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Foreword

Agriculture has always been a mainstay of the U.S. economy, and an important component of our
cultural heritage. However, this century has seen an *‘environmental revolution’ occur, emerging into
a force of widespread national significance since the late 1960s. The environmental concerns specifically
attributed to agriculture have followed a progression: from recognition of ‘on-site’ problems (e.g., loss
of soil fertility due to erosion), to *‘off-site’ (e.g., degradation of surface-water quality due to nutrient
runoff from agricultural fields) and, today, to “out-of-sight” concerns such as groundwater
contamination by agricultural chemicals (" ‘agrichemicals ).

Surveys show that public concern over agrichemica contamination of groundwater (as well as other
related issues such as food safety and surface-water quality) is high. Further, this concern extends to
farmers and farm communities-the individuals in closest proximity to potentially contaminated
groundwater. Because of the nature of groundwater contamination-largely out-of-reach of remedial
actions and, thus, essentially irreversible-prevention of groundwater contamination is the only means
currently available for responding to the need to protect essential resources, environmental quality, and
health.

Protection of the Nation’s groundwater resources has become an issue of pressing concern to the
public, to Congress, and to many Federal, State, and local agencies. Agencies and organizations at all
levels are undertaking programs designed to affect a farmer’s choice of technology, and thus the potential
for introduction of agrichemicals into groundwater. Such programs include extensive efforts in data
collection and management, research and development, extension and education, and regulatory actions.

Several primary conclusions derived from the analysis covered in this assessment have clear policy
implications. First, agriculture is a national, strategic resource: options that severely reduce the U.S.
capacity to produce food to feed the domestic population are clearly adverse to the interests of society.
Second, protection of environmental quality is high on the public lists of societal goals. Certain
agricultural technologies—in nutrient and pest management; in crop, sod, and water management
practices, in data analysis and planning; and in design of farming systems-show considerable promise
for reducing the potentia for agrichemicals to enter groundwater.

Four congressional committees and five subcommittees requested the Office of Technology
Assessment in 1988 to conduct an assessment of the potentials for agricultural technologies to reduce
groundwater contamination by agricultural chemicals: House Committee on Agriculture, its Subcommit-
tee on Department Operations, Research, and Foreign Agriculture; House Committee on Science, Space,
and Technology; House Committee on Public Works and Transportation; Subcommittee on Environ-
ment, Energy, and Natural Resources of the House Committee on Government Operations, Subcommitt-
ee on Water and Power Resources of the House Committee on Interior and Insular Affairs;, and Senate
Committee on Agriculture, Nutrition, and Forestry. The assessment identifies and discusses in-depth
constraints to and opportunities for agricultural approaches to reduce the potential for agrichemical
contamination of groundwater.

OTA greatly appreciates the contributions of its advisory panel and authors of commissioned papers.
We are especially grateful for the time and effort donated by the numerous contributors who served as
reviewers and as liaisons from Federal agencies. The information and assistance provided by those
individuals-too numerous to list-proved invaluable to the completion of the assessment. As with all
OTA studies, the content of the report is the sole responsibility of OTA.

oé‘-* / E%A&% )
JOHN H. GIBBONS
Director
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Chapter 1
Summary

INTRODUCTION

Agriculture has always been an important part of
the economy and cultural heritage of the United
States. Although the number of farmers has declined
over the last 50 years, food and fiber still accounts
for about 18 percent of the gross national product.
Because of the scientific and technological advances
occurring largely since World War 1, farms have
become more automated, specialized, productive,
and increasingly dependent on off-farm inputs.
Among these, commercial fertilizers and pesticides
have been widely used to save time and labor.
Agrichernical use increased 15 percent between
1974 and 1985. In 1986, approximately 57 percent
and 75 percent of U.S. farms had pesticide and
fertilizer expenditures, respectively.'

However, environmental concerns about agrichem-
icals, especially pesticides, are growing. These
concerns revolve around long-term hazards to the
consuming population, to wildlife, and to the
environment generaly, including surface and ground-
water. Agriculture is one of the most, if not the most,
pervasive contributors to honpoint-source pollution
of surface- and groundwater. Nonpoint-source pol-
lution derives from multiple sources spread over
wide areas (box I-A; figure I-I).

