
The Front Line of Defense
 
For a Resource Under Siege
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Groundwater is a basic 
necessity of life for about 53 
percent of U.S. citizens-but 
many of those who depend on 
groundwater are unwittingly 
threatening this essential 
resource. 

Although we've become efficient 
at polluting groundwater, we're 
just learning how to protect it 
and clean it up. 

Draper Aden Associates 

The nationwide network of Water Institutes is the leading force 
in groundwater's chief line of defense-research. 

Carolyn J . Kroehler 

Why is groundwater our most 
vulnerable resource and the 
most difficult to protect and 
restore? Unlike surface water 
and air, groundwater doesn't 
move rapidly and can't cleanse 
itself. 

Why is so little known about 
groundwater? For a simple 
reason-it's underground. 



.- .... 
Caro lyn J . Kroeh ler 

Until fairly recently, groundwater was for most 
people out of sight and out of mind. Only a few 
aboveground formations, such as frozen 
groundwater seeps or sinkhole ponds, serve to 
remind us of its existence, 
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Mickey Gunte r 

and few of us are fortunate 
enough to visit the caves formed 
by groundwater's dissolving of 
rock formations. 
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U.S. Geological Surv ey 

Most people have no idea how important 
groundwater is. It's the source of drinking water for 
more than 97 percent of the nation 's rural 
population and for about half of the total pop ulation. 

Carolyn J . Kroehler 
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Carolyn J. Kroehler 

Groundwater 
provides 33 
percent of the 
water used for 
irrigation in the 
United States, 17 
percent of the 
water used by self
supplied industries, 
and 40 percent of 
the country's 
public wetet. 
supply. 

U.S. Geological Survey 
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Draper Aden Associates 

The numbers of 
groundwater pollutants in 
the U.S. are legion-but 
the most disturbing fact 
for a nation dependent on 
this vulnerable resource 
is that the extent of 
groundwater 
contamination is 
unknown. 

u.s. Geological Surv ey 
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Groundwater's 
Major Enemies 

• Leaking	 underground 
storage tanks 

• Pesticides 

•	 Landfills 

•	 Industrial wastes 

•	 Septic systems 

• Hazardous wastes 

•	 Animal wastes 

•	 Agricultural runoff 

• Urban runoff 

•	 Over-withdrawal 

Through years of painstaking work, researchers 
have identified point-source and nonpoint-source 
pollutants. The most difficult work lies ahead: 
compiling data on aquifers already polluted and 
threatened by pollution, and discovering how to 
remove contaminants and protect aquifers. 
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The Front line of Defense - Water Institute Research
 

Attack on Groundwater: In two 
industrial areas of New Jersey, well tests 
found volatile organic chemicals such as 
benzene and toluene in 21-26 percent of 
all wells. 

Counterattack: Biodegradation research 

Water Institute researchers in all regions of the nation are attempting to 
encourage microbes to "eat" groundwater contaminants. Research on 
biodegradation offers hope for cleaning up whole aquifers and reducing the 
gargantuan costs of current cleanup methods. 

Current biodegradation research is aimed at a long and impressive list of 
contaminants including petroleum products, nitrates, benzene, cadmium, 
mercury, and phenol. 
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Water Institute researchers are approaching biodegradation from several 
angles-encouraging the activity of bacteria that eliminate contaminants, 
finding out which bacteria most efficiently destroy certain contaminants, 
enhancing soil conditions under which biodegradation can take place, and 
developing computer models to aid in comprehensive biodegradation 
cleanups of whole aquifers. 

Successful biodegradation techniques have already been developed by some 
Water Institute researchers. For instance, research originally funded by the 
New Mexico institute resulted in a patented method called AlgaSorb that uses 
algae immobilized in a polymer to remove heavy metals from water. AlgaSorb 
has been used to clean up groundwater in the San Francisco area. Another 
benefit of this discovery-metals removed from groundwater by AlgaSorb can 
be recycled. 
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The Front Line of Defense - Water Institute Research
 

Attack on Groundwater: A nationwide 
survey by the U.S. Geological Survey in 
the 1980s showed that 20 percent of all 
wells have some nitrogen contamination 
and that more than 6 percent have levels 
exceeding national drinking water 
standards. 

