water in granular deposits (such as sand,
gravel, and glacial outwash) and weathered rocks of
all types tends to vary widely in chemical composi-
tion depending on the mineralogy of the deposits.
Many of the extensive quartz sand (SiO,) aquifers of
the Atlantic Coastal Plain are of marine origin and con-
tain shell fragments; dissolution of the shell material
results in a calcium-bicarbonate type water. However,
in deeper parts of these sand aquifers where dissolved-
solids concentrations are much higher, the water is
either a sodium-bicarbonate type or a sodium-chloride-
bicarbonate type (Cushing and others, 1973,
p. 39-47). The sodium water is caused either by ion
exchange or by mixing of the circulating fresh ground
water with saline sodium-chloride water that occurs
in the deeper parts of all Coastal Plain aquifers.
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Water in metamorphosed sedimentary rocks,
such as gneiss and slate, generally is low in dissolved
solids (Hem, 1985, p. 201). The primary reason is
that these rocks contain silicate minerals that are less
soluble than, for example, a limestone.

Igneous rocks vary greatly in their perme-
ability and mineral composition. Extrusive igneous
rocks (lava flows, volcanic ash, and cinder beds)
usually contain zones of high permeability—the
prolific basalt aquifers of the Pacific Northwest and
Hawaii are examples. In contrast, intrusive igneous
rocks (formed below land surface), such as the granites
of the Piedmont and New England provinces, usually
have low permeability because water movement is
restricted to fractures in the rock. Igneous rocks
generally are classified according to their mineral
content. Granite is rich in quartz and sodium-potassium
feldspar and, thus, the ground water is relatively high
in silica, sodium, and potassium, although the water
characteristically is low in total dissolved solids.
Basalts are composed mostly of calcium-sodium
feldspars and ferromagnesian minerals, and a typical
basalt water contains dissolved calcium, magnesium,
sodium, and bicarbonate (Hem, 1985, fig. 44), but
the water might be very low in total dissolved solids.

Most of the great aquifers in the United States
are in sedimentary rocks. To illustrate the influence
of stratigraphy and geologic structure on ground-water
flow and chemistry, two areas of sedimentary rocks
in the Atlantic Coastal Plain (fig. 314, B) and an area
in central Texas (fig. 34) are described below.

Much of the Delmarva Peninsula in the
Atlantic Coastal Plain is mantled with sandy sediments
that form an extensive unconfined aquifer (Cushing
and others, 1973, p. 46). The recharge rate to this sand
aquifer is high-——about two-thirds of a million gallons
per day per square mile (Johnston, 1977, p. 7). The
sand aquifer is separated hydraulically from underly-
ing artesian (confined) aquifers in many parts of
Delaware by a confining unit of silt and clay. In many
areas, leakage to and from the underlying artesian
aquifers is negligible. As late as the mid-1970’s, pump-
age rates from the unconfined aquifer were very small
compared to natural rates of recharge and discharge.
Discharge from the unconfined aquifer occurs
mostly as seepage to nearby streams (fig. 314) or,
along the coast, to the ocean. Most ground water
discharging to streams moves along short flow paths
(less than a mile) from points of recharge to discharge.
Because the sands are not very soluble and flow paths
are short, the dissolved-solids content of the ground
water is low, generally less than 100 mg/L (milligrams
per liter) (Cushing and others, 1973, p. 47). Silica,
calcium, sodium, and bicarbonate are the principal
natural constituents—all in very low concentrations.

In coastal Georgia, the hydrogeologic
framework is more complex because the aquifers and
confining units consist of beds of sand, clay, silt,
limestone, dolomite, and gypsum. The clastic beds
(sand, silt, and clay) form a regional sand aquifer
system, and the carbonate rocks (limestone and
dolomite) form the highly productive Floridan aquifer
system (fig. 31B). The limestone units of the Floridan
generally grade into or interfinger with the sandy units,
and thus a hydraulic connection exists between the
Floridan system and the sand aquifer system. Ground




water enters the two aquifer systems in their outcrop
areas in central Georgia, and much of the water moves
along relatively short flow paths to discharge at near-
by streams (Barker, 1985, p. 331). The deeper flow
tends to move along nearly horizontal paths in a
generally east and southeast direction towards the
Atlantic Ocean. Some water leaks upward from the
sand aquifers into the Floridan where the sand and
limestone are in contact and favorable hydraulic
gradients exist. Near the coast, flow is upward in the
Floridan but discharge is impeded by several hundred
feet of clay confining beds (Bush and Johnston, 1987).
In the deep sand aquifers, flow is northeasterly towards
discharge areas in South Carolina (Barker, 1985,
fig. 6).

The ground-water chemistry in the two aquifer
systems mirrors the geologic framework and the
ground-water flow systems. Where the sand aquifers
crop out (fig. 31B, area 1), the shallow ground water
is very low in dissolved solids (less than 50 mg/L)
and is dominated by calcium and bicarbonate (Lee,
1985, p. 1547). In the middle and deeper parts of the
sand aquifer system (fig. 31 B, area 2), the dissolved-
solids content is higher (100 to 1,000 mg/L) and the
water is dominated by sodium bicarbonate and sodium
chloride ions. In the limestone outcrop areas of the
Floridan (fig. 31B, area 3), dissolution of calcite
produces low to moderate increases in dissolved solids
and the water is predominantly a calcium bicarbonate
type (Sprinkle, 1982). Dissolved-solids concentration
is maintained at less than 250 mg/L from the recharge
areas downdip (and downgradient) in the Floridan
nearly to the Georgia coast. In the deeper parts of the
upper Floridan aquifer near the coast (fig. 31B,
area 4), dissolution of gypsum adds calcium sulfate
to the ground water, which results in a calcium-
magnesium-bicarbonate-sulfate type water that has
dissolved solids in the range of 250 to 500 mg/L
(Sprinkle, 1982). Water in the upper Floridan is
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naturally fresh along the Georgia coast, and sodium-
chloride water does not occur in the aquifer until far
offshore. Upward leakage from the sand aquifers
into the Floridan (fig. 31B, area 5) has lowered
dissolved calcium concentrations and increased sodium
content; however, the water is still a typical Floridan
calcium-bicarbonate type (Sprinkle, 1982).

As shown in figure 34, geologic structure
exerts a strong influence on the circulation of ground
water and the water quality in the Edwards aquifer
of central Texas. The Edwards is a highly productive
aquifer composed of extensively faulted, fractured, and
cavernous limestone and dolomite (Maclay and Small,
1984, p. 1). Wells tapping the aquifer have some of
the highest yields in the world—reportedly in excess
of 16,000 gal/min (gallons per minute).

In the San Antonio area, some high-angle faults
vertically displace the entire thickness of the Edwards
aquifer (fig. 34). The faults act as barriers to downdip
ground-water flow and divert flow to either the
northeast or the southwest along the trends of the
faults. Some of these faults coincide with a major
change in ground-water quality, referred to as the
“‘bad-water’” line (Maclay and Small, 1984, p. 28).
Updip of the ‘bad-water’’ line, total dissolved solids
is less than 1,000 mg/L; downdip of the line, total
dissolved solids increases rapidly from 1,000 to about
9,000 mg/L. (Maclay and others, 1980, p. 13).
Permeability also decreases markedly downdip of the
line, partly because of the sedimentary history of the
rocks and partly because the restricted circulation of
freshwater has not developed an integrated network
of cavernous zones in the limestone (Maclay and
Small, 1984, p. 28). The faults that obstruct the flow
of ground water in the Edwards aquifer have prevented
flushing of saline water from the parts of the aquifer
downdip of the faults, causing a marked change in
water quality that coincides with the location of
certain faults.
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Figure 34. Effects of geologic structure on ground-water quality in the Edwards aquifer, Hays County,

Texas. (Source: Modified from Small, 1986, fig. 3.)
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EFFECTS OF HUMAN ACTIVITIES ON
GROUND-WATER SYSTEMS

GROUND-WATER PUMPAGE

Large withdrawals of ground water have pro-
foundly altered the flow systems and geochemical
conditions of some of the major aquifers in the United
States. The decline of ground-water levels due to
pumping from wells has caused changes in the loca-
tion and size of some recharge areas, large reductions
in natural discharge, and in some parts of the arid
West, major losses in aquifer storage. The hydrologic
response of aquifers to pumping from wells was
explained concisely for the first time by Theis (1940)
and is summarized briefly here. Theis noted that
aquifer response is determined by the distance from
the pumped wells to the localities of recharge and
natural discharge and by the character of the cone of
depression in the aquifer (an area of reduced hydraulic
head surrounding a pumped well), which depends upon
the values of transmissivity and storage coefficient.
He further noted that “‘all water discharged by wells
is balanced by a loss of water somewhere.’’ Initially,
some water always is withdrawn from storage in the
aquifer. As pumping rates and the number of wells
increase, cones of depression tend to coalesce and form
broad areas of lowered water levels. If there are nearby
recharge or discharge areas, water will be diverted
from these areas instead of withdrawing additional
water from storage. The lowered water levels create
hydraulic gradients that tend to induce more recharge
into the aquifer, often by an expansion in the size of
the recharge area, and to decrease the rate of aquifer
discharge. Reduced streamflow or lowered lake levels
may be the result. Thus, for an extensively developed
aquifer, the location of the recharge and discharge
areas may be different from those that existed before
development.

The location of recharge areas can be very
important in the protection of aquifers from water-
quality degradation. Consequently, it should never be
assumed that recharge and discharge areas are the same
under all hydrologic conditions because those areas
move dynamically in response to pumping and other
hydrological changes in the aquifer system. The
ground-water divides that separate ground-water basins
also move in response to recharge or pumping
patterns. The natural ground-water divides may
correspond to a topographic or river-basin divide, but
after the aquifer is developed the new divides may not.

To illustrate these changes, the following
discussion examines two of the most extensively
developed ground-water systems in the United States—
the Central Valley aquifer system in California and
the Floridan aquifer system. The response of these two
aquifer systems to development is illustrated in
figure 35.

Central Valley Aquifer System

The most intensive and longest term develop-
ment of ground water in the United States has
occurred in the Central Valley of California, primarily
in the San Joaquin Valley. Pumpage from wells,
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mostly for irrigation, averaged about 10 bgd
(billion gallons per day) between 1961 and 1977
(fig. 35A4). This amount is more than five times the
estimated predevelopment recharge rate of 1.8 bgd
(Williamson and others, 1987, fig. 24).

The Central Valley’s aquifer system is com-
posed of alluvial deposits of sand, gravel, silt, and clay
with minor amounts of volcanic deposits. Before
development began, most recharge was supplied by
infiltration of streamflow at the heads of alluvial fans
at the edges of the foothills that surround the Valley.
Then ground water moved towards the center of the
valley and discharged as evapotranspiration and
seepage to streams (fig. 364). Pumpage increased
steadily throughout the 1940’s, 1950’s, and 1960’s,
primarily in the San Joaquin Valley. This caused
ground-water levels to decline hundreds of feet and
changed the pattern of ground-water circulation over
a large area. An example of the changes in ground-
water flow after development in the western part of
the San Joaquin Valley is shown in figure 365.

The estimated present-day recharge is more
than five times the predevelopment recharge
(fig. 35A4), and it is provided mainly by infiltration
from irrigated lands that are largely supplied by
imported surface waters and pumpage (Williamson and
others, 1987). However, the amount of present-day
recharge is less than the amount of water discharged
from the aquifer system, which is primarily by
pumpage. Thus, valley-wide some water continues to
be removed from storage resulting in continued
lowering of water levels even though some parts of
the aquifer system are experiencing water-level rises
owing to localized decreases in pumpage and to
increased application of imported surface water for
irrigation.

The large decline in water levels in the Central
Valley, particularly in the San Joaquin Valley, has
caused permanent compaction of subsurface clays,
which has resulted in a loss of ground-water storage
and a lowering of the land surface (Ireland and others,
1984). Although the vertical permeability of the clays
has probably been decreased by compaction, the
vertical hydraulic connection across the aquifer system
has actually increased owing to the construction of
about 100,000 wells with long sections of screen or
perforated casing (Williamson and others, 1987).
These multiscreen wells also provide the potential for
mixing of waters from different sand and gravel layers
because the wells enable ground water to flow
between the sand and gravel layers that are separated
by layers of less permeable silt and clay.

This example illustrates several ways in which
human activities can affect the ground water of a
region. Recharge and discharge areas can be
changed by ground-water development. As a result
of extensive ground-water development, the former
discharge area of the shallow aquifer in the San
Joaquin Valley now is largely a recharge area. Most
post-development recharge is supplied by irriga-
tion return flow rather than infiltration of stream-
flow in upland areas; most ground-water discharge is
pumpage (Williamson and others, 1987). These
changes in the ground-water-flow system may redirect
poor-quality water in some areas towards pumping
centers. This includes the movement of saline water
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Figure 35. Comparison of aquifer response before and after development in the arid West (4, California Central Valley aquifer system) and the
humid East (B, Floridan aquifer system). Values are in billion gallons per day. (Sources: Modified from A, Williamson and others, 1987; 5, Bush and Johnston, 1987.)
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Figure 36. Comparison of
ground-water-flow condi-
tions before and after
development in the San
Joaquin Valley, California.
A, Before development, about
1900; B, after development,
1966. Note change in poten-
tiometric surface of lower
zone. Arrows show general
direction of ground-water
flow. (Source: Modified from
Bull and Miller, 1975, fig. 20.)
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found beneath the freshwater in the Central Valley
(fig. 36) and poor-quality water found above, or
within, the fresh ground water. For example, shallow
water along the west side of the San Joaquin Valley,
which has dissolved solids ranging from 1,000 to 5,000
mg/L, has a potential to move towards pumping
centers because of changes in the ground-water flow
system. In addition, water quality in the shallow
aquifer is being changed by irrigation return flow.
Fertilizers and pesticides have been leached by irriga-
tion water and are present in small amounts in the
shallow aquifer in the Central Valley. A widely used
nematodicide has been found in ground water in every
county in the San Joaquin Valley (Bertoldi and Sun,
1986, p. 11). In parts of the San Joaquin Valley,
selenium, which is believed to be essential to human
and animal nutrition in minute amounts but which can
be toxic at relatively low concentrations, is being
leached from seleniferous soil by applied irrigation
waters, and eventually this might cause an increase
in selenium concentration in the shallow ground water
in the western side of the San Joaquin Valley. The
downward hydraulic gradient due to pumping and the
increased hydraulic connection among individual
aquifer layers (provided by multilayer-screened wells)
creates an opportunity for poor-quality water to move
from shallow aquifers into deep aquifers. Because of
the increase in the recharge area in the Central Valley,
accidental spills of toxic chemicals or applied fertilizers
and pesticides have a greater potential to contaminate
ground water.