In 1988, the Environmental Protection Agency
(EPA) documented the presence of 46 pesticidesin
groundwater from 26 States. Approximately 24,000
of 124,000 wells sampled nationwide in 1984
contained nitrate concentrations above 3 milligrams
per liter (mg/L) indicating a likely human source, yet
considerably below the Health Advisory level of 10
mg/L. Reports of groundwater contamination are
increasing with time. Information from the forth-
coming EPA National Survey of Pesticides in
Drimking Water should clarify the extent of contam-
ination.

Whether the widespread occurrence of agrichemi-
cals in groundwater implies chronic mismanage-
ment of these substances, or reflects the conse-
quences of normal, label-specified field use (or both)
is not clear, nor is the full extent of the problem
known. To date, well monitoring has been patchy
and some data emerging from well-sampling efforts
around the country remain under contention. The
actual or potential human health impacts of agrichem-
icals in groundwater are also unknown, especialy in
the case of very low pesticide concentrations now
easily detectable with modern scientific equipment
and methods. Despite--a perhaps because of—
these uncertainties, public concern over ground-

Box |-A—Definitions

What is an agrichemical? For the purposes of this assessment an agricultural chemical-agrichemical-is any
chemical compound applied to an agricultural production system with intent to enhance plant productivity or
prevent loss of productivity caused by disease or by pests; or produced as a byproduct of the farm system (e.g.,
byproducts from livestock manures or crop residues).

What is a groundwater contaminant? Groundwater contamination here refers to the measurable presence of
an agrichemical or its breakdown products in groundwater, regardless of the level of concentration or the current
or projected uses of the water. Only nitrate and certain categories of pesticides are believed to be significant
groundwater contaminants. A number of agronomic nitrate sources exist, including commercia fertilizers, livestock
wastes, crop residues, and sewage sludges and wastewater. However, because most commercia fertilizers are highly
soluble and concentrated, concern exists that such fertilizers may have long-term adverse impacts on nitrate leaching
to groundwater—particularly if application rates exceed crop needs.

An agroecosystemrefers to the blend of physio-chemical and ecological parameters as modified by agronomic
practices. Areas characterized by similar climatic, hydrogeologic, farming system, and other agroecological features
may be classified as agroecoregions.

IF-S not using agrichemicals commonly are extensive livestock operations, organic farms, and small hobby farms
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Figure 1-1—Primary On-Farm Pathways of Agrichemical Contamination of Groundwater
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Agrichemical contamination of groundwater can occur from myriad sources and through numerous pathways. In addition, potential contaminants can move considerable
distances prior to deposition on soils or in surface waters and subsequent leaching to groundwater. The direction and speed of contaminant movement within groundwater
depends on the nature of subsoil layers.

SOURCE: Adapted from Soil and Water Conservation Society, “Treasure of Abundance or Pandora’s Box?: A Guide for Safe, Profitable Fertilizer and Pesticide Use,” pamphlet, 1989.
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Box |-B—Uncertainty and Risk

Public concern over agrichemical contamination of groundwater illustrates the extent to which perceptions of
risk are changing. Public surveys have shown that contaminated groundwater commonly is believed more risky than
other conditions that some scientists suggest are actually more hazardous to personal health (e.g., indoor air
pollution). People tend to accept risks more readily if they are self-imposed or if they are familiar. Agrichemically
contaminated drinking water involves an involuntary risk, one associated with a resource for which there are no
substitutes (i.e., water), with unfamiliar multisyllabic chemical names, and with uncertain and far distant
CONSEqUENCES.

Moreover, differing values held by different groups in society (e.g., consumers, producers, urban
environmentalists), imply that risk-management and communication decisions must be negotiated. When
organizations are perceived to be ignoring the values voiced in the debate, the public may undertake risk
management on its own, for example by changing consumption patterns. Such unanticipated changes in
consumption could have far more adverse impacts than a gradua shift in production practices in response to public
concerns.

Clearly, the public is unwilling to wait until scientific inquiry provides al the facts necessary to determine an
uncontroversial, measurable level of risk. Instead, it is calling on Congress to meet a challenge *‘ posed by
policy-related science issues, characterized by uncertain facts, disputed values, high stakes, and a need for urgent
decisions. " *

13 A. Bradbury, ‘‘The Policy Implications of Differing Concepts of Risk,”* Science, Technology, & Human Values, vol.14,No.4, Autumn

1989, pp. 380-399.

water quality has grown significantly in recent years
to become an issue of national importance (box 1-B).