Counterattack: Nitrogen research 

Dramatic and widespread contamination of groundwater by nitrogen can be 
attributed to discharges of large volumes of wastewater from point sources 
such as septic systems and animal feedlots as well as from nonpoint sources, 
including the fertilization of lawns, gardens, and farm fields. 

Water Institute research projects have investigated nitrate contamination of 
groundwater from dairy operations, citrus production, and poultry litter. 
Improperly timed and excessive fertilization can result in groundwater 
contamination, and researchers also have examined the effects of no-till 
cultivation versus conventional farming practices. Research results have 
generated a variety of recommendations for proper timing and placement of 
agricultural fertilizers and management of livestock operations. 

Other research aimed at preventing groundwater pollution has resulted in 
methods for determining the sources of nitrate contamination in groundwater. 
Such methods may make it possible for farmers and others to identify 
practices that need to be modified to eliminate sources of contamination. 

Human waste disposal problems also have been targeted by the Water 
Institutes program. Both laboratory and field research have focused on 
identifying bacteria with optimum characteristics for removing nitrogen from 
wastewater, and "filters" of bacteria immobilized on inexpensive plastics have 
been designed. Use of forest land to treat nitrogen-contaminated wastewater 
also is under investigation. 
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Counterattack: Contaminant transport research 
How contaminants move through and interact with environments below the 
land's surface is of great concern to groundwater managers across the nation. 
What soil conditions control whether pollutants reach groundwater? Once 
they do get to groundwater, how fast and in what directions will they move? A 
better understanding of contaminant transport is a key factor in controlling 
groundwater contamination and facilitating aquifer restoration. 

Water Institute scientists are attacking these problems from a variety of 
angles. Researchers in Alabama have developed an efficient method for 
evaluating the effects of large numbers of contaminants on large numbers of 
soil types. Wisconsin researchers have designed a model for tracking 
contaminants that predicts the distribution of geological materials in a 
particular setting. The model can be used for planning the remediation of 
contaminated aquifers and for groundwater protection land-use planning. 
Illinois research has provided information that allows the development of 
monitoring networks to detect groundwater quality degradation as 
economically as possible. 

Other institute-sponsored research is helping to determine what types of soils 
make the best liner materials for landfills and hazardous waste disposal sites, 
how no-till farming affects movement of pesticides and fertilizers to 
groundwater, and the most significant factors in contaminant movement and 
fate in various types of aquifers. 

Total phenolic compounds: concentration in milligrams per liter 
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Wood-treatment wastes stored in unlined lagoons in Pensacola. Florida. infiltrated 
the soil down to the water table. contaminating groundwater at depths of 110 
feet below the surface. 
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Counterattack: Pesticides research 
Research funded through the Water Institutes program has approached the 
problem of pesticides in groundwater from a variety of perspectives. 
Prevention is a key element in the fight to protect groundwater resources, and 
Water Institutes research has resulted in recommendations for pesticide 
management and application methods that minimize the threat to groundwater 
while maximizing pesticidal effects. New protocols for detecting pesticides 
and their breakdown products facilitate plans for remediation by allowing 
scientists and engineers to determine the extent and nature of pesticide 
contamination in groundwater. 

The movement of pesticides in various soil types, and factors affecting that 
movement, have been examined in a number of projects. Researchers have 
developed methods to screen pesticides for their potential to leach rapidly 
through soils, providing information to help lawmakers and users decide 
which pesticides are most likely to pollute groundwater. 

Another project has resulted in the development of an organic molecule 
"filter' that removes pesticides from water; the filter can be made to release 
the captured pesticides and then be restored to its original condition for 
further filtering, providing a potential method for restoration of aquifers once 
they are contaminated by pesticides. 
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The Front Line of Defense - Water Institute Research
 

Attack on Groundwater: Overwith
drawal for irrigation has caused dramatic 
declines in groundwater levels in the High 
Plains Aquifer, which underlies and 
provides water for eight western and 
midwestern states. In some areas of the 
Ogallala porti on of the aquifer, declines of 
150 feet have been measured and wells 
have gone dry. 