Floridan Aquifer System

The Floridan aquifer system, which underlies
all of Florida, the southern part of Georgia, and small

parts of adjoining Alabama and South Carolina, is the
most extensively pumped ground-water system east
of the Mississippi River. About 3 bgd is withdrawn
from the Floridan. It is the principal source of public,
industrial, and agricultural water supply in the
southeastern United States, except in south Florida
where it contains saline water (Bush and Johnston,
1987). High average rainfall (about 53 inches per
year), with little surface runoff, provides abundant
recharge to the Floridan. The Floridan contains thick
beds of highly permeable limestone, and transmissivity
generally is very high. Individual wells yielding
several thousand gallons per minute are common.
Development has not greatly altered the flow
system of the Floridan. Overall, pumpage from wells
is balanced by increased recharge and decreased
discharge from the aquifer system (fig. 35B) and the
change in storage has been negligible. The dominant
feature of the Floridan’s flow system, both before and
after development, is discharge from springs.
Currently, pumpage is less than 20 percent of the
recharge rate; however, the pumpage is distributed
unevenly throughout the Floridan aquifer system (Bush
and Johnston, 1987). Large withdrawals have caused
long-term water-level declines in three broad areas:
the western panhandle of Florida; west-central Florida,
southeast of Tampa; and a coastal strip extending from
Hilton Head, S.C., to Jacksonville, Fla., and 50 to
80 miles inland. All three areas are located where the
Floridan is confined by thick clay beds and are
distant from the outcrop (recharge) areas. About 500
Mgal/d is pumped from the Floridan in the Hilton
Head-Jacksonville coastal area (Krause and Randolph,
1987). Figure 37 shows a generalized hydrogeologic
section that extends from the outcrop area of central
Georgia southeast to the coast and passes through
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Brunswick, Ga., which is a center of heavy pumpage.
Before development, the flow system was com-
paratively simple with recharge occurring directly in
the outcrop areas, or by downward leakage further
downgradient, and discharge occurring as upward
leakage near the coast (fig. 374).

Postdevelopment changes to the flow system
include formation of a shallow cone of depression at
Brunswick owing to pumping of 80 to 100 Mgal/d in
recent years. The water level in the upper Floridan
is now below sea level at the center of the cone, and
the vertical hydraulic gradient is downward, making
the area of the cone a potential recharge area (Krause
and Randolph, 1987). However, recharge by vertical
leakage is impeded by several hundred feet of clay
overlying the Floridan. The thick clay beds, com-
bined with the great distance to the outcrop recharge
area, provide natural protection against the infiltra-
tion of contaminants introduced at the land surface.
In addition, freshwater is present in the Floridan for
many miles offshore, providing a buffer against lateral
intrusion of seawater (fig. 37B). However, ground-
water quality has been degraded by upward migration
of saline water into the upper Floridan aquifer (Wait
and Gregg, 1973). The mechanism by which the saline

i P
4+ Freshwater-saltwater -

Direction of ground-

interface water flow

water invaded the upper Floridan is upward movement
from the lower Floridan (which contains salty water
at higher head) along conduits that are probably nearly
vertical faults (Krause and Randolph, 1987).

In general, degradation of water quality in the
Floridan has been caused mainly by human activities
other than pumping from wells and subsequent changes
to the flow system. Although the potential for saline-
water intrusion has been created by water-level
declines in some coastal areas, intrusion of saline water
into wells actually has occurred only at Brunswick,
Ga., and a few localities on Florida’s east coast. On
the other hand, contaminants from surface or near-
surface sources have infiltrated into the upper Floridan
throughout the area where the aquifer is very close
to land surface. As discussed in the Florida State sum-
mary of ground-water quality later in this volume,
more than 1,000 wells in the aquifer have been found
to contain ethylene dibromide (EDB)—a
nematodicide—in concentrations exceeding drinking-
water standards. These wells are located in agricultural
areas and represent one-third of Florida’s counties.
Some contamination of public supply wells due to leak-
ing gasoline storage tanks also has occurred in out-
crop areas of the upper Floridan aquifer.

Figure 37. Comparison of
ground-water-flow condi-
tions before and after
development in the
Floridan aquifer system,
southeastern Georgia.
A, Before development,
pre-1900; B, after develop-
ment, early 1980’s. {Source:
A, B, Krause and Randoph,
1987, fig. 14)




CONTAMINANTS IN GROUND WATER

Ground-water contamination refers to any
degradation of ground-water quality resulting from
human activities. To provide guidance for water use,
the U.S. Environmental Protection Agency (1986a,b)
established water-quality criteria (see National
Drinking-Water Regulations, in Supplementary Infor-
mation section of this volume) that include—

Recommended concentration limits for certain, not parti-
cularly harmful constituents, such as chloride, iron, and
dissolved solids.

Maximum permissible concentrations for highly toxic sub-
stances, such as some pesticides, certain metals, and
radionuclides.

The most serious problems of ground-water
contamination generally have resulted from the
introduction into the ground water of organic
chemicals (especially pesticide residues or byproducts,
oils, phenols, and solvents) and metals (especially
chromium, lead, and mercury) from a variety of
human activities. Fortunately, serious ground-water
contamination has occurred in only a small part of the
Nation’s ground-water supply. However, such con-
tamination often is in areas of heaviest ground-water
use. Cleaning up an extensively contaminated aquifer
is expensive and time consuming; the best cleanup
strategy may be difficult to determine because of the
complexities of the hydrogeologic framework and
ground-water flow system. Clearly, the high costs and
uncertain results of aquifer cleanup make the pre-
vention of ground-water contamination whenever
possible a very desirable national goal (Conservation
Foundation, 1987, p. 13).

Sources of Contaminants

Contaminants may enter freshwater aquifers
from at least 33 generic sources (Office of Technology
Assessment, 1984, p. 43). These sources may be
classified broadly as either point or nonpoint sources.
Point sources are derived from localized areas (a few
acres or less in size) and include—

Landfills (industrial and municipal)

Surface impoundments (lagoons, pits, and ponds)

Underground storage tanks (petroleum. toxic
chemicals, and wastes)

Spills of chemicals, oil, or brine during trans-
port or transfer operations

Injection wells (hazardous waste and brine dis-
posal) or abandoned oil wells

The first four point sources are considered to be
major contamination problems by the Epa (U.S.
Environmental Protection Agency, 1984, p. 13) on
the basis of information supplied by State agencies.
However, EPa stated (p. 16) that ‘‘information on the
current extent of contamination is far from
adequate to quantify the severity of the problem.”’

Nonpoint sources actually consist of activities
or processes that introduce contaminants over a broad
area, rather than in a specific area. Nonpoint sources
can range in size from several acres to hundreds of
square miles and can consist of multiple point sources,

80 National Water Summary 1986 — Ground-Water Quality: HYDROLOGIC PERSPECTIVES ON WATER ISSUES

such as septic tank drainfields. Significant nonpoint
sources include—

Agricultural pesticides and fertilizers
Septic tank drainfields and cesspools
Encroachment of saline water

Road salt applications

Animal feed lots

Mining operations

The above nonpoint sources also were indicated as
being intermediate significant contamination problems
(U.S. Environmental Protection Agency, 1984, p. 13).

Contaminants can enter aquifers by five basic
mechanisms as illustrated in figures 38 and 39 and
described below.

Downward percolation to the water table from
a surface source.—Liquids from surface impound-
ments or spills infiltrate the ground and percolate
downward to the water table. Infiltration of precipita-
tion or runoff into landfills dissolves chemicals and
metals and collects bacteria that results in a liquid
called ‘‘leachate,”” which percolates downward to the
water table. In a similar manner, precipitation
dissolves pesticides and de-icing road salts from
agricultural lands and highway rights-of-way and
transports these nonpoint-source contaminants
downward to the water table.

Downward percolation to the water table from
sources in the shallow subsurface.—This mechanism
operates in a manner similar to the one described above
except that the source is located below the land
surface. Sources include leaking petroleum and
chemical storage tanks and buried wastes.

Leakage from a source below the water
table.—The most common examples of this
mechanism are brine leakage from abandoned oil wells
and poorly constructed injection wells. In the latter
situation, fluid wastes that are intended to be
emplaced in a deep saline aquifer leak into a shallow
freshwater aquifer due to defects, such as casing breaks
or poor grouting, in an injection well.

Intrusion of naturally occurring saline water
into freshwater aquifers as a result of pumping from
wells. —Intrusion may occur by lateral movement of
salty water towards wells or by ‘‘upconing’’ of saline
water located beneath pumping wells. In either situa-
tion, the cause is a reduction of hydraulic heads due
to withdrawals and creation of a hydraulic gradient
from the saline-water source towards wells tapping a
freshwater aquifer.

Movement of contaminants between aquifers by
short-circuiting natural flow paths.—As illustrated in
figure 39, a short-circuiting mechanism might occur
in a well or along a natural geologic feature such as
a fault. In either situation, the well or fault zone acts
as a conduit for transmitting poor-quality water from
one aquifer to another. Movement via wells might
occur either outside the well casing in an unsealed
annulus or inside the casing of a well open to more
than one aquifer through screens or perforations.
Examples of this type of contamination are given in
the previous discussion of the Central Valley in
California and in the article ’Coal-Tar Derivatives
in the Prairie du Chien-Jordan Aquifer, St. Louis
Park, Minnesota.”” Short-circuiting along faults
occurs because the fault zone is more permeable than




the confining unit separating two aquifers. Pumping
from a freshwater aquifer might induce poor-quality
water to move from a contaminated or saline aquifer
into the freshwater aquifer. An example of contamina-
tion by this mechanism is given in the previous dis-
cussion of the Floridan aquifer system (fig. 37B).

Movement of Contaminants Through
Aquifers

After entering the aquifer, contaminants
dissolved in ground water (solutes) will move in the
direction of the prevailing hydraulic gradient. This
process of contaminant transport by flowing ground
water is termed ‘‘advection.’’ Variations in per-
meability, as in a sequence of sand and silt layers, will
cause the moving front of contaminants to be
irregular—the higher permeability sands generally will
contain contaminants farthest from the source because
water containing the solutes moves faster in the sands
than in the less permeable silts. Local variations in
flow velocity on the scale of individual sand grains
or rock particles cause dispersion of the solutes as
described earlier and illustrated in figure 334. The
dispersion process causes dilution of solute concen-
trations in the direction of ground-water flow and, to
a lesser extent, perpendicular to the flow direction.
Dilution of solutes due to dispersion is controlled by
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the flow velocity, which, in turn, is a function of local
variations in aquifer characteristics. Solutes also can
be diluted by molecular diffusion and by some of the
chemical processes previously discussed. Solutes in
ground water that move slowly along deep flow paths
have greater opportunity for diffusion and attachment
to earth materials (sorption) than the solutes in shallow
ground water that moves faster along short flow paths.
On the other hand, contaminated water following deep
flow paths has the potential to invade a much greater
volume of aquifer.

Liquids that do not mix with water are termed
“‘immiscible.’” Contaminants that are immiscible in
water, such as petroleum, will be separated from the
flowing ground water by a distinct boundary (or
interface), and their movement is governed by
pressures along the interface. Frequently, immiscible
contaminants occur in discrete pockets within ground
water. These pockets move in response to gravity and
in response to pressures exerted on them through the
surrounding water. Liquids that are less dense than
water, such as gasoline, will tend to accumulate as
a layer just above the water table. More dense liquids,
including many organic liquids such as chloroform and
bromoform, will tend to move downward through the
ground water and accumulate as a layer just above a
confining bed.
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chemicals from roadways
to water table

Infiltration of chemical /“

wastes from landfill /

to water table / /

I~ Contaminated
= shallow well

{freshwater)

Aquifer (saline water)

Figure 38. Mechanisms of
ground-water contami-
nation.
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Chemical processes can reduce substantially the
concentrations of contaminants in ground water.
The attenuation of inorganic substances is primarily
the result of adsorption, precipitation, oxidation,
or reduction, whereas the attenuation of organic
substances is primarily the result of adsorption (on
particulate organic matter) and bacterial action (Cherry
and others, 1984, p. 46, 55). Bacterial action breaks
down many toxic organic substances into harmless
species, such as carbon dioxide, water, nitrate, and
sulfate in anaerobic environments. Toxic metals in
contaminated ground water may be adsorbed by clay,
iron oxide, or organic matter. A study of contamina-
tion caused by metal-plating wastes on Long Island,
N.Y., showed that chromium and cadmium were
adsorbed most effectively on hydrous iron-oxide
coatings of aquifer sand grains (Ku, 1980).

Some contaminants are practically non-
degradeable in ground water. Crude oil and its
derivatives especially are persistent because they
generally are not affected by the chemical processes
in ground-water systems (Jackson, 1980, p. 198).

Contaminants ultimately leave aquifers either
by natural discharge as spring flow or seepage to lakes,
streams, or the sea or as a result of pumping from
wells. Contaminants can circulate through shallow or
local flow systems in a relatively short time; however,
contaminants that move with the regional ground-water
flow into the deeply confined parts of aquifers might
persist in the subsurface for thousands of years.
Therefore, contaminants from waste-storage facilities
or leaking wells that infiltrate deep aquifers can
persist for long periods of time.

VULNERABILITY OF AQUIFERS
TO CONTAMINATION

The vulnerability of an aquifer to contamina-
tion from pollutant sources at or near the land
surface is controlled by the flow system, the
hydrogeologic framework, and the climate. Specific
factors that affect the degree of contamination of
ground water include:

« Length of and residence time in the flow path from the
contaminating source to the aquifer. Short flow paths
decrease the opportunity for adsorption, chemical reac-
tions with soil minerals, and biodegradation and, thus,
increase the potential for contamination. Conversely,
longer flow paths from land surface to the water table
lessen the potential for contamination.

¢ Mineral composition of the soil and rocks in the
unsaturated zone between land surface and the water
table. High clay content and presence of organic
materials increase adsorption and thus lessen the
potential for contamination.

« Potential for biodegradation (transformation of con-
taminants by reactions caused by microbes). This
process depends upon the microbe species present.

« Precipitation. Low amounts of precipitation result in small
amounts of recharge to aquifers and thus, lessen the
potential for contamination from pollutants whose
mobility is dependent on entrainment in or flushing by
recharge water.

« Evapotranspiration. High evapotranspiration rates reduce
recharge and thus, lessen the potential for contamina-
tion from pollutants whose mobility is dependent on
entrainment or flushing by recharge water.
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The vulnerability of aquifers to contaminants
from landfills, surface impoundments, spills, and
underground storage tanks is of special concern. Con-
sequently, investigations of the suitability of sites for
waste disposal or for evaluating the vulnerability of
aquifers to contamination are concerned primarily with
surface and near-surface sources. However, problems
caused by short-circuiting mechanisms (those that
bypass natural geologic barriers), although difficult
to identify, should not be overlooked in assessing
aquifer vulnerability. A multiaquifer well that is
abandoned and covered over or an unmapped geologic
fault can easily escape detection.

In general, shallow, permeable, unconfined
aquifers with high recharge rates are most vulnerable
to surface contamination because the short flow paths
from the land surface to the water table decrease the
potential for adsorption, chemical reactions between
contaminants and minerals in the soil, and biodegrada-
tion. Deep, confined aquifers tend to be much less
vulnerable to contamination from surface sources
because they are protected by confining beds.
However, in some regionally extensive aquifers,
hydrologic conditions can be such that some parts of
the aquifer are very vulnerable to contamination,
whereas other parts are much less vulnerable. For
example, the unconfined, limestone outcrop areas of
the Floridan aquifer system with high recharge rates
are highly susceptible to contamination from surface
sources (fig. 318), whereas toward the coast, the
Floridan is confined by increasingly thick sections of
clay and silt and is much less susceptible to surface-
introduced contaminants.