Groundwater supplies drinking water to approxi-
mately 50 percent of the U.S. population, and to at
least 90 percent of rura residents and is aso
essential to agriculture in many regions of the
country. Reliance on groundwater likely will in-
crease as the population grows, per capita use
expands, and contaminated surface and groundwater
supplies are removed from the water supply reserve.
For this reason, and because surface and ground-
water are closely linked parts of the hydrologic
cycle, sustaining the supply of relatively pure
groundwater will confer long-term benefits to the
quality of human life and the environment.

Preventing or minimizing groundwater contamin-
ation from agricultural sourcesis not a simple task.
Because most agrichemicals are intentionally and
intermittently applied to the land at multiple sites
distributed over wide areas, contaminarietected
in surface and groundwater may have come from
amost anywhere. Little is known about local and
regional patterns of agrichemical use, making it all
the more difficult to assign culpability for ground-
water contamination to specific places or practices,
and to identify effective mitigation strategies.

Photo credit: State of Florida Department of Environmental Regulation

Groundwater supplies drinking water to half of the U.S.
population and 90 percent of the rural population. Reliance
on groundwater supplies for drinking water and other uses

is expected to continue to increase.

Another major obstacle to easy development of
policy approaches is the complexity and variability
inherent to all components of the agroecosystem.
These components include the hydrogeol ogic envi-
ronments in which agriculture is conducted (box
[-C), the nature of cropping systems and other
practices related to farm management, the size and
physical layout of farms, and the resources, skills,
attitudes, and motivations of farmers. This complex-
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Box 1-C—Hydrogeology and Agrichemical Contamination of Groundwater

Water is a critical component of agroecosystems. It is also the agent most likely to transport agrichemicals over
the land to surface-water reservoirs and through soil and rock to groundwater aquifers. Water continualy cyles
among the atmosphere, oceans, freshwater reservoirs (lakes, rivers), plants, soils, and other materials at and below
the Earth’s surface. The movement and exchange of water among these various components of the geologic and
ecologic environment is referred to as the *“hydrologic cycle.

In devising strategies to reduce agrichemical contamination of groundwater it is important to understand how
the cycle works, and to appreciate how heterogeneities in the physical components of agroecosystems affect the
hydrologic cycle and the potential for agrichemicals to migrate to groundwater along a loop of that cycle. Climate,
for example, varies regionally. Weather patterns that affect the amount of water moving in and through soils and
the depth to the water table, also change seasonaly.

Different distributions of vegetative cover, soil types, and other geologic materials also characterize different
parts of the country and even different parts of the same farm field, The physical texture, mineral and chemistry of
soils and other geologic materials affect the mobility of water and soluble agrichemicals. Soils change in character
verticaly as well as laterally. Water thus can flow rapidly through some soil layers and geologic materials, but
dowly or not a dl through other adjacent or enclosing layers.

Some regions of the United States are underlain by extensive geologic formations that store considerable
amounts of groundwater. Once in groundwater, contaminants can spread in ways that are not predictable from the
land’ s surface topography and drainage patterns. Contaminants introduced to groundwater at one site (where, for
example, downward leaching is facilitated by physical parameters) can migrate considerable distances laterally.
Thus, areas where soils and other materials tend to retard downward leaching may still experience contaminated
well-water because of lateral groundwater movement of contaminants from another part of the aquifer. Such
incidents of contamination may be impossible to trace.

ity and variability, along with regional variations in
growing season, average farm size and commodities
grown, rule out simple solutions. Clearly, no set of
“‘prescriptions’  to reduce potential agrichemical
contamination of groundwater is likely to work
everywhere agriculture is practiced, nor is any one
strategy likely to appeal to all farmers.

Further, environmental and ecological cycles
affect agrichemical behavior, movement, and fate.
Hydrologic, nutrient, and pest cycles may be modi-
fied, but cannot be halted. A mgor obstacle to
mitigating groundwater contamination by agrichem-
icals is incomplete understanding of how natural
cycles and farming inputs operate as a system. The
fundamental question is how to integrate manage-
ment of water, crops, soil, nutrients, and pests to
reduce potential agrichemica contamination of ground-
water without significantly compromising produc-
tivity or profitability, or degrading other natura
resources.

TECHNOLOGIES

Despite the paucity of knowledge of how natural
processes and agronomic practices interact, some
steps can be taken to protect groundwater from
further contamination. These opportunities range

from continued, yet improved use of agrichemicals
to the use of nonchemical technologies; and can be
grouped into four general categories:

« improved agrichemical handling to reduce ground-
water contamination from farmstead or dealer-
ship point sources;

« improved agrichemical efficacy and applica
tion to reduce nonpoint-source contamination;

+ agrichemical use reduction; and

« incorporating nonchemical nutrient and pest
management practices into farming sy stems.