U.S. Geological Survey 

Counterattack: Groundwater management research 
Management and protection of groundwater present a major challenge to the 
United States. Two major thrusts of Water Institutes research are finding ways 
to meet the water needs of industry, agriculture, and municipalities without 
depleting aquifers and defining land uses that maximize the protection of 
groundwater quality. 

In Colorado, ten years of research and 
development have resulted in a computer 
model for conjunctive management of ground 
and surface water that can be applied to any 
river basin without major modifications. The 
model has been used to evaluate several 
management options for saving 300,000 
acre-feet of Colorado's water annually, a 
savings that could increase crop production 
by $15 mil/ion. 

Other models designed through Water 
Institutes funding compute optimal, 
sustainable groundwater pumping; chemical 
processes in a waste management system; 
the rate and volume of stream depletion 
caused by groundwater withdrawals; 
predicted water shortages; and the behavior 
of aquifers under different recharge and use 
scenarios. 

Water Institutes research also has examined 
legal, regulatory, and policy approaches to 
groundwater management and protection. 
The need for continued public education was 
pointed out by an Arizona study; risk analysis 
professionals ranked various threats to 
groundwater in an order exactly opposite to a 
ranking of the same threats by the public. 
Cost analysis of pollution problems in 
Massachusetts reaffirmed that strategies of 
prevention are far more cost-effective than 
cleanup of contaminated groundwater. 
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The Front Line of Defense - Water Institute Research
 

A total of 126 research projects directly 
related to groundwater were funded through 
the Water Institutes program in FY89. This 
graph provides an idea of the distribution of 
funding among various general categories of 
groundwater research. Projects are listed by 
title on pages 14-16. 

Number of groundwater projects (FY89) 

o 5 10 15 20 25 30 
I 1 I I 

I\. 

I\. 

I\. 

I'

I\. 

pesticides 

nitrogen 

waste 
disposal 

I' 

\. " 

I\. 

contaminant transport 

I' 

groundwater management 

1\ 
biodegradation 

, 
I'" 

!'o 

" 

,
 

groundwater 
contamination 

" 
, 

(general) 

" 

" 

identifying sources 
of contamination 

, 
, other groundwater topics 

Problems of groundwater 
quality and quantity are clearly 
national priorities. The Water 
Resources Research Institutes, 
located in the 50 states, the 
District of Columbia, Puerto 
Rico, the Virgin Islands, and 
Guam, respond to water 
resources problems at a local 
and state level, providing the 
framework for national 
solutions. In fiscal year 1988, the 
institute program allocated 46 
percent of its federal funds to a 
total of 128 groundwater 
research projects. Each project 
was tailored to help solve 
priority groundwater problems 
facing the states; together, they 
addressed many of the major 
groundwater issues facing the 
nation. This commitment to 
solving groundwater problems 
continued through fiscal year 
1989 (see figure at left). 
However, the magnitude of 
these national groundwater 
problems will require a 
quadrupling of funds for 
groundwater research if 
solutions are to be found soon. 

George V. W ills 13 



Groundwater Projects Funded FY89 - Water Research Institute Program 

CONTAMINANT TRANSPORT 
Factors Influencing Colloidal Particle Transport in the Sub 
surface (AL) 

Assessment of Model Equat ions for Pred ict ing Survival and 
Transport of M icroo rganisms in Groundwater in Arizona 
(Al ) 

Adaptive Grid Refinement for Groundwater Contaminant 
Transport Simulation (CA) 

Impl ications of Contaminant Transport for We llhead Protec
t ion in Connecticut (CT) 

Leaching of Alachlor in a Coasta l Plain Soil (DE) 

Conduit Flow Characteristics and Contaminant Transport in 
Karst ic Conduits in Tertiary Limestones (FL) 

An Investigation of Environmental Isotopes as Tracers of 
Groundwater Flow through the Saprolite-Fractured Rock 
System in the Piedmont of Georgia (GA) 

Water Table Effects on Movement of Agricultural Chemicals 
to Groundwater in Illinois (IL) 

Agricultural Util ization of Waste Materials to Reduce Pesti 
cide Movement to Groundwater in Sandy Coarse-Textured 
Soils (IL) 

Numerical Studies of the Transport of Kinetically Adsorbing 
Solutes through Three-Dimensional Heterogeneous Aqu i
fers (IL) 