The vulnerability of aquifers to contaminants
introduced directly in the subsurface is more difficult
to characterize. Contamination of aquifers resulting
from multiaquifer wells (fig. 39) and abandoned,
leaking oil wells (fig. 38) will occur despite natural
geologic barriers to surface contamination. However,
the volume of aquifer that is ultimately contaminated
is dependent upon the aquifer properties and on the
location from which the contamination is introduced
into the flow system. Contaminants introduced in
recharge areas or within the influence of pumped wells
will migrate and spread more rapidly than con-
taminants introduced into deep, unpumped parts of an
aquifer where ground-water flow is more sluggish.
The principal features of hydrogeologic frameworks
and ground-water flow systems that affect an aquifer’s
vulnerability to contamination are summarized in
table 3.

Aquifers highly vulnerable to contamination
from surface sources are especially common in many
parts of the humid Eastern United States. These
aquifers are glacial outwash aquifers, composed
primarily of sand and gravel; outcrop areas of major
sand and carbonate aquifers in the Atlantic and Gulf
Coastal Plains; and outcrop areas of carbonate aquifers
in the Appalachian Valleys and Interior Low Plateaus.

Several detailed examples of contamination in
these types of highly vulnerable aquifers are given later
in this volume. One example is a sand-and-gravel
aquifer (glacial outwash) on Cape Cod, Mass., which
is very susceptible to surface contamination because
of its shallow occurrence, high permeability, and low
adsorption characteristics. Sewage effluent has




percolated downward into the aquifer producing a
plume of sewage-contaminated ground water that is
about 2 miles long at present. (See article ‘“Sewage
Plume in a Sand-and-Gravel Aquifer, Cape Cod,
Massachusetts.’”) Another example of a contaminated
sand-and-gravel aquifer is in Pensacola, Fla., where
degradation of organic compounds from a wood-
preserving facility has been caused by microbial
activity and sorption on aquifer sediments. (See article
*‘Distribution and Movement of Wood-Preserving
Compounds in a Surficial Aquifer, Pensacola,
Florida.””) In New Jersey and on Long Island, N.Y.,
coastal-plain aquifers have been studied to determine
if the chemical quality of shallow ground water is
related to the type of land use. In New Jersey, the
occurrence of chlorinated organic compounds in the
outcrop area of a major sand aquifer system can be
related directly to urban, industrial, and agricultural
land use. (See article ‘‘Relation of Land Use to
Ground-Water Quality in the Qutcrop Area of the
Potomac-Raritan-Magothy Aquifer System, New
Jersey.’’) Similarly, on Long Island, changes in
ground-water quality in a glacial outwash aquifer,
specifically the high concentrations of nitrates and
volatile organic compounds, can be related to
agricultural and industrial land uses. (See article
*‘Relation of Land Use to Ground-Water Quality in
the Upper Glacial Aquifer, Long Island, New York."”)

In many parts of the arid West, low rainfall,
high topographic relief, low recharge rates, and the
presence of a deep aquifer with a topographically low
discharge area result in deep-lying water tables. Such
conditions favor the protection of aquifers against con-
tamination. An example of these conditions is found
in south-central Nevada where there is an extensive
carbonate aquifer. This permeable aquifer occurs
beneath most of the intermontane valleys where it is
overlain by thick layers of alluvium and volcanic tuff.
In some highland areas, the carbonate aquifer crops
out, but in general, it is overlain by a unit of tuff of
very low permeability (Winograd and Thordarson,
1975, p. C45). The wff may contain perched water
(zones temporarily filled with water above the water
table); however, the carbonate aquifer generally has
a very thick unsaturated zone. (See figure 40.) On the
basis of geologic, hydraulic, hydrochemical, and
isotopic data, Winograd and Thordarson (1975, p.
C119) concluded that the carbonate aquifer provides
hydraulic connection between at least 10 intermontane
basins. In effect, the aquifer acts as a huge tile drain
with a topographically low outlet, which is a group
of springs located near the California-Nevada State
line.

The average annual precipitation in south-
central Nevada is low, ranging from about 4 inches
in the valleys to almost 16 inches in the highlands,
and the potential evapotranspiration rates greatly
exceed the annual precipitation. Thus, recharge rates
are very low. Downward movement of recharge
through the tuff unit is very slow—perhaps requiring
several tens of thousands of years to reach the
carbonate aquifer (Winograd and Thordarson, 1975,
p. C114). The combination of a very deep-lying water
table and thick confining beds above the aquifer in
most areas provides great natural protection against
surface contaminants reaching the carbonate aquifer.
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Table 3. Principal geologic and hydrologic features that influence an aquifer’s
vulnerability to contamination

Feature determining
aquifer vulnerability
to contamination

Low High
vulnerability vulnerability

A. HYDROGEOLOGIC FRAMEWORK

Thin unsaturated zone
in sand, gravel, lime-
stone, and basalt.

Thick unsaturated zone
containing clay and
organic materials.

Unsaturated zone.

Thick confining unit of No confining unit.
clay or shale above

aquifer.

Silty sandstone or shaly
limestone of low
permeability.

Confining unit.

Cavernous limestone,
sand and gravel,
gravel, or basalt of
high permeability.

Aquifer properties.

B. GROUND-WATER-FLOW SYSTEM

Large recharge rate, as
in humid regions.

Negligible recharge rate,
as in arid regions.
Located in the deep,

sluggish part of a
regional flow system.

Recharge rate.

Located within a
recharge area or
within the cone of
depression of a
pumped well.

Location within a flow
system (proximity
to recharge or dis-
charge area or
point).

SITE EVALUATION FOR POTENTIAL
GROUND-WATER CONTAMINATION

Site evaluation for potential ground-water
contamination is an approach that estimates the
possibilities for ground-water contamination at a site
for given contaminants. Application of site evaluation
is desirable to assist in locating sites (for example,
waste-disposal sites) that might prevent or minimize
the effects of contaminants on ground-water systems.
Site evaluation is best conducted with detailed,
accurate, local hydrologic information; however,
obtaining that information for large areal evaluation
is expensive. A number of screening reconnaissance
methods have been proposed for evaluating the con-
tamination potential of aquifers using information on
the geology, hydraulic properties, and ground-water
flow. These methods generally use a relative numerical
rating system for evaluating the local hydrogeologic
conditions. One of the earliest methods proposed is
*‘based on weighted values for five factors whose
relative significance can be evaluated from
measurements or estimates made at the sites”’
(LeGrand, 1964, p. 962). The five factors are—

Depth to the water table

Sorption capacity of shallow deposits
Permeability of shallow deposits
Water-table gradient

Distance to point of use

Low point values are assigned where the
factor at a site will provide little or no protection to
an aquifer; high values are assigned where the factor
provides high protection. For example, a shallow depth
to the water table (less than 10 feet) receives zero
points, whereas an extremely deep lying water table
(1,000 feet) receives 10 points. Total point counts (sum
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Figure 39. Movement of

contaminants between
deep and shallow aquifers
by short-circuiting natural
flow paths. A, Downward
movement of contaminated
water from shallow glacial
aquifer into deeper bedrock
aquifer via well annulus, St.
Louis Park, Minn; B, upward
movement of saline water
from lower Floridan aquifer in-
to freshwater upper Floridan
aquifer via fault, Brunswick,
Ga.

A

£,

Water table
‘Uncemented * D
annular space~{] Contaminated
.- shallow glacial. -

aquifer

"N

Deep bedrock aquifer (freshwater)

of the 5 factors) are interpreted as follows: 0-4, con-
tamination imminent; 4-8, contamination probable;
and so forth with counts about 25 indicating that con-
tamination is very unlikely.

More recently, a system for evaluating the
vulnerability of aquifers to contamination was prepared
by Aller and others (1985). This method is called the
DRASTIC index and it is intended to evaluate the *‘pollu-
tion potential’" for any hydrogeologic setting in the
United States. The DRASTIC method consists of two
parts:

1. The hydrogeologic setting of a site is identified on
the basis of a classification of the major ground-water
regions of the United States by Heath (1984).

2. The prasTIC index for a site is evaluated by assign-
ing point values to mappable physical characteristics
that form the acronym DRasTIC as follows:

DEPTH OF WATER

RECHARGE (NET)

AQUIFER MEDIA

SoIL MEDIA

ToPOGRAPHY (SLOPE)

IMPACT ON THE VADOSE ZONE
CONDUCTIVITY (HYDRAULIC) OF THE AQUIFER

Each of these characteristics is assigned a point
value; a higher point value indicates greater
vulnerability and a lower value indicates less
vulnerability to contamination. Weighting factors also
are used to give greater or lesser importance to each
characteristic (Aller and others, 1985, p. 31-126). The
typical values given for materials or conditions may
be accepted as is, or changed, if more accurate local
information is available. A summary rating for a site
is simply the sum of the point values for the seven
characteristics. Applying the DrasTiC method to
aquifers in the Southeastern U.S. Coastal Plain, for
example, shows that the limestone outcrop areas of
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the Floridan aquifer system (fig. 31 B, area 3) would
be assigned a DRASTIC index of 218, indicating a very
high vulnerability to contamination, whereas the deep
confined sand aquifers (fig. 31B, area 2) would be
assigned an index of 53, indicating very low
vulnerability .

When applying numerical rating methods, such
as the LeGrand or DRASTIC method, that rely upon
estimating geologic and hydrologic characteristics,
several factors should be kept in mind:

e Numerical rating methods are useful primarily for
evaluating potential contamination from surface or near-
surface sources such as landfills and shallow
underground storage tanks.

« Ground-water development can change the hydrologic
characteristics such as depth to the water table, direc-
tions of ground-water flow, recharge rates, and loca-
tions of recharge areas. Thus, hydrologic information
based on current ground-water withdrawals must be
used.

» Numerical rating methods applied over regional areas
might not account sufficiently for local variation in
hydraulic properties and geohydrologic conditions, or
might not take into account all factors affecting the
potential for contamination, therefore possibly
underestimating the potential for contamination.

« Numerical rating methods are not strictly applicable for
evaluating contamination from sources in the deep sub-
surface, especially where natural geologic barriers have
been short circuited (fig. 39).

Although numerical rating methods are useful
for preliminary screening of potential waste-disposal
sites, or to estimate the potential contamination over
large areas, the final selection of a major waste-
disposal site or evaluation of an existing one requires
field hydrogeologic data collection and an analysis of
the ground-water flow system. Once data are in hand,
analysis of ground-water flow systems is best
accomplished by computer modeling that simulates
predevelopment conditions, present-day ground-water




pumping, and future projected development. In recent
years, a variety of computer models have been
developed for simulating the transport of contaminants
by ground water (Pinder, 1984).

SUMMARY

The most important factors concerning ground-
water quality can be summarized as follows:

o The natural chemical quality of ground water
in any area is controlled by the geology and the related
ground-water flow system. Consequently, the natural
chemical quality of ground water is determined largely
by the types of rock through which the water moves
from recharge to discharge points.

 The water chemistry observed in aquifers can
be attributed to one or more of these natural processes:
(1) dissolution and precipitation, such as the dissolu-
tion of calcite (CaCO;) in a limestone aquifer; (2)
oxidation-reduction reactions such as the reduction of
sulfate (SO42) to sulfide (S-?) when organic matter
is oxidized to carbon dioxide (CO,) by bacterial action;
(3) ion exchange, for example, the exchange of
calcium ions in ground water for adsorbed sodium ions
in the aquifer material; (4) mixing of ground waters
of different compositions such as the mixing of fresh
and saline water in coastal areas or deep parts of
aquifers.

« Changes in water quality may be caused by
ground-water development. Pumping from wells
always causes a decline in ground-water levels. This
decline, in turn, influences the speed at which ground
water flows and the direction of the flow. These
changes from natural conditions may result in degrada-
tion of water quality in coastal areas by causing salty
water to merge with freshwater and in other areas by
causing poor-quality water from saline or contaminated
aquifers to flow into freshwater aquifers.

« Recharge areas of aquifers are extremely
important because contaminants from sources at or just
below the land surface (such as dumps and leaking
storage tanks) can move directly into the aquifer in
these areas. Thus, knowledge of the location and
extent of recharge areas is vital in the protection of
ground water. However, the location and size of
recharge areas may not be static. Under natural
conditions, many ground-water flow systems simply
consist of recharge in highland areas and discharge
to lowland stream valleys and coastal areas. Natural
discharge areas can be converted into ‘‘new’” recharge
areas as a result of large withdrawals from wells that
alter hydraulic gradients and flow directions. Thus,
it should never be assumed that the predevelopment
and present-day recharge areas have the same bound-
aries or even occupy the same areas.

« Most contaminants dissolved in water
(solutes) move with the ground-water flow. Therefore,
the ground-water flow system must be defined in order
to determine the path of the solutes.

« The vulnerability of aquifers to contamina-
tion from land surface or near-surface sources (such
as leaking landfills and leaking buried storage tanks)
is dependent primarily upon the depth to the water
table, the mineral composition of the soil and rocks
in the unsaturated zone, the recharge rate, and the
potential for biodegradation. Shallow, highly
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permeable aquifers, such as sand and gravel and
limestone, are highly vulnerable to contamination from
sources at the land surface or shallow subsurface. Deep
confined aquifers generally are much less vulnerable
because they are protected by confining beds.
However, confined aquifers can be contaminated by
sources that originate in the deep subsurface, such as
leaking oil wells, or by contaminants bypassing natural
geologic barriers along permeable fault zones or
through multiaquifer wells.

« Reconnaissance methods can provide rapid
evaluation of the potential for ground-water contamina-
tion from surface and near-surface sources if infor-
mation on the local geology and ground-water flow
is available at a site. However, it is difficult to assess
the potential for contamination of deep, confined
aquifers where the contaminants bypass natural
geologic barriers.

« Ground water is easily contaminated and is
very difficult to clean up. The selection of the best
clean-up method can be assisted by computer-based
models that predict the movement of contaminants in
ground water. Unfortunately, the lack of needed
hydrologic, geologic, and chemical data at many sites
severely limits the ability of scientists to use predic-
tive models.
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PoinT-SourcE GROUND-WATER CONTAMINATION
SEWAGE PLUME IN A SAND-AND-GRAVEL AQUIFER,
Capre Cop, MASSACHUSETTS

By Kathryn M. Hess

Fifty years of disposal at one site of treated
sewage onto the sandy soils of Cape Cod, Mass., has
created a plume of contaminated ground water more
than 2 miles long. Concentrations of the contaminants
are high enough to render much of the affected ground
water nonpotable (fig. 41). The sewage plume was first
identified and defined during an investigation by the
U.S. Geological Survey in cooperation with the
Massachusetts Department of Environmental Quality
Engineering, Division of Water Pollution Control
(LeBlanc, 1984a). Contaminant distributions within
the plume reflect the variable history of the source of
contamination and the physical, chemical, and
microbiological processes controlling the transport and
fate of the contaminants within the aquifer. The plume
is an example of the extensive contamination that can
occur in shallow, unconfined, highly permeable
aquifers such as the sand-and-gravel aquifer underlying
Cape Cod. It also is an example of point-source
contamination from surface impoundments, one of five
point sources as explained in this volume in the article
““Factors Affecting Ground-Water Quality.”’