Further opportunities are available through imp-
roved crop, soil, and water management techniques
that reduce agrichemical regquirements or potential
for leaching. Management practices within each of
these categories can be implemented as individual
practices or as components of integrated farming
systems.

Point-Source Controls

Reducing or eliminating point sources of agrichem-
ical contamination is perhaps the least disruptive
groundwater protection strategy. Common-sense
approaches and simple, low-cost technologies to
reduce and prevent agrichemical spills and other
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Figure 1-2—Potential Farmstead Point-Source Routes of Contamination
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A number of pathways may exist at the farmstead for point-source contamination of groundwater by pesticides and nitrate. Mismanagement
of agrichemicals, especially near water wells, can result in groundwater contamination even by chemicals unlikely to leach through soils.

SOURCE: Office of Technology Assessment, 1990.

point-source losses on farmsteads and at dealerships
could help prevent groundwater contamination (fig-
ure 1-2). For example, areas where agrichemicals are
stored, mixed, and loaded, and where containers are
rinsed, commonly are located close to wells, posing
the risk of direct introduction of contaminants into
groundwater.

Feedlots, manure stockpiles, and poorly designed
treatment and storage lagoons are other potential
point sources of environmental pollution. Improved
storage, handling, and treatment techniques can
reduce potential groundwater contamination from
livestock wastes. Improved management can be
combined with techniques to re-use livestock
wastes. In addition to appropriate agronomic use of
manure and other nutrient-bearing wastes, opportu-
nities lie in comporting, biogas generation, thermo-
chemica conversion, and fiber recovery technolo-
gies,

The Farmstead Assessment Program under devel-
opment in several States, is designed to identify
potential farmstead sources of groundwater contam-
ination, and to educate farmers about management
practices to prevent groundwater contamination.
Further effort could promote development and
adoption of such practices, and also could increase

awareness of the variety of potentia farmstead
sources of groundwater contamination.

Nonpoint Sources

Only a small percentage of applied agricultural
pesticides reach the desired target (e.g., insect),
implying that substantial amounts may be distrib-
uted in the environment through a variety of
pathways. Thus, improved agrichemical efficacy,
application equipment, and methods for delivery of
the pesticide could contribute to protecting ground-
water and other environmental media (atmosphere,
surface waters) and provide cost savings from waste
reduction.

Agrichemical application timed to meet crop
needs more closely may reduce agrichemical use
without reducing expected yield. Pest scouting also
can result in fewer or more pest-specific chemical
applications. Avoiding agrichemical applications
during weather conditions conducive to leaching
offers another opportunity to reduce potential ground-
water contamination. These approaches require reg-
ular monitoring of soil water, crop nutrients, and
pest populations, and improved weather prediction
capabilities.

A variety of pest-control techniques are not
heavily reliant on agrichemicals. These include crop
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rotations to break pest cycles, cultivation methods
that disrupt weed lifecycles, and use of natural pest
predators. Nutrient management approaches that
may reduce the need for commercia fertilizers
include use of manures and legume-based crop
rotations. However, mismanagement of such ap-
proaches also may create conditions for groundwater
contamination.

Improved Agrichemical Efficacy and
Application

Chemicals that are more pest-specific or poten-
tially less toxic to non-target organisms (e.g., some
natural toxins) offer potential for reducing adverse
impacts, as do pest-specific application methods
such as the use of pheromone baits to lure insects to
an insecticide. Effective use of these approaches
requires knowledge of chemical properties and pest
lifecycles and sensitivities.

Changes in pesticide formulations can improve
chemical efficiency such that desired results are
achieved with less active ingredient applied per acre.
However, this poses significant challenges to devel-
opers of pesticide application equipment. Little
advantage is gained in developing and using prod-
ucts with greater efficacy if the smaller amounts
applied per acre do not arrive at the target pest. Thus,
improved precision delivery systems should accom-
pany efforts to enhance the intrinsic activity of
pesticides with new formulations. In addition to
improvements in application accuracy, technology
is needed to permit variable amounts of agrichemi-
cals to be applied within a single field to account for
inherent variations in soil nutrients and pest popula
tions.