Leach ing of Atrazine and Nitrate through Soil and into 
Groundwater (KS) 

Modeling Mass Transport in Aquifers : The Distributed 
Source Problem (KY) 

The Effect of River-Aquifer Interactions on Contam inant 
Transport Processes in the M issouri River Alluvial Aquifer 
(MO) 

Transport of Pesticides through Profiles of Swelling-Shrink
ing Soils (MO) 

The Relation of Pore Size Distribution to the Redistribution 
of Agrichemicals in the Soil Profile (NE) 

Construction of a Predictive Model for the Mobility of Pollu
tants in Soils. Part r. Effects of Sesquioxides and Kaolinite 
on the Mobility of Pb and Cd (NJ) 

Preferential Flow Effects on Chemical Transport and Retar
dation in Soils (NM) 

Model ing the Leaching of Pesticides Applied to Turfgrass as 
Influenced by Soil Type and Irrigation Management (NY) 

The Role of Soil Hum ic Substance Complexes in the Adsorp
tion and Transport of Anthropogenic Organic Solutes in 
Natura l Waters (OH) 

An Evaluation of the Uncertainties Associated with Pesti 
cide Transport to Groundwater as well as with Current 
Assessment (OK) 

Fate of Spills of Volat ile Liquids: Downward Transport vs. 
Volat il ization (SC) 

Site and Management Effects on Agr icultural Chemical 
Leach ing (SD) 

Spat ial Variability of Pesticide Transport Parameters (WA) 

Track ing Contaminant Pathways in Groundwater with a 
Geologically Based Computer Model for Outwash (WI) 

GROUNDWATER MANAGEMENT 
Enforcing the Arizona Groundwater Management Act: Im
plicat ions for Agriculture and Industrial Development (AZ) 

Conjunctive Approach to Water Management on Urban Water
sheds (Al) 

Optimal Reservoir Design Criteria in Conjunctive Use of 
Surface Water and Groundwater for Soybean Irrigation in 
Eastern Arkansas (AR) 

Potential Role of the South Platte Tr ibutary Aqu ifer for Solv
ing Front Range Drought Water Supply Problems: Hydro
log ic and Economic Considerations (CO) 

Invest igations of Groundwater Management Practices in 
the Denver Basin (CO) 

Development of a Three-Dimensional Stream-Aquifer 
Model as a Support Tool for Conjunctive Management (CO) 

A Low-Cost Computer Program for Groundwater Modeling 
in Regional Scale Multi-Aquifer Systems (DE) 

A Study of the Behavioral Effects of Modern Water Storage 
and Disposal Systems on Atoll Island Groundwater in Yap 
State (GU) 

High-Resolution Seismic Reflection and Borehole Geophys
ics to Delineate Aqu ifers in an Area of Water-Right Pro
tests, Boise River Valley (ID) 

Irrigation Water Use in Illinois: Strategies for Soil Water 
Management and Groundwater Conservation (IL) 

Stream Floodwave Propagation through the Great Bend 
Alluvial Aquifer : A Sign ificant Recharge and Stream
Aquifer Interaction Mechanism? (KS) 

Hydrogeolog ical and Hydrogeochem ical Characterizat ion 
and Implications for Consumptive Groundwater Use of a 
Large Glac ial-Drift Aqu ifer in Southwest Michigan (MI) 

Applicat ion of Geophysical Methods for Use in Ground
water Development Programs in Northern Nevada (NV) 

Estimation of Leakage between Aqu ifers of the Las Vegas 
Valley, Nevada (NV) 

Shallow Groundwater Management Techniques in Arid Re
gions (NV) 

An Assessment of Alternative Policies for Managing Ground
water in the State of New Mexico (NM) 

Private Well and Septic Management (NY) 

Development of a Buried Valley Aquifer Management 
Model (OH) 

Predicting Groundwater Recharge in the Piedmont (SC) 

Delineation of "Wellhead Protection Areas" for Municipal 
Use Springs of Eastern Tennessee (TN) 

Planning Sustained Groundwater Yield with Contaminant 
Management (UT) 

M icrobial Composit ion of Groundwater as Possible Indicator 
of Impacting Pollutants: Evaluation of Methods and Assess
ment as a Management Tool (VT) 