SOURCE AND EXTENT OF SEWAGE
CONTAMINATION

The sewage plume is in a shallow, unconfined
aquifer located in Falmouth, Mass., 70 miles southeast
of Boston (fig. 42). This aquifer, which is a Pleistocene
glacial-outwash-plain deposit (Oldale, 1976, p. 4), is
composed of 90 to 140 feet of stratified sand-and-
gravel deposits and is underlain by less-permeable
deposits of silty sand and sandy till (fig. 43). The
capacity of the aquifer sediments to adsorb
contaminants is low, partly because the sediments
contain less than 1 percent clay-size particles. Average
horizontal hydraulic conductivity of the aquifer is 190
to 380 ft/d (feet per day) and the porosity is about 35
percent. Annual recharge to the unconfined aquifer
from precipitation averages 21 inches. Movement of
the ground water is southward (fig. 424) toward
Nantucket Sound at an average velocity of 0.9 to 1.5
ft/d, as determined from measurements of hydraulic
conductivity, porosity, and hydraulic gradient
(LeBlanc, 1984b, p. B22; Garabedian and others,
1987, p. B14).

The source of contamination is a rapid-
infiltration sewage-treatment plant at Otis Air Base.
Effluent discharged from the plant is typical domestic
sewage containing organic and inorganic contaminants
(Thurman and others, 1984). After secondary treat-
ment, sewage from the plant discharges onto sand
beds, rapidly percolates 20 feet to the water table, and
is transported away from the disposal site by flow
within the aquifer. In 1986, the treatment plant
discharged about 300,000 gallons per day onto the

disposal beds. Since the plant began operation in 1936,
more than 2.5 billion gallons of treated sewage has
been discharged onto the beds.

Rapid infiltration—a common method of
sewage disposal—can affect ground-water quality
downgradient from any disposal site. The extent of
water-quality degradation depends on the type and
quantity of contaminants coming into the treatment
plant, the effectiveness of the plant in removing
contaminants, the properties of the ambient ground
water, and the physical and chemical properties of the
aquifer that control the transport, dispersion, and
attenuation of contaminants. The sewage plume
downgradient from the Otis Air Base rapid-infiltration
beds is an example of the interaction of these factors.

The plume of contaminated ground water is
defined by the distribution of inorganic and organic
species such as boron, chloride, nitrate, ammonia,
volatile organic compounds, and detergents (figs.
42,43). Concentrations of three of these chemical
indicators of contamination—chloride, boron, and total
nitrogen—in the sewage effluent, the contaminated
ground water within the sewage plume, and the
uncontaminated ground water are given in the table
below (LeBlanc, 1984a, table 2).

Constituent, as of 1979

Source of water sample . Total
f 2 C}hlo;ide Bor/on nitrogen
mg/L)  (ug/L) (mg/L)
Treated sewage, Otis Air 33 510 19
Base sewage-treatment
plant
Contaminated ground 28 280 16

water 3,000 feet from
disposal beds.

Uncontaminated ground 8 7 4
water in area.

Boron, a component of detergents and other
household cleansers, is a useful indicator of sewage
contamination because of the large contrast in boron
concentrations of contaminated and uncontaminated
water. In domestic sewage, boron commonly is found
at concentrations greater than 500 pg/L (micrograms
per liter) (see table). In contrast, ground water on Cape
Cod that is unaffected by sewage contamination has
a boron concentration that generally is less than 10
pg/L. In addition, boron is transported readily through
sand and gravel without significant retardation by
chemical reactions or sorption and is considered a
possible indicator of the movement of conservative
contaminants in ground water at the site. The areal
extent of boron contamination downgradient from the
sewage-treatment plant is shown in figure 42B.

In 1982 the Cape Cod aquifer was declared a
sole-source aquifer for public water supply (U.S.
Environmental Protection Agency, 1982); about

Figure 41.

Foaming caused
by detergents in ground
water from a well located
10,000 feet downgradient
from Otis Air Base sewage-
treatment plant, Cape Cod,

Massachusetts  1983.
(Photograph by D.R. LeBlanc.)
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41°30"

Figure 42. Sewage plume in
ground water down-
gradient from Otis Air
Base, Cape Cod,
Massachusetts  1983.
A, Water-table configuration.
B-D, Areal distribution of,
B, boron, in micrograms per
liter; C, detergents (methy-
ene-blue-active substances),
in milligrams per liter; and,
D, volatile organic com-
pounds, in micrograms per
liter. Section A-A' is shown in
figure 43.  (Source: Modified
from LeBlanc, 1984a;
Thurman and others, 1984.)
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2.6 billion cubic feet of this aquifer is affected by the
disposed sewage. The plume of contaminated ground
water defined by boron extends more than 11,500 feet
south of the treatment plant and is 2,500 to 3,500 feet
wide (fig. 42B). However, the plume is only 75 feet
thick and is overlain by as much as 40 feet of uncon-
taminated ground water (fig. 434). The source of the
uncontaminated water above the plume is areal
recharge from precipitation. Although the plume seems
to be traveling only in the sand-and-gravel aquifer,
recent evidence indicates that some of the contaminants
may be entering the underlying, less permeable
sediments.

MOVEMENT OF CONTAMINANTS

The physical processes that transport, disperse,
and dilute the contaminants in the plume are being
investigated by studying the distribution of

g
@
=

| Route 151
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nondegradable constituents in the sewage. Elongation
of the plume in the direction of ground-water flow (fig.
42B) is the result of advection, the transport of
dissolved contaminants by flowing ground water. The
high rate of ground-water flow (0.9 to 1.5 ft/d) has
caused contaminants to migrate more than 2 miles
downgradient from the disposal site. The mixing of
contaminated and uncontaminated waters causes the
plume to spread and the contaminant concentrations
to decrease as the contaminants are transported
downgradient. Limited dilution of contaminants in the
core of the plume indicates that dispersion—that is,
spreading and dilution—is small in the aquifer. Boron
concentrations remain greater than 300 pg/L, or more
than 60 percent of the source concentration, as far as
7,000 feet downgradient from the disposal beds (fig.
434). Additional evidence of the low dispersion
transverse to the direction of flow is the limited
thickness and narrow width of the plume as far as

North
A
Otis Air Base
sand beds

Land surface
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Vertical exaggeration x 10
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Figure 43. Vertical distribution of
selected water-quality character-
istics in ground water near Otis Air
Base, Cape Cod, Massachusetts
1978-79. A, Boron, in micrograms per
liter; B, ammonia, as nitrogen, in
milligrams per liter; and C, nitrate as
nitrogen, in milligrams per liter. See
figure 42 for location of section
A-A'. (Source: Modified from
LeBlanc, 1984a.)
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10,000 feet from the disposal site and the presence of a zone of uncontamninated
ground water overlying the plume. Because the leading edge of the plume
is not yet defined in sufficient detail, only limited information can be obtained
from the sewage plume to define the longitudinal dispersion of contaminants.
Field-tracer experiments conducted at the site (Garabedian and others, 1987,
p- B14-B15), however, indicate that the longitudinal dispersion is much greater
than transverse dispersion in this aquifer.

The transition zone between the overlying uncontaminated water and
the contaminated water of the plume is thin as indicated by vertical profiles
of water-quality characteristics 1,000 feet downgradient from the disposal
beds (fig. 44). The transition from a specific conductance of 40 uS/cm
(microsiemens per centimeter at 25°Celsius) in the uncontaminated water to
350 pS/cm within the plume occurs over less than 10 feet (fig. 444). Over
this same interval, dissolved oxygen decreases from 5 mg/L (milligrams per
liter) to almost O mg/L (fig. 44 B). This thin transition zone is further evidence
of the small vertical dispersion occurring during transport of the contaminants.

A B C

Water table Water table Water table

Uncontaminated water Uncontaminated water Uncontaminated water

e vl

‘Caontaiinpted weter Crwarrivated wives

0 200 400 0 2 4 6 0 7 14 21
SPECIFIC CONDUCTANCE, IN DISSOLVED OXYGEN, IN MILLIGRAMS NITRATE AS NITROGEN, IN MILLIGRAMS
MICROSIEMENS PER CENTIMETER PER LITER PER LITER

AT 25 DEGREES CELSIUS

Immediately below this transition zone is a zone of elevated nitrate concen-
trations. This zone was not observable from the nest of original monitoring
wells because their screens were set 25 feet apart vertically and they straddl-
ed the 20-foot-thick zone. The detailed vertical profiles shown in figure 44
were obtained from analyses of water samples withdrawn from closely spaced
sampling ports on a multilevel sampler designed to span the 25 feet between
the original two monitoring wells. Precise location of the plume boundaries
requires sampling at small vertical intervals because of the limited vertical
spreading of the contaminants. Microbiological processes within the aquifer
commonly are associated with the steep concentration gradients and thin zones
of elevated concentrations located at the plume boundaries. Therefore, accurate
vertical delineation of transition zones in the plume is necessary in the
investigation of biochemical processes affecting contaminant transport.

VARIATIONS IN EFFLUENT COMPOSITION

The variability of contaminant concentrations within the plume resulting
from changes in the composition of the effluent discharged onto the disposal
beds must be identified before the effects of chemical and microbiological
processes on contaminant distributions can be understood. Concentrations

Figure 44. \Vertical profiles of

water-quality constituents
1,000 feet downgradient
from sewage-treatment
disposal beds, Otis Air Base,
Cape Cod, Massachusetts
(Source: Compiled from
unpublished data from R.L.
Smith, U.S. Geological Survey.)



of constituents in the effluent at the treatment plant
were not measured before 1974. As a result, the exact
composition of the treated sewage over the 50-year
history of disposal is not known. Detergents, however,
are one contaminant for which the history of effluent
composition can be deduced (LeBlanc, 1984a, p.
20-22; Thurman and others, 1986).

Synthetic detergents (surfactants) were first
used in large quantities in the United States about 1946.
Those detergents were predominantly not readily
biologically degradable forms. To reduce the
environmental effects of detergent use, biodegradable
detergents replaced the nonbiodegradable type in 1964.
As a result, nonbiodegradable detergents were
introduced to the aquifer over an 18-year period
(1946-64) and are being transported as a zone, or slug,
of elevated detergent concentrations that extends 3,000
to 11,000 feet downgradient of the disposal beds
(fig. 42C). Detergent concentrations in this zone
exceed 0.5 mg/LL MBAs (methylene-blue-active
substances)—a measure of surfactants—and cause the
water to foam when agitated (fig. 41). Between the
treatment plant and the zone of elevated detergent con-
centrations (0 to 3,000 feet downgradient), the ground
water contains low levels of detergents (fig. 42C), thus
showing a direct result of the decision to stop using
nonbiodegradable detergents after 1964.

Volatile organic compounds (voc) also are
distributed in a slug-shaped zone within the sewage
plume (fig. 42D), suggesting that their distribution also
may be a function of temporal changes in the com-
position of the sewage plant effluent. Total voc
concentrations exceed 10 pg/L in a zone that extends
2,500 feet to 8,000 feet downgradient from the
disposal site (Thurman and others, 1984; Barber and
others, 1984). The maximum concentration detected
is greater than 600 pg/L. Compounds detected include
trichloroethene, tetrachloroethene, and dichloroethene.
The transport and attenuation of these organic com-
pounds also can be affected by sorption onto aquifer
material and biochemical degradation. Therefore, the
observed voc distribution probably is a function both
of variations in effluent composition over time and in
chemical and microbiological processes in the aquifer.

EFFECTS OF CHEMICAL AND
MICROBIOLOGICAL PROCESSES
ON SEWAGE PLUME

The effects of chemical and microbiological
processes are superimposed on the distribution of
contaminants caused by effluent variations and
physical transport. These processes decrease the
concentrations of some chemical species and increase
the concentrations of others. The effects of these
processes acting on contaminants in the plume are
illustrated by the distributions of dissolved organic
carbon (DoC) and nitrogen species.

Microbial activity consumes Doc in the
contaminant plume. Near the contamination source,
biological reactions convert poc to inorganic carbon
(carbon dioxide and bicarbonate). Elevated alkalinity
and decreased poc levels within 2,000 feet of the
disposal beds indicate that, relative to the rates of boc
consumption elsewhere in the plume, this conversion
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occurs rapidly in this zone near the source. An
observed reduction in bacterial population with
distance downgradient from the treatment plant
(Harvey and others, 1984, p. 1199) may be directly
related to the decrease in nutrients (DOC) needed by
the organisms.

The relative concentrations of the two primary
nitrogen species—ammonia and nitrate—differ
significantly along the longitudinal axis of the plume
(fig. 43B,C). These observed distributions of ammonia
and nitrate probably can be explained by adsorption
and biologically mediated chemical reactions (Ceazan
and others, 1987; LeBlanc, 1984a, p. 18). The total
nitrogen concentration in the effluent discharged onto
the disposal beds averages about 20 mg/L. Nitrate and
ammonia are both found in the effluent, although the
ratio of the two species varies seasonally. Close to the
disposal site, from 1,000 to 5,000 feet downgradient,
nitrate is not present in the core of the plume, but
ammonia concentrations exceed 10 mg/L, and
dissolved oxygen is low or absent. The lack of nitrate
in the core may be a result of microbial activity near
the disposal beds—possibly reduction of nitrate to
ammonia or loss of nitrate to nitrogen gas through
denitrification (Smith and Duff, 1987). In this zone,
nitrate is found only in the thin mixing and reaction
zone between overlying uncontaminated, oxygenated
water and contaminated, anoxic ground water (fig.
44C). Beyond 5,000 feet, ammonia concentrations
decrease in the core of the plume, nitrate is present
at concentrations as high as 3 mg/L, and dissolved
oxygen is present (fig. 43B,C). This transition from
ammonia to nitrate in the core of the plume may result
from oxidation of ammonia to nitrate through nitrifica-
tion by bacteria and from the adsorption of ammonia
on the aquifer sediments. Laboratory and field
experiments are underway to identify the chemical and
microbiological processes controlling the distribution
of nitrogen species observed in the contaminant plume.

SUMMARY

A plume of contaminated ground water more
than 2 miles long has been created by 50 years of
disposal of effluent from a sewage-treatment plant on
Otis Air Base, Cape Cod, Mass. Approximately 2.6
billion cubic feet of the Cape Cod sole-source aquifer
has been affected by the disposed sewage. Low
tranverse dispersion in the aquifer has restricted the
contaminants to a narrow, thin plume. This limited
mixing has resulted in high contaminant concentra-
tions in the core of the plume as far as 1 mile downgra-
dient of the disposal site and in steep vertical chemical
gradients between the contaminant plume and
surrounding uncontaminated water.