Recognition of these inherent variations is critical
to improved application schemes. For example, it is
important to understand how certain natural proc-
esses affect the availability of plant-usable nitrogen
in determining appropriate fertilizer application
rates. Failure to account for both natural and external
sources of nitrogen can lead to excess fertilizer
application and increased potentia for nitrogen loss
from the cropping system. Practitioners must be able
to manipulate a broad array of data in determining
fertilizer application rates; computers may become
valuable toolsin making such determinations.

Fertilizers that provide nitrogen to crops in a
time-release fashion and vitrification inhibitors offer
opportunities to enhance fertilizer efficacy. Numer-

ous advantages have been claimed for slow-release
fertilizers, however, these products are expensive
and benefits have not been substantiated in eco-
nomicaly viable, productive cropping systems. The
environmental effects of slow-release fertilizers also
need investigation, since potentia exists for these
materials to continue releasing nitrogen in the
absence of plant growth (e.g., after harvest).

Reducing nitrification in soils may offer environ-
mental as well as economic benefits. Positive yield
responses to vitrification inhibitors have been dem-
onstrated in the field, generally under conditions
where formation of nitrate would have promoted
nitrogen loss vialeaching or denitrification.

Agrichemical Use Reduction

Additional opportunities exist to reduce nonpoint-
source contamination of groundwater through re-
duced agrichemical use. The most promising of
these are based on understanding of whole farm
systems, broad knowledge of agroecosystem dy-
namics, considerable management effort, and a
willingness on the part of farmers to use agrichemi-
cals more carefully, more selectively, or not at all.

More selective use of agrichemicals requires
consideration of whether the goals of use are
economically optimal. For example, weed-free
fields may not be an economically optimal goal.
Identifying thresholds of weed growth that can be
tolerated without significantly compromising soil
nutrient content, soil moisture content, or crop yields
may enable farmers to reduce herbicide and fertilizer
applications.

Timing of agrichemical applicationsis critical to
use reduction. Premature application of pesticides or
fertilizer can increase the loss of the chemicals to the
environment, thereby necessitating subsequent ap-
plications to achieve the desired effect. Decision
aids such as models to predict pest intensities and
calculate crop losses and economic injury associated
with various pest intensities, can improve the basis
for determiningg rates and timing of application.

Some systems integrate nonchemical practices to
reduce agrichemical requirements. Commonly these
“‘low-input’ systems draw on nutrient management
and pest control practices used prior to the chemical
era, and may require more inputs of information,
management skills, or labor than conventional
systems.
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For example, Integrated Pest Management (IPM),
a systems approach to pest control that draws from
new and traditional methodologies, demands knowl-
edge of agroecosystem dynamics. It assumes that a
threshold level exists below which pest control is not
economically practical; and that integration of
chemical and nonchemical methods is possible. Pest
scouting-employing visua inspection, pheromone
traps, or other counting or collection methods-is
used to identify and monitor pest infestations, If
action is deemed necessary, a control method is
chosen from a suite of techniques ranging from
traditional cultivation or crop rotation practices to
chemical applications. IPM programs have resulted
in significant decreases in pesticide use in severa
crops.

Nonchemical Practices

Many producers, sensitive to public concern over
agrichemicals on foods and in the environment, and
aware of a clientele willing to pay more for food
grown without chemical inputs, exclusively employ
nonchemical practices. Examples include legume-
based crop rotations; timing of planting and harvest
to minimize opportunities for pest infestations or to
break pest cycles, and biological pest control.
Biological pest control may involve introductions of
pest predators, rearing and periodic release of natural
pest enemies or parasites, or conservation of those
extant in the agroecosystem.

Crop rotation was a common practice in early U.S.
agriculture that declined with expanded use of
chemical fertilizers and pest-control compounds and
availability of high-yielding crop varieties. Crop
rotation and associated crop diversity may retard
pest buildup by creating conditions that hinder
development of pest populations and enhance the
soil-nutrient content. Certain crops may provide
additional benefitsin rotation (e.g., nitrogen-fixing
legume crops can provide nitrogen for following
crops).

Managing Farming Systems

Other choices farmers make in managing crops,
soils, and water offer additional opportunities to
reduce external inputs in agroecosystems without
significantly affecting production. Integrating man-
agement of all factors in agricultural production—
crops, soil, water, nutrients, and pest controls-may
provide the greatest promise for reducing adverse
environmental impacts.