14 



BIODEGRADATION 
Field Demonstration of Biological Denitrification of Polluted 
Groundwater (CO) 

Enhanced Microbial Reclamation of Water Polluted with 
Toxic Organic Chemicals (CO) 

Biotransformation of Pesticides and Toxic Chemicals in the 
Subsurface Environment under Aerobic, Anoxic, and Meth
anogenic Conditions (IA) 

Changes in Structure and Adsorptive Behavior of Dissolved 
Fulvic Acid Mediated by Groundwater Microorganisms (IN) 

Denitrification in the Vadose Zone : A Mechanism for Nitrate 
Removal (KS) 

Nature and Rates of Bacterial Metabolism in the Aquifers of 
Southeastern Louisiana (LA) 

Bioremediation of Groundwater and Subsoils (MS) 

Characterization of the Algal Component of Groundwater 
Microflora and Organic Compounds Supporting Their 
Growth (MO) 

Feasibility of In-Situ Biodegradat ion at Groundwater Con
tamination Sites (MT) 

Laboratory Evaluation of In-Situ Bio-Denitrification for 
Nitrate Reduction (NE) 

In-Situ Microbial Treatment of Chlorinated Aliphatic Hydro
carbon Contaminated Soils and Groundwater (NJ) 

Movement, Monitoring, and In-Situ Biodegradation of Gaso
line in Groundwater (NC) 

Effect of Sorption on Biodegradation of Nitrogen-Hetero
cyclic Compounds in Subsurface Materials (OH) 

Evaluation of Biodehalogenation by Pseudomonas putida 
with Elevated Enzyme Activity as a Potential In-Situ Aquifer 
Restoration Technique (OK) 

Establishment and Characterization of Biofilms Composed 
of Inducible and Constitutive Monocultures Capable of 2,4
D Degradation (OK) 

Anaerobic Biotransformation and Fate of Heterogeneous 
Organic Pollutants in Groundwater (UT) 

Kinetics of Pesticide Biodegradation in Wetland Soils (VA) 

Denitrification in On-Site Wastewater Disposal Systems 
(VA) 

The Influence of Microbial Ecology on Subsurface Degrada
tion of Trace Organics (VA) 

Hydrogeologic Controls on Vadose Zone Microbiology: The 
Role of Organic Carbon (WA) 

Development of a Chemical and Biological Method to 
Reclaim Alkaline Solid Wastes (WY) 

PESTICIDES 
Screening Methods for Groundwater Pollution Potential 
from Pesticide Use in Colorado Agriculture (CO) 

Leaching of Alachlor in a Coastal Plain Soil (DE) 

Biotransformation of Pesticides and Toxic Chemicals in the 
Subsurface Environment under Aerobic, Anoxic, and Methano
genic Conditions (lA) 

Agricultural Utilization of Waste Materials to Reduce Pesti
cide Movement to Groundwater in Sandy Coarse-Textured 
Soils (lL) 

Leaching of Atrazine and Nitrate through Soil and into 
Groundwater (KS) 

Pesticide Metabolites in Minnesota Groundwater (MN) 

Herbicide Management Techniques to Reduce Ground and 
Surface Water Contamination (MN) 

Evaluation of Humic-Pesticide Interactions on the Fate and 
of Agricultural Chemicals (MS) 

Transport of Pesticides through Profiles of Swelling
Shrinking Soils (MO) 

Modeling the Leaching of Pesticides Applied to Turfgrass as 
Influenced by Soil Type and Irrigation Management (NY) 

Survey of Groundwater, Surface Water, and Wastewater in 
the Upper Midwest for Aldicarb (Temik) Using Chromatog
raphy and Enzyme Immunoassay (ND) 

An Evaluation of the Uncertainties Associated with Pesti
cide Transport to Groundwater as well as with Current 
Assessment (OK) 

Establishment and Characterization of Biofilms Composed 
of Inducible and Const itutive Monocultures Capable of 2,4
D Degradation (OK) 

Kinetics of Pesticide Biodegradation in Wetland Soils (VA) 

Phosphate Fertilizer-Enhanced Arsenic Solubility and Leach
ing in Soils Contaminated with Lead Arsenate Pesticide 
Residues (WA) 