This plume is an example of the contamination
that can occur in a shallow, permeable, unconfined
aquifer—the type of aquifer contaminated at many
U.S. Environmental Protection Agency Superfund
sites in the Northeastern United States. Detailed field
study of contaminated sites such as the Cape Cod study
improves our understanding of the physical, chemical,
and biological processes controlling transport and fate
of contaminants in ground water. Only through



understanding these processes, which determine the
concentration and distribution of ground-water con-
taminants, can the behavior of these contaminants be
accurately predicted and used to prevent, monitor, and
clean up ground-water contamination.
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PoINT-SOURCE GROUND-WATER CONTAMINATION
DisTrRIBUTION AND MOVEMENT OF WOOD-
PrRESERVING COMPOUNDS IN A SURFICIAL
AQUIFER, PENsacoLA, FLORIDA

By Bernard J. Franks

More than 400 commercial wood-preserving
plants are in operation in the United States (von
Rumker and others, 1975, p. 271); many of them
discharge their wastes to onsite impoundments which,
in turn, leak into underlying aquifers. Most of these
wastes include creosote, a complex distillate of coal
tar, which is the wood preservative most extensively
used by industry. Because of its complex chemical
composition, consisting of some 200 ‘‘major”’
constituents and several thousand ‘‘minor”’
components (U.S. Department of Agriculture, 1981),
creosote is difficult to characterize. It is heavier than
water, and it is composed of a mixture of complex
organic molecules, primarily aromatic and phenolic
compounds, with a small percentage of nitrogen-,
oxygen-, and sulfur-substituted aromatic compounds.

A substantial data base on health effects of
selected compounds found in wood-preservative mix-
tures already exists because of the large volume of
these chemicals used by industry. Health effects vary
from immediate chemical skin burns, as a result of
direct contact with creosote, to long-term carcinogenic
effects from specific compounds in the mixtures (U.S.
Department of Health and Human Services, 1983).

How these contaminants are transported
through and interact with subsurface environments is
of great concern to ground-water managers. In
response to this concern, a former wood-preserving
plant in Pensacola, Fla., was selected as a study area.
The plant was chosen because of its long, uninterrupted
history (1902-81) of discharging wastewaters to un-
lined surface impoundments, the availability of a
preliminary data base (Troutman and others, 1984),
and the high probability of transferring the findings
of an investigation of organic compounds associated
with wood-preserving wastewaters to other sites where
similar problems exist. This article describes the site
and the processes that affect the distribution and move-
ment of these compounds in the subsurface; it also is
an example of one of the five point sources of ground-
water contamination as explained in this volume in the
article ‘‘Factors Affecting Ground-Water Quality.”’

SITE DESCRIPTION AND
HYDROGEOLOGY

The wood-preserving plant site is in Pensacola,
Escambia County, Fla., about 1,500 feet north of
Pensacola Bay, an important commercial fishery, and
near the entrance to Bayou Chico (fig. 45A4). The site
is underlain by a surficial sand-and-gravel aquifer,
which consists primarily of quartz sand and gravel,
interbedded locally with discontinuous silt and clay

lenses; this aquifer is the source of water supply for
the city of Pensacola. The site has all the characteristics
that contribute to high vulnerability of aquifer con-
tamination (see article in this volume, ‘Factors
Affecting Ground-Water Quality’’). The site is on a
thin unsaturated zone, which overlies an unconfined,
highly permeable, surficial sand aquifer in the humid
Southeastern United States. In addition, the site lies
within a recharge area. One factor that limits the extent
of contamination at the Pensacola site is the presence
of a shallow confining layer along the coast, which
inhibits contaminant movement downgradient from the
impoundments. This confining layer inhibits
contaminants from moving vertically downward in two
ways—the physical presence of the layer acts as a
barrier to vertical movement, and the water pressures
below the confining layer are higher than those above
the layer, thus limiting downward movement of water
in the aquifer.

During the years of plant operation, the wood-
treatment wastes were discharged into unlined ponds
hydraulically connected to the surficial aquifer. Over
the years, large but unknown quantities of the waste
have infiltrated the soil down to the water table. The
wastes have separated into two distinct phases—a
denser-than-water hydrocarbon phase that moved
vertically downward until intercepted by a confining
layer, and an aqueous phase that includes the water-
soluble components of creosote.

Movement of the water-soluble contaminants
in the subsurface is controlled by ground-water flow,
which is directed generally southward toward
Pensacola Bay. Flow velocities range from 0.1 to 3.0
ft/d (feet per day). However, these flow paths and
velocities are influenced locally by the distribution of
the confining silts and clays. A small drainage ditch
south of the two unlined ponds intercepts shallow
ground-water flow and has a marked effect on the
configuration of the water-table surface and also on
contaminant transport.

Because of phenolic-compound concentrations
in excess of 10 mg/L (milligrams per liter), the U.S.
Environmental Protection Agency in 1982 included
the site on the Federal ‘‘Superfund’’ list of hazardous
waste sites. In 1983, an Emergency Response Team
dewatered the ponds, treated the liquid, and placed
a clay cap over the former impoundments. This was
done to alleviate a potential public health hazard caused
by abnormally high water levels that spilled over the
embankments and flowed southward along natural
drainage paths and directly into Pensacola Bay. The
primary source of subsurface contamination, the dense
hydrocarbon phase that had already entered the
aquifer, was not affected by this cleanup operation.
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EXTENT AND CHARACTER OF
CONTAMINATION

Contamination from the wood-preserving plant
has resulted in the generation of anaerobic leachate,
which has significantly affected the water chemistry
of the aquifer. In the contaminated water, the pH is
about 5.4, the dissolved-solids concentration is about
350 mg/L, the dissolved-oxygen concentration is zero,
and many of the water-soluble components of creosote
are found in concentrations near their limits of water
solubility. In addition, hydrogen sulfide, methane,
ammonia, iron, nitrogen, and dissolved organic carbon
all increase markedly in concentration in the aqueous
phase downgradient from the impoundments. In con-
trast, the uncontaminated ground water has a pH of
about 6.0; the dissolved-solids concentration generally
is less than 150 mg/L; the dissolved-oxygen concen-
tration is greater than zero; it is free of organic con-
taminants, hydrogen sulfide, methane, and ammonia;
and it contains low concentrations of iron, nitrogen,
and dissolved organic carbon.

Contamination is separable into two zones: a
plume in the water-table zone, which is 15 to 30 feet
below land surface and above a shallow clay lens; and
a deeper lying plume, which is 50 to 110 feet below
land surface and below the clay lens. Areally, the con-
tamination extends about 1,200 feet downgradient
from the impoundments and includes the water-soluble
components of creosote, as well as inorganic com-
pounds and gases resulting from degradation of the
organic compounds within the aquifer. Distribution
of total phenolic compounds in each of the two zones
(fig. 45B,C) is representative of the extent of most
contamination. The waste plumes are much less
extensive, both areally and vertically, than expected
from calculations based on measured ground-water
gradients. For the plume in the water-table zone, in
particular, this attenuation is partly a result of ground
water discharging into a drainage ditch that in turn
discharges directly into Pensacola Bay.

PHYSICAL, CHEMICAL, AND
MICROBIAL PROCESSES OF
CONTAMINATION

Ongoing interdisciplinary research at the site
includes investigations of the hydrogeology and
ground-water flow system, the extent of organic com-
pounds found in the aquifer, microbial and inorganic
processes active in the subsurface, and the effects of
contaminants on the ecology of Pensacola Bay. Results
of these investigations are being used by concurrent
Superfund-related activities at the site to document the
extent of contamination (NUS Corporation, 1984) and
to support discussion of feasible restoration activities
at the site (NUS Corporation, 1985). Preliminary
results, which have been documented by Mattraw and
Franks (1986) and Ragone (1988), include:

e A three-dimensional ground-water flow
model was developed to simulate ground-water flow
in the aquifer. Three horizontal layers in the model
correspond to lithologic heterogeneities in the system
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(fig. 46)—a water-table zone, a shallow semiconfined
zone, and a deeper confined zone. Contamination is
limited to the upper two layers, because of a combina-
tion of the distribution of the clay layers and the
upward hydraulic gradient that prevails near the coast
south of the impoundments. The contaminated shallow
sands are characterized by relatively rapid movement
of ground water (as much as 3 ft/d) and ease of
contaminant transport from the source.

e The aquifer is highly contaminated by
organic compounds, including organic nitrogen com-
pounds, such as quinoline (as much as 90 mg/L);
double-ring aromatic compounds, such as naphthalene
(as much as 15 mg/L); and phenolic compounds, such
as 3,5-dimethylphenol (as much as 13 mg/L). The
organic nitrogen compounds undergo extremely rapid
attenuation to virtually nondetectable levels (less than
0.01 mg/L) within 400 feet of the source. Most of the
other compounds persist to about 1,200 feet downgra-
dient before being eliminated from the aqueous phase.
These distances, which are shorter than those predicted
on the basis of hydraulic considerations, suggest that
other processes are selectively attenuating the
compounds.

* Microbial degradation processes (both
anaerobic and aerobic) probably are the most signifi-
cant mechanisms in contaminant attenuation. Sequen-
tial degradation of phenolic compounds has been
documented, and continuing research is describing
anaerobic degradation of the substituted aromatic com-
pounds. Many of these compounds appear to be
degradable, through intermediate simpler organic com-
pounds, into methane and carbon dioxide.

« Dissolved gases (methane and carbon diox-
ide) and inorganic constituents (hydrogen sulfide,
ammonia, and iron) are indicative of some of the
byproducts resulting from breakdown of selected
organic contaminants. In contaminated parts of the
water table, water is anaerobic throughout the zone.
Unusually high values of stable isotope ratios of car-
bon and sulfur are byproducts of microbial degrada-
tion. For instance, the lighter carbon-12 isotope
preferentially forms methane (gas), whereas the
heavier carbon-13 enriches the inorganic carbon
(aqueous) phase. The carbon-13 to carbon-12 ratio is
greatest beneath the impoundments, and decreases with
distance away from the source of contamination. The
presence of an iron-rich clay in the contaminated
aquifer possibly is a result of interactions between the
clay and organic contaminants.

« Sorption does not appear to be a significant
process in most of the aquifer composed of clean
quartz sands. Interactions (including sorption) between
minerals in the clay lenses and organic contaminants
may be quite important in the attenuation of selected
compounds.

In addition to the ground-water flow system,
possible ecological effects on the nearshore estuarine
environments of Pensacola Bay also have been studied.
Benthic organisms from Pensacola Bay have been
collected and analyzed for bioaccumulation of organic
compounds indicative of creosote contamination. Some
evidence of bioaccumulation has been found, although
at very low concentrations.
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uch of the attenuation of organic con-
taminants at this and other contaminated
sites that cannot be accounted for by
conventional advective calculations
(including dilution) is probably a result of microbial
degradation. It has been generally recognized that
certain phenolic compounds in the subsurface are
anaerobically biodegraded to methane and carbon
dioxide (Godsy and others, 1983). In samples from
the Pensacola site, a sequential disappearance of
organic nitrogen compounds (quinoline), volatile fatty
acids, phenol, methylphenol, and quinolinone has been
documented (Godsy and others, 1987, p. Al8).
Volatile fatty acids, which are not present in wood-
preserving wastes, are a byproduct of biologic activity;
they have been observed throughout the contaminated
ground water along with the occurrence of methane,
which suggests that methanogenesis may be an
important process in contaminant attenuation.

It is evident from this summary of results of
the ongoing research being conducted at the Pensacola
site that physical, chemical, and microbial processes
must all be evaluated when attempting to understand
and predict the effects of contamination on the
subsurface environment. Because some combination
of these processes will operate in all aquifers, results
from this interdisciplinary investigation can be useful
at other sites of ground-water contamination. Data on
wastewater migration from surface impoundments into
the subsurface clearly indicate that surficial aquifers
are highly susceptible to contamination from a variety
of sources. The wide variety of potential contaminants
combined with local heterogeneities in the subsurface
environment, however, result in unique contaminated
systems that are difficult to document. After
contaminants leak into a surficial aquifer (a relatively
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rapid process), the generally slow rates of attenuation,
chemical reactions, and physical mixing, combined
with large volumes of contaminants in the subsurface,
suggest that natural restoration of the aquifer would
require hundreds of years after the source of con-
tamination is removed.

SUMMARY

Creosote wastes from an abandoned wood-
preserving plant in Pensacola, Fla., that contain
numerous organic compounds have infiltrated into the
subsurface from surface impoundments at the plant.
An evaluation of the hydrogeologic characteristics of
the site and extensive data collected to define the extent
of contamination show that wood-preserving com-
pounds are abundant in the subsurface and that they
are being selectively degraded by microbial activity,
possibly sorbed onto aquifer sediments, and removed
from the aqueous phase. Contamination extends to a
depth of 110 feet below land surface, and about 1,200
feet downgradient from the impoundments. The waste
plumes are much less extensive, both areally and
vertically, than expected on the basis of measured
ground-water gradients. Byproducts of microbial
degradation of the contaminants that have been iden-
tified include volatile fatty acids, methane, and car-
bon dioxide. The complexities of investigating and
delineating the extent of organic contaminants in
ground-water systems make aquifer cleanup and
restoration an interdisciplinary and long-term task.
Results of these investigations are being used by con-
current Superfund-related activities at the site to docu-
ment the extent of contamination and support discus-
sion of feasible restoration activities at the site.
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POINT-SOURCE GROUND-WATER (LONTAMINATION
CoaL-TAR DErRIVATIVES IN THE PrAIRIE DU CHIEN-
JorDAN AQUIFER, ST. Louis PArRk, MINNESOTA

By Marc F. Hult and James R. Stark

Between 1918 and 1972, a coal-tar distillation
and wood-preserving plant operated on an 80-acre site
in St. Louis Park, Minn., a suburb of Minneapolis
(fig. 47). Release of the coal-tar derivatives to the
environment resulted in a long history of ground-water
contamination, more recent remedial actions, and
litigation. In 1932, when the first public water-supply
well was drilled, the region’s principal aquifer, the
Prairie du Chien-Jordan, which is 250 to 350 feet
below land surface, was discovered to be contaminated
(Minnesota Department of Health, 1938). The need
for additional public supply was satisfied in 1936 by
the construction of new wells in the St. Peter aquifer
upgradient from the area of contamination; however,
the source of contamination was not removed, and the
mechanisms by which ground water in the area was
contaminated were not understood.

By 1978, creosote-like fluids had accumulated
in the glacial-drift aquifer at depths as much as 50 feet
below the water table (Hult and Schoenberg, 1984),
and trace amounts of coal-tar compounds, including
suspected carcinogens, were detected in public-supply
wells completed in the Prairie du Chien-Jordan aquifer
(Minnesota Department of Health, 1978). (See
figure 48.) Coal-tar derivatives migrated northward
in the Prairie du Chien-Jordan aquifer because of local
reversals in the regional gradient caused by ground-
water withdrawals and the flow of water into the
aquifer from other aquifers through wells that tap
several aquifers (multiaquifer wells) (Hult, 1984).
Aided by computer simulations of ground-water flow
(Stark and Hult, 1985a,b), Federal, State, and local
agency personnel and representatives of the former
plant have designed a system to control hydraulic
gradients and, thereby, the direction of contaminant
transport in the Prairie du Chien-Jordan aquifer and
to treat and use contaminated water from the wells.
A long-term strategy is being developed to monitor
contamination in overlying aquifers. This article
describes the site, the extent and character of the con-
tamination, and the remedial actions taken; it also por-
trays one of the five point sources of ground-water
contamination as explained in this volume in the
article ‘‘Factors Affecting Ground-Water Quality.”’