Crop, Soil, and Water Management—Some
crops and production practices in certain regions
require intensive agrichemical inputs because of
incompatibilities between crop needs and predomi-
nant soil type and climate. Growing a particular crop
in the most suitable environment for that crop, where
fewer inputs are needed to sustain production, makes
intuitive sense.

Crop cultivar improvements have accounted for
50 percent of overall yield increases in U.S. agricul-
ture. Current areas of crop breeding research that
may directly or indirectly affect agrichemical use
include: pest tolerance, herbicide resistance, and
nitrogen self-efficiency. Genetic engineering re-
search has focused on introducing genes that may
enhance tolerance to drought or pests, or provide
nitrogen self-sufficiency. However, no guarantee
exists that development of such cultivars would not
create new problems, such as inadvertent transfer of
tolerance or resistance to pest species. Public
concern over introduction of genetically engineered
or manipulated organisms may constrain develop-
ment of such new cultivars.

Cropping patterns and tillage practices may also
directly affect intensity of agrichemical use, uptake
by plants, erodability and other attributes of soils,
and movement of water and agrichemicals within
soils. All of these factors can mitigate or promote
agrichemical movement to surface water or leaching
to groundwater. However, the interactive effects of
various practices can be extremely complex, making
it difficult to determine environmental impacts of
management decisions.

Proper water management maintains soil mois-
ture at levels sufficient for crop growth, but below
those promoting deep leaching of agrichemicals.
Producers rely on weather predictions to avoid
application prior to heavy rainfalls or, under dry
conditions, to apply agrichemicals when alight rain
may facilitate plant uptake.

Irrigation offers risks and opportunities with
respect to groundwater quality. Attributes of irriga-
tion systems that may affect agrichemical contamin-
ation of groundwater include: scheduling, timing,
rates, drainage, and type of systems (e.g., sprinkler,
drip, furrow). Uniformity of distribution is of mgjor
importance, since uneven distribution across afield
may result in overapplication and thus promote deep
percolation of water and solutes. Advances in
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irrigation technology focus on enhancing uniformity
of distribution and increasing water use efficiency.

Chemigation-applying agrichemicals with water
through an irrigation system-may have potential to
reduce groundwater contamination by agrichemi-
cals. Through effective control of the amount of
water applied and selection of proper agrichemical
formulations, a chemical can be deposited either on
foliage or the soil surface or distributed to adesired
soil depth. However, under certain conditions, such
as heavy precipitation following chemigation, these
technigues have been shown to promote leaching of
chemicals.

Integrated Farm Management Systems—Crop,
soil, water, nutrient, and pest management clearly
should be integrated to achieve the broad goal of
protecting multiple and interlinked environmental
resources (soil, surface water, groundwater, and
atmosphere) without significantly compromising
productivity.

One way of integrating these considerations is
through development of packages of ‘Best Manage-
ment Practices (BMPs). BMPs were originaly
designed to meet conservation and quality goals for
a specific resource. The BMP concept may now have
to be expanded as concerns broaden to include
multiple environmental media and cross-media pol-
[ution.

The Soil Conservation Service (SCS) has devel-
oped an approach to integrate BMPs, called Re-
source Management Systems (RMSs). RMSs are
coordinated sets of management practices that
address multiple resource concerns. Some land-
grant universities also are conducting research and
demonstration on integrated farm systems with
funding from the Low-Input/Sustainable Agricul-
ture program of the U.S. Department of Agriculture
(USDA).

FARMER DECISIONMAKING

Adoption of management practices and systems
to reduce groundwater contamination by agrichemi-
cals ultimately depends on decisions made by
individual farmers. Information delivery and techni-
cal assistance programs to reduce groundwater
contamination will be more effective if they are
based on an understanding of factors influencing
producers decisions and address producers’ con-
straints to technology adoption.

Factors Influencing Decisionmaking

Programs to reduce agrichemical contamination
of groundwater stand better chances of being effec-
tiveif they are built on a good understanding of the
farm-level constraints, institutional and economic
policies, and structural trends that influence produc-
ers decisionmaking. Farmers decisions on agrichem-
ical use and groundwater protection will be based on
fundamental objectives for farming. Although other
personal, social, and environmental factors influ-
ence objective setting, economic factors define what
is financially possible for farmers, often forcing
them to focus on the short-term. Thus, economic
factors can prevent producers from taking risks,
making the most economically efficient decisions
over a longer term, investing in natural resource
protection measures, or adopting certain technolo-
gies.