Spatial Variability of Pesticide Transport Parameters (WA) 

Identification of Metabolites Produced during Atrazine, 
Alachlor, and Metolachlor Degradation (WI) 

NITROGEN 
Fate of Nitrogen from the Disposal of Poultry Litter: A Simu
lation Approach (AR) 

Field Demonstration of Biological Denitrification of Polluted 
Groundwater (CO) 

Nitrogen and Groundwater Quality in Florida Citrus Produc
tion (FL) 

Assim ilation of Nitrate-Nitrogen in Forest Land Treatment 
Systems (GA) 

Leaching of Atrazine and Nitrate through Soil and into 
Groundwater (KS) 

Den itr ification in the Vadose Zone: A Mechanism for Nitrate 
Removal (KS) 

Potential Nitrogen Contamination of Groundwater as 
Affected by Soil, Water, and Land Use Relationships (MI) 

The Relation of Pore Size Distribution to the Redistribution 
of Agrichemicals in the Soil Profile (NE) 

Laboratory Evaluation of In-Situ Bio-Denitrification for 
Nitrate Reduction (NE) 

Techniques for Distinguishing Nitrate Sources in Ground
water (ND) 

Lysimeter Comparison of 15N Enriched and Natural 15N 
Abundance Techniques for Distinguishing Nitrate Sources 
in Groundwater (ND) 

Effect of Sorption on Biodegradation of Nitrogen-Hetero
cyclic Compounds in Subsurface Materials (OH) 

Modeling Effects of Agricultural Practices on Nitrate Con
tamination of Ground and Surface Water (VA) 
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GROUNDWATER CONTAMII\lATION 
(GENERAL) 

Development and Laboratory Verification of Models of 
Surface-Subsurface Water Quality Interaction (CO) 

Response of Groundwater Faunas to Groundwater Quality 
Degradation (CO) 

In-Situ Electrochemical Treatment of a Contaminated 
Aquifer (DE) 

Determination of Lead and Other Selected Trace Metals in 
Ground and Surface Water on Guam, Mariana Islands: A 
Comparative Study of Analytical Methods for Quantitation 
at Trace Levels (GU) 

Microbial Contam ination of Surface and Ground Waters 
Adjacent to Agricultural Enterprises in Kansas (KS) 

Groundwater Mapping and the Determination of the Opti
mum Level of Informat ion for the Assessment of Ground
water Sensitivity to Contamination in Complex Glacial-Drift 
Aqu ifers (MN) 

Groundwater Contam ination Control : Monitoring and 
Design (NE) 

The Evaluation and Impact of Coliform Bacterial and Enteric 
Virus Pollution in Southeastern New Hampshire (NH) 

Alluvial Aquifer Heterogeneities in the Rio Grande Valley: 
Implications for Groundwater Contamination (NM) 

Hydrocarbon Contamination in Groundwater (SC) 

Basel ine Characteristics of the Organic Constituents of the 
Sioux Aquifer, Eastern South Dakota (SD) 

Removal of Organic Contaminants from the Vadose Zone 
and the Zone of Saturation by Aeration, Water Flushing, 
and Surfactant Flushing (TN) 

Discriminant Analysis for Classifying Monitoring Well 
Qual ity (WI) 

WASTE DISPOSAL 
The Role of Runoff in Groundwater Recharge and Landfill 
Leach ing (DE) 

Assessment of Waste Disposal on Water Resources in M icro
nes ia and Related Water Quality Studies (GU) 

Hydrogeologic Characterization of Hazardous Waste Sites 
(KS) 

Impact of Landspreading Wastes on Vadose Zone Water 
Qual ity (ME) 

Leachate from Landfills in Semi-Arid Areas (MT) 

Land Application of Municipal Sludge in New Hampshire 
Forests: Minimizing the Risks to Groundwater Quality (NH) 

Evaluation of Solid Waste Management Models and Devel 
opment of Landfill Siting Criteria (NC) 

The Disposal of Composted Organic Wastes on Turf: Its 
Impact on Groundwater Quality and Its Value in Reducing 
the Inc idence of Turf Diseases and Insects (RI) 