HYDROGEOLOGY

The St. Louis Park area is underlain by glacial
drift that forms the shallowest aquifer in the region.
The highest concentrations of contaminants, including
undissolved coal tar, occur in the drift aquifers. (See
figure 48.) Shallow wells in the drift and in the
uppermost bedrock aquifer, the Platteville, have been
contaminated since at least 1938, but these aquifers
are not used for public supply and few wells are com-
pleted in them. The Prairie du Chien-Jordan aquifer
is the major ground-water resource, and about 80 per-
cent of ground-water withdrawal in the St. Louis Park
and Minneapolis-St. Paul metropolitan area is from

this aquifer. The aquifer is 200 to 550 feet below land
surface and generally is protected from nearsurface
sources of contamination by overlying glacial drift,
two bedrock confining beds (Glenwood and basal
St. Peter) and two bedrock aquifers (Platteville and
St. Peter). The Prairie du Chien-Jordan aquifer
consists of the Jordan Sandstone—a fine- to coarse-
grained quartzose sandstone—and the dolomite of the
overlying Prairie du Chien Group. The permeability
of the upper part of the aquifer is due mostly to jointing
and to enlargement of joints by dissolution of carbonate
minerals. The solution channels permit contaminants
to move large distances rapidly, sometimes in
unexpected directions, once they have entered the
aquifer. Distribution of pumpage from the Prairie du
Chien-Jordan aquifer constantly is changing areally
and temporally, in part because the demand for water
changes seasonally. The potentiometric surface
fluctuates about 30 feet between summer and winter
and has declined about 40 feet since 1885. These
changes, coupled with the hydraulic and chemical
stresses created by flows into the aquifer through the
bores of multiaquifer wells, have created a complex
distribution of contaminants in the aquifer.

The entire area is underlain by the Mount
Simon-Hinckley aquifer at depths of 800 to 1,000 feet
below land surface. This aquifer, which provides about
15 percent of the ground-water withdrawals, is
protected from surface sources of contamination by
the overlying St. Lawrence-Franconia and Eau Claire
confining unit (not shown in figure 48).

EXTENT AND CHARACTER OF
CONTAMINATION

At the plant site, coal tar was distilled into
creosote, which then was used as a preservative in the
treatment of lumber. Coal tar is a complex mixture
of several hundred individual compounds produced by
heating coal in the absence of air. In general, the
solubility in water and the volatility of coal-tar
constituents decrease with increasing molecular
weight; in contrast, the density, boiling point, tendency
to be sorbed on aquifer materials, and resistance to
biodegradation of individual compounds increase with
increasing molecular weight. Of particular concern
with respect to health risk to humans is a class of com-
pounds called polynuclear aromatic hydrocarbons
(PAH), which are a major constituent in coal tar. Some
of the paH are considered to be carcinogenic
(Minnesota Department of Health, 1978), and it has
been recommended (Hickok and others, 1981) that
28 ng/L (nanograms per liter) be the upper limit of
PAH concentration in drinking water. The health risk
of individual paH compounds generally increases with
increasing molecular weight. Coal tar from the site
also contains nitrogen-bearing compounds (Pereira and
others, 1983) and phenolic compounds (Ehrlich and
others, 1982; Hult and Schoenberg, 1984).
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In 1932, the first St. Louis Park public water-
supply well was drilled 3,500 feet east of and down-
gradient from the plant site. The well was completed
in the Prairie du Chien—Jordan aquifer at a depth of
540 feet, and it yielded water with a coal-tar taste
(Minnesota Department of Health, 1938). Efforts
to avoid zones of contaminated water by recon-
structing the well to block the contaminated water were
unsuccessful, and the well was abandoned for public
water-supply purposes. Four years later the city of
St. Louis Park drilled two additional wells within
2,000 feet upgradient from the plant site in the
overlying St. Peter aquifer. These wells yielded water
of satisfactory quality. No other public wells were
taken out of service owing to contamination until 1978
when four wells completed in the Prairie du
Chien-Jordan aquifer, within 2,000 feet upgradient
from the plant site, yielded water with trace amounts
of PaH. During 1978-81, six wells, completed in the
Prairie du Chien-Jordan aquifer and within 4,000 feet
of the plant site, yielded water containing trace
amounts of coal-tar compounds and their use as
drinking-water wells was discontinued.

Coal-tar derivatives entered the ground-water
system through two major paths: spills and drippings
at the plant site and surface runoff and plant process-
water discharges to ponds and wetlands at the plant
site, which percolated through the unsaturated zone
to the water table. Direct discharges of coal-tar wastes
to the surface resulted in contamination of the glacial
drift. The fluid, which closely resembles creosote in
chemical composition, moved downward through the
glacial drift because it is denser than water, but it also
moved more slowly than the water because it is more
viscous. As the fluid moved, some was left behind in
the pores of the outwash sand through which it
migrated. Ground water flowing past the fluids in the
drift preferentially leaches the more highly soluble
constituents. PAH concentrations in ground water in
the drift and Platteville aquifers are controlled

primarily by selective dissolution of the organic
compounds. Once in the ground water, contaminants
have moved downward with the water because of
vertical hydraulic gradients, and, most significantly,
through wells that connect more than one aquifer.
The major processes that affect movement of
PAH in the drift and in the Platteville and St. Peter
aquifers, as well as the general extent of contamina-
tion in these aquifers, are shown in figure 48.
Dissolved contaminants move eastward and downward
with the flowing ground water because of hydraulic
gradients. Sorption of high-molecular-weight
compounds by the aquifer increases the relative
differences in concentrations of organic substances
in the water. Some individual phenolic compounds
are degraded by bacteria under anaerobic conditions
(Ehrlich and others, 1982), whereas some other low-
molecular-weight compounds are degraded by aerobic
bacteria in oxygenated (oxygen-bearing) parts of
the aquifer. Ground-water flow through well bores
and through a drift-filled bedrock valley, where no
confining bed separates the drift and bedrock aquifer
systems, provides a mechanism to transport
contaminants to aquifers below. The major source
of contamination in the Prairie du Chien-Jordan
aquifer was through a deep well at the plant site
(fig. 47, W23). When first evaluated in 1978 by the
U.S. Geological Survey, the well was found to contain
coal tar at a depth of 595 feet. Approximately
150 gal/min (gallons per minute) of contaminated
water was measured entering the well through a leak
in the casing from upper aquifers and flowing down
the bore of the well into the Prairie du Chien-Jordan.
At least four other wells also permitted water to flow
into the aquifers, although at lower flow rates and with
much lower contaminant concentrations. By 1981,
coal-tar derivatives in the aquifer had moved about
2 miles northeast and south of the former plant and
into the Prairie du Chien-Jordan despite the fact that
regional ground-water flow is to the southeast (fig. 47).

EXPLANATION

Drift, undifferentiated

Platteville aquifer and
Glenwood confining bed

St. Peter aquifer

Basal St. Peter confining
bed

Prairie du Chien-Jordan
aquifer

Uncontaminated ground-
water flow

Contaminated ground-
water flow

Well showing part of well
bore open to aquifer

Figure 48. Hydrogeologic
section showing direction
of contamination migration
in ground water, St. Louis
Park, Minnesota, 1978.
See figure 47 for location of
section A-A’'. (Source:
Modified from Hult, 1984.)



REMEDIATION

Remediation of ground-water contamination
began in 1975 when the surface area of the plant site
was graded and visibly contaminated soils were
removed. Storm-water-retention ponds were
constructed and connected to the storm-sewer system
in an attempt to reduce the flow of contaminated water
to the aquifers. The extent of subsurface contamina-
tion was revealed by examination of numerous soil
borings and analysis of water from monitoring wells
installed at that time. In 1978, a program was begun
to reduce the downward movement of contaminants
through wells. Federal, State, and local agencies began
identifying and evaluating the possible effects of
individual multiaquifer wells in the area around the
plant site. Testing by the U.S. Geological Survey
included borehole flow-velocity measurements,
geophysical logging, visual inspection of wells with
downhole television cameras, and chemical analyses.

Approximately 30 other uncased or ungrouted
bedrock wells were identified as potential pathways
for the flow of contaminated water from upper, more
highly contaminated aquifers into the Prairie du
Chien-Jordan aquifer. These interaquifer connections
were found to be the result of open-hole construction,
leaks in casings, and flow in the annular space
between the casing and the borehole. Improperly
constructed wells were permanently sealed or new
casings installed by the Minnesota Department of
Health to reduce the potential for interaquifer
contamination.

A column of coal tar about 100 feet long was
removed from the deep well (well W23) on the plant
site; the well was then reconstructed to prevent flow
from the overlying St. Peter to the Prairie du
Chien-Jordan aquifer. These steps eliminated the
major sources of contamination to the Prairie du
Chien-Jordan aquifer, but the 60 years of leakage left
the aquifer extensively contaminated. An approach to
contain and manage the contaminated water in the
aquifer still needed to be developed.

In 1984, a computer-based mathematical
ground-water-flow model was developed to simulate
and evaluate the movement of coal-tar derivatives
within the Prairie du Chien-Jordan aquifer (Stark and
Hult, 1985a,b). The model was calibrated for steady-
state conditions using data from before (1885-1930)
and during (winter conditions, 1970’s) significant
pumping stress; changing conditions were simulated
for a period (1977-80) in which pumping stress and
seasonal changes in the potentiometric head were
significant. Model simulations indicated that the poten-
tiometric surface of the Prairie du Chien-Jordan
aquifer was raised by as much as 3 feet in the area
of the plant site by water introduced into the aquifer
through wells open to more than one aquifer. The
mound of ground water in the Prairie du Chien-Jordan
created at these wells has significantly affected the
transport of contaminants in the aquifer. Based on the
simulation model results, a plan was developed to con-
trol the withdrawal from five wells in order to alter
the flow direction of ground water in the vicinity of
the plant site. The simulations also showed, however,
that potentiometric surfaces are sensitive to changes
in withdrawal rates at wells outside the area that was
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under the control of the plan. Management of
discharges from these wells will be important to overall
effectiveness of the remedial-action plan. The model
was constructed assuming that pumping at wells out-
side the area would be at similar rates and seasonal
trends as in the past.

The city of St. Louis Park is implementing a
gradient-control plan, similar to that tested by the
simulation model. The effect of pumping wells will
control ground-water gradients and the expansion
of the contaminated water volume in the Prairie
du Chien-Jordan aquifer. Water pumped from two
of the gradient-control wells is being treated with
activated granular carbon to remove organic
compounds and then is used in the public water-supply
system for St. Louis Park. Water pumped from the
other wells is discharged to sewers or used for
industrial processes and cooling.

Additional studies and monitoring of coal-tar
contamination in the drift and upper bedrock units,
where contaminant concentrations are much higher
than in the Prairie du Chien-Jordan aquifer, are under-
way. However, these aquifers are not important
sources of drinking water. A plan to remediate
contamination in these units has yet to be developed.
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NoNPOINT-SOURCE GROUND-WATER CONTAMINATION
AGRICULTURAL CHEMICAL CONTAMINATION OF GROUND WATER
IN Six AREAS OF THE HicH PrLAINS AQUIFER, NEBRASKA

By Hsiu-Hsiung Chen and A. Douglas Druliner

The economy of Nebraska is linked closely to
irrigated agriculture, which in turn is linked closely
to the High Plains aquifer. This aquifer is the primary
water supply for about 96 percent of the more than
71,000 registered irrigation wells in the State, most
of which have been installed in the past 35 years.
Nebraska also is typical of many High Plains States
in that agricultural productivity depends heavily on
the use of fertilizers and pesticides. In 1984, for
example, an estimated 200 million pounds of fertilizer
and 30 million pounds of pesticide active ingredients
were applied to farmlands (Powers, 1984). This usage
of fertilizers and pesticides has affected the quality of
water in the High Plains aquifer system (Exner and
Spalding, 1976; Junk and others, 1980; Spalding and
others, 1980).

Elevated concentrations of nitrate in ground
water have been shown to be related to fertilizer
application. In Nebraska, nitrate concentrations have
been mapped in several parts of the State (Exner and
Spalding, 1976); thus, nitrate can be used to illustrate
the extent of the contamination of ground water by
fertilizers. However, less is known about the spatial
and temporal distribution of pesticides in ground
water. Little also is known about the processes and
variables that control the movement of fertilizers and
pesticides in ground water.

This article describes the results of a study to
assess the relation of concentrations of nitrate-nitrogen
(hereafter referred to as nitrate) and triazine herbicides
in ground water to selected variables such as precipita-
tion, soil permeability, depth to water, aquifer
characteristics, land use, and fertilizer use. Six areas
that represent diverse hydrogeologic, climatic, soil
conditions, and agricultural land uses were selected
for the study (fig. 49)—(1) Buffalo and Hall
Counties, (2) Gosper, Phelps, and Kearney Counties,
(3) Chase and Hayes Counties, (4) York County, (5)
Box Butte County, and (6) Garfield and Wheeler
Counties and most of Holt County. The article also
is an example of nonpoint-source contamination of
ground water as explained in this volume in the article
““Factors Affecting Ground-Water Quality.”’

HIGH PLAINS AQUIFER

The High Plains aquifer extends from South
Dakota to Texas and underlies parts of eight States,
with 37 percent of the aquifer underlying Nebraska.
In Nebraska, the aquifer underlies about 65,000 square
miles, or about 85 percent of the State. The aquifer
is unconfined to partially confined and consists
predominantly of the Tertiary Ogallala Formation and
hydraulically connected overlying and underlying
deposits. In areas 1, 2, and 4, the aquifer is underlain
by Cretaceous shale and chalk deposits; in area 5 and
parts of areas 3 and 6, it is underlain by Tertiary silt

and clay deposits. The saturated thickness of the High
Plains aquifer in Nebraska ranges from less than 1 foot
to more than 1,000 feet; however, in the six study
areas, the saturated thickness ranges from less than
100 feet to 800 feet (Pettijohn and Chen, 1983).

Characteristics of the six study areas are
presented in table 4. These six areas are representative
of much of the High Plains aquifer in Nebraska. The
average hydraulic conductivity values range from less
than 10 to 200 ft/d (feet per day) in the aquifer, but
most of the study areas have hydraulic conductivity
values between 5 and 149 ft/d (table 4). Specific
discharge, the product of hydraulic conductivity and
hydraulic gradient, is a measure of the rate of
discharge (that is, flow) of ground water per unit area
measured at right angles to the direction of flow. The
average specific discharge values range from 0.01 to
0.3 ft/d. Specific yield, the ratio of the volume of water
that will drain under the influence of gravity to the
volume of the saturated aquifer, ranges from less than
0.10 in parts of area 1, 2, and 6 to more than 0.25
in areas 2 and 3. Depths to water for wells sampled
in all areas range from 3 to 239 feet. Depths to water
are greatest in areas 3 and 2, with median depths of
95 and 92 feet, respectively. Estimates for the
migration velocity in the six study areas range from
0.06 to 1.50 ft/d and average about 0.38 ft/d. The
migration velocity is defined as the specific discharge
divided by the volumetric porosity. In areas affected
by pumpage from large-production wells, the hydraulic
gradient is increased, thereby increasing the rate of
flow near the wells.

Recharge primarily is from deep percolation of
precipitation. Mean annual precipitation increases
eastwardly in Nebraska and ranges from 17 inches in
area 5 to 27 inches in area 4. Ground-water discharge
in most areas occurs principally as irrigation-well
pumpage, but it also may occur as evapotranspiration
and seepage to streams, lakes, and wet meadows.