Because individual producers have been slow to
adopt relatively simple, highly profitable technolo-
gies (e.g., hybrid corn), voluntary adoption of more
complex farming practices to reduce groundwater
contamination is likely to require considerable time.
The adoption process is likely to be further slowed
if ingtitutional programs (e.g., commaodity support
programs) and information sources generate con-
flicting incentives and messages.

Economic and structural trends in the agricultural
sector (increasing numbers of large farms, increase
in contract farming, and more vertical integration in
agriculture) will aso influence producers decisions
and affect their capacity to respond to groundwater
contamination concerns. These trends are likely to
affect economies of scale, financial constraints,
actual and perceived risks, and producers’ available
time and willingness to learn about and adopt new
farming practices or systems.

Decisionmaking To Protect Groundwater

Producers are more likely to adopt farming
practices that: 1) have clear, documented advantages
over other practices (e.g., lower costs, higher crop
yields); 2) are compatible with their current practices
and previous investments; 3) are easy to implement;
4) are capable of being observed or demonstrated;
and 5) are capable of being adopted gradually or
incrementally. The four approaches to reducing
agrichemica contamination differ with respect to
these characteristics.
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The first two technology categories, agrichemical
management to reduce point-source contamination
and improved efficacy and application management
to reduce nonpoint-source contamination, assume
continued reliance on agrichemicals as the principal
means of providing crop nutrients and controlling
pests. These approaches are likely to be compatible
with most current farming systems relying on
agrichemicals.

The latter two alternative farming practice ap-
proaches, agrichemical use reduction and nonchem-
ical practices, assume a conscious move away from
conventional agrichemical use and require an in-
creased understanding of interactions among nutri-
ent, pest, crop, soil, and water management prac-
tices. These approaches will be important compo-
nents of a groundwater protection strategy, but they
may be perceived as risky, and are more complex
and less compatible with most current agricultural
operations than the first two approaches. Thus, the
majority of farmers currently relying on agrichemi-
cals would be expected to adopt the first two
approaches much more quickly than the latter two.

Convincing a majority of producers to invest in
unfamiliar nonchemical farming practices is likely
to require much more information than currently
exists. Producers also will need time, and possibly
technical assistance and other incentives to plan,
learn about, and gain experience with new practices
during transition periods.

Information Sources for Decisionmaking

The people who will be most directly affected by
groundwater protection policies for agriculture are
people who work and live on farms. Recent and
emerging survey literature on farmers concerns and
policy preferences related to agrichemicals and
groundwater quality provide non-generalizable in-
sights into farmer attitudes about groundwater
qudity in areas where the media has given the issue
greater attention (i.e., the Midwest).

Farmers represented in these surveys show acute
awareness of agrichemical groundwater contamina-
tion, and are concerned about the health implica-
tions. The majority would like viable reduced-use or
nonchemical aternatives, but believe that pesticides
remain their best current pest and disease control
method. Most also indicate that they have already
reduced agrichemica use as much as they profitably
can, and prefer voluntary to regulatory approaches to

Photo credit: State of Florida Department of Environmental Regulation

When contaminated drinking water wells are closed, water
must be obtained from other sources such as surface water
supplies, new well systems tapping different groundwater
supplies, connections to water distribution systems, or
water transported in from other areas.

reducing agrichemical contamination of ground-
waeter.

A variety of information is needed to assist
producers in reducing agrichemical contamination,
beginning with data on agrichemica contaminant
levels in local groundwater. Producers also need
site-specific economic and agronomic information
on proposed farm practice changes and assistance in
keeping record of the types, amounts, and locations
of agrichemicals used. Data-gathering and informa-
tion delivery will be critical components of most
technical assistance programs.

Farmers sources of information include public
agencies and private-sector sources such as agrichem-
ical manufacturers, dealerships, farm cooperatives,
agricultural magazines and advertising, and one
another (figure 1-3), Farmers interested in use-
reduction and nonchemical practices note a scarcity
of information on these approaches. Such farmers
have had to seek information from other experienced
farmers, and these *‘farmer-to-farmer networks' are
playing important roles in disseminating informa-
tion on more complex farming system changes.
Farmer networks conduct on-farm experimentation,
information gathering, and information dissemina-
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Figure 1-3-Sources of Information and Advice to Farmers
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at local, State, and National levels.
SOURCE: Office of Technology Assessment, 1990.