IDENTIFYING SOURCES OF CONTAMINATION 
Interrelations between Carbonate Aquifer Shallow Conduit 
Flow and Pollution Potential from Surface Activities (KY) 

Prediction of Groundwater Pollution Risks Using the Mas
sachusetts Geographical Information System (MA) 

Finite Element Solution of the Surface Water Equations for 
Identification of Groundwater Contamination Sources (MI) 

Water Quality Modeling: Terrain Analysis and the Agricul
tural Nonpoint Source Pollution (AGNPS) Model (MN) 

A Soil Information System for Assessing Nonpo int Source 
Pollution in the Finger Lakes Region (NY) 

Evaluation of Groundwater as a Source of Elevated Levels 
of Indoor Radon in South Carolina (SC) 

OTHER TOPICS 
Productivity within Deep Glacial Gravels under Subarctic 
Alaska Rivers: Contributions to the Stream Ecosystem (AK) 

Groundwater Action Project in the Housatonic Valley (CT) 

Extrapolation of Groundwater Hydraulics Data in Basalt 
Lakes r Systems (ID) 

Fractured Aquifer Delineation Using High-Resolut ion Seis
mic Methods, Boise Geothermal System, Warm Springs 
Area, Idaho (lD) 

Application of an Energy-Budget Groundwater Model to 
Past Water-Level Changes at W illiams Lake, Minnesota 
(MN) 

Subsurface Flow Between Upland and Wetland Systems 
(MN) 

Field and Model Study of an Ephemeral Stream Aquifer 
System with a Clogging Layer (NM) 

Preliminary Investigation of the Uranium Isotope Disequilib
rium in Groundwater of Northeastern North Carolina (NC) 

Pred icting Water Characteristics Curves for Unsaturated 
Soils from Bulk Density and Particle Size Distributions (OK) 

A Remote Sensing and Computer Modeling Techn ique for 
Estimating Temporally and Spatially Dependent Subsurface 
Watershed Soil-Moisture Conditions (UT) 

Role of Groundwater in Neutralizing Acid Precip itation to 
Situated in Silicate Aquifers: Field Test and Model ing (WI) 

Role of Wetlands in the Groundwater Budget of a Small 
Glac iokarstic Basin (WI) 

Var iation in Hydraulic Conductivity Measurements: Site Varia
bility vs. Field Methodology (WI) 
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George V. Wills 

The majority of Water Institute research projects 
funded in fiscal year 1989 attacked groundwater 
problems, but research efforts also were aimed at a 
number of other water resources issues. Established 
by the Water Resources Research Act of 1964, the 

institute program continues to foster research, 
information dissemination, and education in water
and land-related issues as integral parts of its overall 
goal to solve the nation's water resources problems. 

Written by Carolyn J. Kroehler and Elizabeth B. Crumbley
 
Illustrated and designed by George V. Wills
 

Typeset by T.W. Johnson
 

The authors wish to thank the following for their assistance in making this publication
 
possible:Thomas Ballestero; Richard Cobb; Draper Aden Associates, Blacksburg, VA; Mickey
 
Gunter; Carol J. Haley; Gary Speiran; the U.S. Geological Survey; Diana L. Weigmann; Robin
 
L. Williams; and all the Water Institutes. Cover photo credit: U.S. Geological Survey. 

This document was prepared for the National Association of Water Institute Directors by the 
staff of the Virginia Water Resources Research Center (William R. Walker, Director). 

Printing of this document was financed in part by the U.S. Geological Survey. The contents 
of this publication do not necessarily reflect the views and policies of the Department of the 
Interior, nor does the mention of trade names or commercial products constitute their 
endorsement by the United States Government. 

Additional copies of this publication may be obtained from Paul Godfrey, Water Resources 
Research Center, Blaisdell House, University of Massachusetts, Amherst, MA 01003. 

4-90:2M 



u.s. Geolog ical Sur vey- ,
 

J
 

Groundwater Research: 
e The Front Une of Defense'" 
·0 
;0 

o for a Resource Under Siege 
Vl 

.'1 
c 
Q) 
-0 « 
Q; 
0. 
m 
Ci 

e 

~ 
n; *
'" '" '"E 
o 
J: 
f 

u .S. Geological Survey 