In 1984, the number of registered irrigation
wells in the six study areas ranged from 886 in areca
5 to 6,407 in area 1. The effects of intensive irriga-
tion development on water levels in the High Plains
aquifer system are indicated by declines from
predevelopment levels of more than 30 feet in areas
3 and 5, less than 25 feet in area 6, and less than
20 feet in areas 1 and 4 (Ellis and Pederson, 1985,
p- 36, 48). In contrast, water levels have risen by more
than 50 feet in much of area 2 as a result of recharge
from surface-water diversions for irrigation (Ellis and
Pederson, 1985, p. 22).

FERTILIZER AND PESTICIDE USAGE

About 94 percent of the land in the six areas
is used for agriculture. Corn is the dominant crop in
all but area 5. Corn-production techniques presently
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Figure 49. High Plains
aquifer in Nebraska and loca-
tion of six study areas describ-
ed in this article. (1) Buffalo and
Hall Counties, (2) Gosper, Phelps,
and Kearney Counties, (3) Chase
and Hayes Counties, (4) York
County, (5) Box Butte County, and
(6) Garfield and Wheeler Counties
and most of Holt County. {(Source:
U.S. Geological Survey files.)
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involve the use of large quantities of nitrogen fertilizers
and pesticides. Farmers commonly apply from 80
to 260 pounds of total nitrogen per acre, mostly
as anhydrous ammonia to supplement residual nitrogen
in the soil. Lesser amounts of nitrogen are applied
to other crops, such as sorghum, sugar beets, and
wheat. Most of the nitrogen not used by crops
is oxidized to nitrate in the soil. Nitrate, which is water
soluble and extremely mobile, can be leached readily
from the root zone to the aquifer (Madison and
Brunett, 1985, p. 93).

Between 1978 and 1982, herbicides applied in
Nebraska increased by 30 percent, from 18.7 million
pounds to 24.3 million pounds. Insecticide applica-
tions dropped by 7 percent during the same period,
from 5.6 to 5.3 million pounds (Johnson and Byers,
1979, p. 9, 10; Johnson and Kamble, 1984, p. 1). Of
the herbicides, 29 percent of the applications were of
atrazine. Other heavily applied herbicides were
butylate, alachlor, propacholor, cyanazine, and 2,4-D.
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Of the insecticides, 29 percent of the use was of
fonofos, followed by terbofos and carbofuran.
Inasmuch as the use of insecticides varies depending
on the degree of insect infestation, changes in total
insecticide applications do not necessarily represent
a regional trend.

EXISTING GROUND-WATER ANALYSES

Nitrate analyses were available for 2,388
ground-water samples collected in the six study areas
between 1936 and 1983. Most of the data were
collected as part of large areal studies designed to
characterize the regional ground-water quality of
various parts of the High Plains aquifer in Nebraska.
For ease of comparison, nitrate concentrations in all
forms have been converted to nitrate-nitrogen concen-
trations. Sufficient historical data were available in
area 1 to test for the existence of trends in nitrate

Table 4. Summary of data from 82 well sites in the six study areas of the High Plains aquifer, Nebraska, 1984

[Units: ft/d, feet per day; in/h, inches per hour; wells/mi2, wells per square mile; Ib/acre, pounds per acre; mg/L, milligrams per liter]

Descriptive statistics

Relative importance
of independent vari-
able (based on cor-
relation coefficient)

Independent variable Unit 1o ground-water

contamination by—

; £ o . Standard . Triazine

Maximum Minimum Mean Median deviation Nitrate herbicide
Hydraulic gradient.......... ...... 0.0053 0.0006 0.0023 0.0020 0.0011 5 8
Hydraulic conductivity..... ft/d 149 5 62 40 36 3 5
Specific discharge.......... ft/d 0.2998 0.0128 0.0759 0.0565 0.0576 7 2
Depth to water... . feet 239 3 73 47 60 4 7
Well depth......... ... feet 550 40 199 180 109 1 3
Annual precipitation........ inches 393 12.0 25.2 26.2 6.5 6 6
Soil permeability............. in/h 9.0 0.76 2.46 1.30 2.12 9 9
Irrigation-well density...... wells/mi? 8 0 3.1 2.6 2.2 2 4

Nitrogen-fertilizer use......  Ib/acre 260 0 124.8 147.3 81.6 8  ssoews
Nitrate concentration....... mg/L 45 0.10 7.6 3.05 W31 e 1
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concentrations at the 95-percent confidence level. The
seasonal Kendall test (Crawford and others, 1983)
showed that nitrate concentrations increased an
average of 0.12 mg/L (milligrams per liter) per year
between 1960 and 1983 (fig. 50).

The areal distribution of available nitrate data,
mainly from the middle to late 1970’s, indicated a
number of sites in areas 1, 2, 4, 5, and 6 where nitrate
concentrations in ground water equaled or exceeded
10 mg/L, the U.S. Environmental Protection Agency
(EPA) recommended maximum limit of concentration
in drinking water. The estimated percentages of
surface area of each study area in which nitrate con-
centration in ground water equaled or exceeded the
10 mg/L limit were 10.5 percent (area 1), 5.5 per-
cent (areas 2 and 5), and 6.4 percent (area 6).

Historical pesticide data are more difficult to
obtain. No pesticide data were collected in Nebraska
before 1977. From 1977 to 1982 several studies were
conducted by the University of Nebraska Conserva-
tion and Survey Division in parts of areas 1 and 6.
Water from 14 wells in area 1 was analyzed for
12 pesticides by Spalding and others (1980), and
atrazine was detected in all 14 samples; alachlor was
detected in water from two wells. In a separate study
in area 1 in which 17 wells were sampled, Junk and
others (1980) detected atrazine in all samples, alachlor
in 2 samples, and dieldrin (an insecticide) in
1 sample. It is not surprising that atrazine appeared
so widespread in ground water. The potential for
ground-water contamination with atrazine is rela-
tively high because it is applied frequently on row
crops, it is moderately soluble, and it has a relatively
long half-life in soil (4-57 weeks) and in ground water
(10-106 weeks). (The half-life of a pesticide is a
measure of time required for the pesticide to degrade
to half of its original activity.) Although concentra-
tions of organic pesticides in ground water often are
several orders of magnitude less than nitrate concen-
trations, their presence is of concern because of their
potentially adverse effect on plant and animal life. At
present there are no maximum limits recommended
by the Epa for concentrations of the herbicides,
atrazine or alachlor, in drinking water.

71 72 74 75 76 77 78 79 80 81 82 83

YEAR

73

Ground-water sampling for this project during
1984 focused on atrazine and other triazine herbicides
(ametryne, cyanazine, prometone, prometryne,
propazine, simetryne, and simazine) as indicators of
ground-water pesticide contamination. During the
1984 irrigation season, 82 wells distributed among the
six study areas were sampled and analyzed by the
U.S. Geological Survey for nitrate, and 57 of these
wells were analyzed for triazine herbicides. The
sampled wells were free from any obvious point-
source contamination and were chosen to represent a
diversity of hydrologic conditions.

Nitrate concentrations for these 82 samples
ranged from less than 0.1 to 45 mg/L, with a mean
of 7.6 mg/L and a median of 3.05 mg/L (table 4). The
recommended maximum concentration limit of
10 mg/L of nitrate as nitrogen was exceeded in samples
from 18 wells (22 percent). Area 1 (5 out 15 samples)
and area 6 (8 out of 22 samples) had the greatest
number of samples with concentrations exceeding
10 mg/L; area 3 had no samples with concentrations
exceeding this limit.

Another statistical procedure, the median test
(Conover, 1980), indicated that median nitrate con-
centrations differed significantly among the six study
areas at the 95-percent confidence level. This suggests
that hydrogeologic, climatic, soil, and land-use
variables, or combinations of these variables, affect
the movement of nitrate into ground water.

Water from 57 of the 82 wells was analyzed
for triazine herbicides. Eighteen (32 percent) of these
samples contained detectable amounts of triazine
herbicide, with concentrations ranging from less than
0.1t0 2.3 pg/L (micrograms per liter). All 18 samples
contained atrazine—concentrations in 6 of the samples
were at the reporting limit of 0.1 pg/L. Two of the
18 samples also contained propazine, and 1 of the
18 samples contained simazine at the reporting limit
of 0.1 pg/L. As shown in table 5, areas 1 and 2 had
the highest percentages of detected triazine herbicides
in water—triazine herbicides were present in 50 per-
cent of the wells sampled in area 1 and 44 percent of
the wells sampled in area 2. Triazine herbicides were
not detected in the nine wells sampled in area 3.

EXPLANATION

Percentile — Percentage of analyses
equal to or less than indicated values

—— 80th
75th

— 50th
— 25th
—— 10th

National drinking-water standards

| ——=— Maximum permissible contaminant

level (primary)
Analytical detection

------ Minimum concentration detectable

with analytical method used

Figure 50. Summary of
nitrate concentrations in
ground water in Buffalo
and Hall Counties,
Nebraska, 1960-83. Data
based on years in which 10 or
more analyses of well water
were available. (Source:
Compiled from U.s:
Geological Survey and Univer-
sity of Nebraska Conservation
and Survey Division data.)
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Relation of contaminants in ground water to intensively irrigated land (more than 2 wells per square mile) and less intensively irrigated
land (less than 2 wells per square mile) in six areas of Nebraska. A, Nitrate concentrations; B, estimated triazine-herbicide concentrations.

(Sources:

A, U.S. Geological Survey files; B, values below the reporting limit were estimated using the methods proposed by Helsel and Gilliom, 1986.)

RELATION OF GROUND-WATER
CONTAMINANTS TO LAND USE AND
HYDROGEOLOGIC VARIABLES

The relation of agricultural land use to con-
taminants in ground water was evaluated statisti-
cally. Sampled wells were grouped according to the
irrigation-well density in the vicinity of the sampled
well. They were classified as being (1) in an inten-
sively irrigated area if two or more irrigation wells
were present within the same 1-square-mile area con-
taining the sampled well, or (2) in a less intensively
irrigated area if less than two irrigation wells were
present within the same section.

Nitrate concentration levels were significantly
greater beneath intensively irrigated areas (fig. 51A4)
at the 95-percent confidence level (ranked T-test in
Conover, 1980). Similarly, triazine-herbicide concen-
trations were significantly larger in the intensively
irrigated group at the 95-percent confidence level
(fig. 51B).

Linear correlation and regression analyses were
used to determine a preliminary relation between the
amount of nitrate or triazine herbicide in the aquifer
and a group of land use, hydrogeologic, climatic, and
soils variables measurable at well locations and
suspected of having some influence on nitrate or

pesticide concentrations. Ten variables were
evaluated—hydraulic gradient, hydraulic conduc-
tivity, specific discharge, depth to water, well depth,
annual precipitation, soil permeability, irrigation-well
density, nitrogen-fertilizer use, and nitrate concentra-
tion. (See table 4.)

Data from the 82 well sites sampled in 1984
were used in a linear regression equation to determine
which of the 10 variables were related to water
quality. Correlation between nitrate concentrations or
triazine-herbicide concentrations and each of the
selected independent variables were performed.
Rankings based on these correlation coefficients in-
dicate the relative importance of the relation (table 4).

Three of the nine independent variables
(hydraulic conductivity, well depth, and irrigation-well
density) had correlation coefficients with nitrate con-
centrations greater than 0.40. Six of the nine independ-
ent variables (hydraulic conductivity, specific
discharge, well depth, annual precipitation, irrigation-
well density, and nitrate concentration) had correla-
tion coefficients with triazine-herbicide concentration
equal to or greater than 0.40. The confidence level
for these correlations was 95 percent. This indicates
that concentrations of nitrate and triazine herbicides
in ground water are sensitive to local hydrogeologic,
climatic, and land-use characteristics.



To evaluate the effects of more than one
variable at a time, multiple linear regressions were
computed for nitrate and triazine-herbicide concen-
trations. A combination of three variables (well depth,
irrigation-well density, and nitrogen-fertilizer use)
explained 51 percent of the total variation of nitrate
concentration in these samples of ground water. The
remaining six variables explained less than 2 percent
of the total nitrate variation when added to the regres-
sion model, and so could be ignored. Similarly, two
variables (specific discharge and well depth)
explained 60 percent of the variations in triazine-
herbicide concentrations.

The physical interpretation of these equations
implies that nitrate and triazine-herbicide concentra-
tions are greater in ground water that is near the
surface and beneath fields that are heavily irrigated
and fertilized with nitrogen. The equations also
suggest that ground-water contamination with these
chemicals is greater in areas with high hydraulic con-
ductivities and (or) steep hydraulic gradients.

When nitrate concentration is combined with
specific discharge in a two-variable equation, 84 per-
cent of the variation in triazine-herbicide concentra-
tion is explained. The remaining variables each
explained less than 1 percent of the total variation when
added to the regression model. Nitrate concentrations
alone, however, explained 61 percent of the variation
in triazine-herbicide concentrations. This indicates that
nitrate concentrations may be an inexpensive test to
identify areas of the High Plains aquifer where the
presence of detectable amounts of triazine-herbicides
in ground water might be expected.

SUMMARY

The quality of shallow ground water in the High
Plains aquifer in Nebraska is affected by the applica-
tion of nitrogen fertilizers and triazine herbicides at
the surface. These effects are greatest in intensely
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irrigated areas where agricultural chemicals can more
easily be infiltrated to the subsurface.

A trend of increasing nitrate concentrations in
water from the High Plains aquifer in study area 1
(Buffalo and Hall Counties) is statistically significant
for 1960 to 1983. Nitrate concentrations may be
increasing in the other five study areas, but insuffi-
cient data prevent the detection of such trends.

Based on both pre-1984 and 1984 data, concen-
trations of triazine herbicides greater than the repor-
ting limit probably are common in ground water of
many areas of Nebraska. Detectable concentrations
were found in 32 percent of the samples collected dur-
ing 1984 from parts of 10 Nebraska counties.
Pesticide-use data collected during the study and from
published reports indicate that the potential exists for
ground-water contamination with other widely used
pesticides; however, data presently are not available
to evaluate the extent of contamination. The data do
suggest that many of the hydrogeologic, soil, climate,
and land-use variables that are associated with nitrate
contamination of ground water are also associated with
pesticide contamination of ground water.

Multiple-regression analyses were used to test
the adequacy of nine variables in predicting nitrate and
triazine-herbicide concentrations in ground water.
Three variables (well depth, irrigation-well density,
and nitrogen-fertilizer use) explained 51 percent of the
variation in nitrate concentrations. Two variables
(specific discharge and well depth) explained 60 per-
cent of the variation in triazine-herbicide concentra-
tions. Similarly, with the addition of nitrate concen-
tration as a variable, two variables (nitrate concen-
tration and specific discharge) explained 84 percent
of the variation in triazine-herbicide concentrations.
Nitrate concentration alone explained 61 percent of
the total variation. This suggests that nitrate concen-
tration may be an inexpensive test to identify areas
of the High Plains aquifer where the presence of detec-
table amounts of triazine-herbicide concentrations in
ground water might be expected.

Table 5. Occurrence of nitrate and triazine herbicides in the six study areas of the High Plains aquifer, Nebraska, 1984

[ND =Not detected; < =less than]

Study area (see figure 49 for location)

3 4 5 6

NITRATE

{reporting limit, 0.1 milligrams per liter)

Number of samples:

Analyzed.............. 15 9 15 10 1 22
Nitrate detected....................... 15 9 15 10 11 22
Concentration, in milligrams per liter:
Median ... 2.2 7.1 2.3 5.8 33 3.6
Mean.... . 13.1 6.4 2.4 8.2 4.6 9.1
Range... ... .. 0.1-45.0 0.2-14.0 1.0-4.0 2.5-28.5 2.4-13.0 0.2-39.0
TRIAZINE HERBICIDE
(reporting limit, 0.1 micrograms per hiter)
Number of samples:
Analyzed..................... 10 9 9 6 10 13
Triazine detected........................ 5 4 0 2 2 5
Concentration, in micrograms per liter:
Median®........... . 0.08 0.01 ND <0.01 <0.01 <0.02
Mean'........ 0.31 0.0 ND 0.39 0.07 0.10
Range'....... <0.1-1.43  <0.1-0.30 ND <«0.1-230 <0.1-0.71 <0.1-0.90

'Values below the reporting limit were estimated using the methods proposed by Helsel and Gilliom {1986).



Hydrogeologic, climatic, soil, and land-use
variables can be related to nonpoint-source ground-
water contamination in agricultural areas of Nebraska.
Further testing will determine the reliability and
transferability of these relations to other agricultural
areas. The seriousness of the ground-water quality
problem in Nebraska is recognized by State Legislative
Bill 894, which authorizes the establishment of special
ground-water-quality protection areas by local Natural
Resources Districts or by the Nebraska Department
of Environmental Control. Area designations are
restricted to nonpoint sources of ground-water con-
tamination and may result in the regulation of
agricultural-management practices within the area. The
water-quality data obtained by this study and the rela-
tions revealed between contaminant concentrations and
readily measured land-use and hydrogeologic variables
will help in the identification of existing problem areas,
the identification of potential problem areas, and the
relative importance of management practices that
contribute to the problem.
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NonNPOINT-SOURCE GROUND-WATER CONTAMINATION

RELATION OF LAND Ust To GROUND-WATER QQUALITY IN THE
OutcroP AREA OF THE PoTtoMAac-RARITAN-MAGOTHY
AQUIFER SYSTEM, NEW JERSEY

By George R. Kish, Eric F. Vowinkel, Thomas V. Fusillo, and William A. Battaglin

In the New Jersey Coastal Plain, the most
extensively used aquifer for water supply is the
Potomac-Raritan-Magothy aquifer system (Vowinkel,
1984, p. 22). This aquifer system crops out in a
northeastward band from Pennsville to Perth Amboy
(fig. 52A4). The area is heavily industrialized with
numerous landfills, surface impoundments,
petrochemical storage tanks, and industrial facilities.
It also includes more than 175 waste-disposal sites (see
““New Jersey Ground-Water Quality” summary in
this volume), of which 19 sites are on the U.S.
Environmental Protection Agency’s National Priorities
List (U.S. Environmental Protection Agency, 1986,
p- 21078-21098). These land uses, the potential
sources of contaminants, and the regional
geohydrology make the aquifer system vulnerable to
contamination.

This article evaluates the effects of land-use
activities on the quality of water in the Potomac-
Raritan-Magothy aquifer system of New Jersey. It also
is an example of nonpoint-source contamination of
ground water as explained in this volume in the arti-
cle “‘Factors Affecting Ground-Water Quality.”” The
outcrop of the aquifer system was divided into a
‘“‘southern’” area and a ‘‘northern’’ area
(fig. 52A4) because these areas were investigated
separately. The northern-area study was initiated as
a result of the findings from the southern-area study.
Data for the southern area are mostly from Fusillo and
others (1984) and for the northern area from
Barton and others (1987).

LAND USE AND POPULATION

Land use in the study area is classified
according to categories developed by Anderson and
others (1976) and is based on data obtained from high-
altitude aerial photography (Fegeas and others, 1983)
and New Jersey atlas overlays (New Jersey Depart-
ment of Environmental Protection, 1975-76). Three
broad land-use categories—undeveloped, which
includes forested land, wetland, water, and otherwise
barren land; agricultural; and urban, which consists
of residential, commercial, industrial, transportation,
and other built-up land—were used to classify the
predominant (greatest percentage) land use within one-
quarter mile radius of a well. In addition, for this
article the urban land-use category in the southern
study area was subdivided into industrial and urban-
residential to enable a more detailed analysis to be
made of the difference between those two land uses;
this subdivision is not shown in figure 524, but is
discussed in the text and is shown in figure 538. The
percentage of land area in each category was then
calculated from data in Fegeas and others (1983).

Much of the study area lies in the heavily
urbanized corridor between Philadelphia and New
York. By 1930, Camden, Trenton, and Perth Amboy
had become major urban centers for manufacturing,
whereas the other areas along the aquifer outcrop
remained largely undeveloped or agricultural. Between
1950 and 1960, major land-use changes took place as
population and manufacturing increased dramatically
in this corridor, especially in previously undeveloped
areas, and as suburban communities expanded around
the urban centers. Metals production, electrical-
machinery manufacturing, and chemical, plastics, and
rubber production flourished (Brush, 1958, p. 94-97).
By 1954, New Jersey led the Nation in the produc-
tion of chemicals, and the petroleum industry had
become firmly established in the Camden area
(Cunningham, 1954, p. 193-199).

From 1950 to 1980, the population in the six
counties that the study area includes increased by
87 percent to just over 2 million people, as agricultural
and undeveloped areas became urbanized (Ellsworth,
1953, p. 5; U.S. Bureau of the Census, 1983, p. 368).
During that 30-year period, Burlington and Middlesex
Counties, which were primarily agricultural during
the first half of the century, experienced popula-
tion increases of 167 percent and 125 percent,
respectively. In contrast, cultivated farmland decreased
by 37 percent and 47 percent in the same two
counties, for a loss of about 107,000 acres (New Jersey
Crop Reporting Service, 1957, p. 9; U.S. Bureau of
the Census, 1983, p. 381). According to the 1974
National Cartographic Information Center (Ncic) land-
use data, the northern study area had 34 percent
undeveloped land, 26 percent agricultural land, and
40 percent urban land; the southern area had 30 per-
cent undeveloped land, 20 percent agricultural land,
and 50 percent urban land.

POTOMAC-RARITAN-MAGOTHY
AQUIFER SYSTEM

The New Jersey Coastal Plain is a wedge of
unconsolidated sediments that thicken and dip
southeastward toward the Atlantic Ocean. The oldest
sediments of the Potomac-Raritan-Magothy aquifer
system are the Potomac Group and the Raritan and
Magothy Formations of Cretaceous age, which overlie
crystalline bedrock. This aquifer system consists of
three aquifers, identified as the upper, middle, and
lower aquifers (Zapecza, 1984, p. 14). A typical
hydrogeologic section through the southern study area
is illustrated in figure 52C. The lower aquifer is not
present in the northern study area.

The Potomac-Raritan-Magothy aquifer system
crops out in a narrow band, 3 to 6 miles wide, adjacent
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Figure 52. Land use and well locations along the most extensively used aquifer system in New Jersey. A, Land use and the Potomac-
Raritan-Magothy aquifer system. B, Wells used in this study. C, Generalized hydrogeologic section through the southern study area. (Sources:
A, Compiled by W_A. Battaglin from National Cartographic Information Center land-use data; 8, from U.S. Geological Survey files; C, modified
from Fusillo and others, 1984, fig. 2.)
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Figure 53. Frequency of detection of selected organic
compounds by land use in the Potomac-Raritan-
Magothy aquifer system, New Jersey. A, Northern
study area; analysis of three types of organic compounds,
1984-85. B, Southern study area; analysis of selected volatile
organic compounds, 1980-82. (Sources: 4, Modified from
Barton and others, 1987, fig. 16.; B, modified from Fusillo
and others, 1985.)

to and under the Delaware River in southern New
Jersey, and extends northeastward into Raritan Bay
(fig. 52A4). In general, the upper and middle aquifers
are under water-table conditions in the outcrop area.
Further downdip, the aquifer system is confined from
above by the thick clay of the Merchantville-
Woodbury confining unit. Increases in ground-water
withdrawals in response to development in the study
area have caused declining water levels in the aquifer
system. In the northern part of the aquifer system,
saline water from Raritan Bay has infiltrated (Leahy,
1985, p. 18); in the southern part of the aquifer system,
flow from the Delaware River has been induced into
the aquifer system (Luzier, 1980, p. 2).

LAND USE AND ORGANIC
COMPOUNDS IN GROUND WATER

To represent the different land-use categories,
water samples were collected from wells of various
depths, yields, and uses. (Well locations are shown
in figure 5258.) In the northern study area, these
samples were analyzed between 1984 and 1985 for
three types of organic compounds—phenols (69 wells),
pesticides (65 wells), and aromatic and chlorinated
volatile compounds (71 wells). In the southern area,
the samples were analyzed between 1980 and 1982
for selected aromatic and chlorinated volatile organic
compounds only (176 wells). The results are shown
in figure 53.

NORTHERN STUDY AREA

Total recoverable phenols were found in 22 of
the 69 wells (32 percent), and concentrations ranged
from 1 to 11 pug/L (micrograms per liter). They were
present in 46 percent of the wells in undeveloped land
and in 29 percent of the wells in urban areas (fig. 534).
Phenolic compounds, which occur naturally in water
(Thurman, 1985, p. 143), are degradation products
of humic and fulvic acids (Stevenson, 1982, p. 426);
consequently, greater abundance of these compounds
in the undeveloped areas could be the result of
degradation of vegetative matter.

Pesticides were detected at low concentrations
(at or less than 0.5 pg/L) in 7 of the 65 wells (11 per-
cent). No organophosphorus insecticides were
detected, but three organochlorine insecticides (DDD,
lindane, and dieldrin) were detected. The absence of
organophosphorus insecticides reflects their declining
use and their low persistence in the environment
(Gilliom, 1985, p. 90); the presence of the
organochlorine insecticides reflects their long-term
persistence in the environment, even though the use
of these insecticides has declined significantly since
the mid-1960’s (Gilliom, 1985, p. 87). Two triazine
herbicides (atrazine and simazine) were detected.
Atrazine is used primarily in corn-growing areas, and
its use has increased rapidly in the last 20 years
(Gilliom, 1985, p. 90). As might be expected,
pesticides were found more frequently in agricul-
tural areas (20 percent) than in other land-use areas
(fig. 534).

Volatile organic compounds were detected in
15 of the 71 wells sampled (21 percent). The most
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Figure 54. Mean concentrations of trichloroethylene and benzene in the southern Potomac-Raritan-Magothy aquifer
system in New Jersey 1980-82. (Source: Fusillo and others, 1985, fig. 5.)



commonly identified compounds were tetrachlo-
roethylene, benzene, 1,1,1-trichloroethane, toluene,
and trichloroethylene, which commonly are used as
industrial solvents, degreasers, or fuels. They were
detected more frequently in water samples from
urban areas (29 percent) than in agricultural areas
(9 percent) or undeveloped areas (16 percent)
(fig. 534).

SOUTHERN STUDY AREA

The variation in the occurrence of four volatile
organic compounds with land use in the southern study
area is shown in figure 53B. At least one volatile
organic compound was detected in 46 of the 176 wells
sampled (26 percent). The most commonly detected
compounds were trichloroethylene (detected in 25 of
176 wells), tetrachloroethylene (15 wells), benzene
(11 wells), 1,1-dichloroethane (11 wells), toluene
(8 wells), and 1,2-dichloroethane (7 wells).
Trichloroethylene and tetrachloroethylene were found
in about the same percentage of wells in industrial and
urban-residential areas, possibly as a result of their
widespread use in both areas. Benzene and toluene,
on the other hand, were found much more frequently
in industrial areas than in urban-residential areas. The
apparently high percentage of wells contaminated with
benzene in undeveloped areas might be biased by the
small number of wells sampled (13) in undeveloped
areas and the fact that two wells in undeveloped areas
found to be contaminated were both affected by
chemical or petrochemical operations located more
than a quarter of a mile from the well.

Of the 46 wells found to contain volatile organic
compounds, chlorinated volatile compounds were
detected in 38 wells; two or more chlorinated volatile
compounds were found in 19 of the 38 wells.
Trichloroethylene and tetrachloroethylene, the two
most frequently detected chlorinated compounds, were
widely distributed and exhibited similar areal distribu-
tion patterns. Aromatic volatile hydrocarbons, such
as benzene and toluene, exhibited distribution patterns
somewhat different from those of the chlorinated
volatile compounds. The difference between the
distributions of trichloroethylene (the most com-
monly detected chlorinated volatile compound) and
benzene (the most commonly detected aromatic
volatile compound) in the southern study area is
illustrated in figure 54. The areas of high concentra-
tions of trichloroethylene and benzene occur in
different parts of the outcrop area, most likely due to
the different source of the compounds (Fusillo and
others, 1985, p. 357). Benzene, widely used in the
chemical industry, is a component of gasoline and was
found most frequently in the petroleum-refining areas
south of Camden. Trichloroethylene has been used as
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a degreaser, an industrial solvent, a dry-cleaning
solvent, and a septic-tank cleaner, and was found more
evenly distributed within industrial land.

Significant differences in the concentrations of
volatile organic compounds were found between the
outcrop area and the downdip area of the aquifer
system (Fusillo and others, 1985, p. 357). The con-
centrations of trichloroethylene and benzene were
significantly higher in the outcrop area than in the
downdip area (fig. 54). Fusillo and others (1985)
attribute these higher concentrations to downward head
gradients, shallow depths to water, the high density
of urban land uses and potential contamination sources,
and the sandy surficial deposits and leaky confining
units in the outcrop area.

SUMMARY

Specific groups of contaminants appear to be
associated with certain land uses in the outcrop area
of the Potomac-Raritan-Magothy aquifer system
in New Jersey. In the northern study area, volatile
organic compounds appear to be associated most
closely with urban land, pesticides with agricultural
land, and phenols with undeveloped land.

In the southern study area, chlorinated volatile
organic compounds, such as trichloroethylene and
tetrachloroethylene, were associated with industrial
and urban-residential land, and aromatic volatile
organic compounds, such as toluene and benzene, with
industrial areas. Trichloroethylene was distributed
fairly evenly in the urban areas, and appears to reflect
its diverse use as a degreaser, dry-cleaning solvent,
septic-tank cleaner, and industrial solvent. Benzene,
a component of gasoline, was found principally in the
petroleum-refining areas south of Camden. Con-
tamination in the southern study area seems to be
confined to the outcrop area, which has the greatest
density of industrial and urban land uses. Little con-
tamination has migrated downdip into the confined part
of the aquifer system. The aquifer system downdip
of the outcrop area is relatively uncontaminated
because industrial land uses are absent, the head
gradients are small, causing ground water t0 move
slowly, and confining units thicken downdip,
retarding leakage of contaminants from the land
surface.

Heavy pumpage in the Camden area has
significantly lowered ground-water levels in the
Potomac-Raritan-Magothy aquifer system, creating a
large cone of depression (Leahy, 1985, p. 12). These
ground-water declines have led to a search for addi-
tional ground-water supplies for the Camden area. The
results of these water-quality studies in the southern
study area have assisted the New Jersey Department
of Environmental Protection in developing new water
suppl