tion through educational programs and field demon-
strations. Some land-grant universities have estab-
lished formal relahnnthne with farmer networks,

and their complementary efforts will facilitate broader
dissemination of information and advice on a wider
range of farming Prm‘hrpq

Commercial firms advise private applicators on
recommended agrichemical types and application
rates. They also could sell advisory services such as
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soil testing, pest scouting, and crop monitoring to
reduce agrichemical use while maintaining profit-
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ability.
agrichemical supplier to provide advice to reduce
agrichemical use. Moreover, current industry trends
{declining numbers of dealerships, an increasingly
competitive business environment, and increased
regulatory requirements) make it difficult for agrichem-
ical suppliers to offer new services.
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However, advisory firms and independent crop
consultants not associated with agrichemical sales
can provide services without many of these prob-
lems, and are playing a substantial role in providing
technical assistance to farmers. Some States have
implemented licensing programs for crop advisors
and consultants that facilitate farmers access to
reliable services. The public sector could assist the
private sector in design, development, and delivery
of advisory services by providing agronomic and
economic information on feasibility of reduced
agrichemical applications, and offering training
programs for employees and education and licensing
programs for advisors.

Public-sector sources of information and techni-
cal assistance for farmers include: 1) Federal agen-
cies with local offices, 2) State organizations,
primarily the Cooperative Extension Service (CES)
based at the State land-grant university; and 3) local
agencies and organizations, such as soil and water
conservation districts and local conservation com-
mittees (see figure 1-5 later). These organizations
play important roles in encouraging farm practice
changes to reduce groundwater contamination.

District conservationists employed by USDA’s
Soil Conservation Service (SCS) help producers
develop soil and water conservation plans and
arrange for cost-share funding for implementation of
conservation practices. USDA’s Agricultural Stabi-
lization and Conservation Service (ASCS provides
financial assistance to farmers by administering
Federal agricultural program payments, including
SCS cost-share payments for implementing conser-
vation practices. Its pilot cost-share project, the
“Integrated Crop Management” program, aims to
achieve a 20 percent reduction in agrichemical use
among participating farmers by improving their
agrichemical management practices.

Information and assistance from State and local
agencies complement Federal Government assist-
ance and can predispose farmers to implement
certain production and conservation practices. The
State Cooperative Extension Service (CES) based at
State land-grant universities plays the most impor-
tant role in information delivery and assistance to
farmers. CESs respond primarily to State needs but
can also respond to regional and national priorities.
Specific CES activities related to agrichemical
management and groundwater quality include pesti-
cide applicator training, recommendations on pesti-

cide and fertilizer application rates, soil testing
services, and water quality education programs.

State Departments Of Agriculture (DOAs) also
play important roles in managing agrichemical use
within their borders, because they are the lead
agencies in most States and territories for pesticide
programs. DOASs can expand or restrict the State's
range of pesticide uses by granting experimental or
conditional permits for nonregistered pesticides and
by restricting the use of pesticide materials. DOAs
also administer pesticide applicator certification
programs and some departments offer programs that
help farmers try new agricultural practices.

Soil Conservation Districts are special-purpose
units of government that plan and coordinate local
soil and water conservation programs. They are
important interfaces between Federal policy direc-
tives and local implementation efforts, and they have
devoted a mgjor share of their workload to helping
farmers meet conservation compliance requirements
of the 1985 Food Security Act. If additional cross-
compliance provisions related to groundwater qual-
ity are authorized (e.g., agrichemical management
plans), conservation districts will likely play key
roles in program implementation.

County Governments and Local Conservation
Committees also play a role in providing technical
assistance to farmers through county extension
funding. A wide variety of local boards, committees,
or commissions help set priorities for extension and
agricultural conservation programs. Loca boards
may have a high degree of influence on the
assistance programs available to farmers and on the
kinds of conservation practices that are supported
technically and financially.

Public-Sector Financial Assistance
To Improve Decisionmaking

Possible sources of public financial assistance to
States for groundwater protection practices include:
Federad grants; State genera revenues; and a variety
of ‘*Alternative Financing Mechanisms (AFMs),
such as user fees, permit fees, pollution discharge
fees, environmental taxes, bonds, revolving loan
finds, and compliance penalties. AFMs have be-
come common sources of State capital and revenue
for specific environmental activities.

As Federa contributions to States' environmental
programs have declined in the last 10 years, many
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States' general revenues have remained stable or
declined. Since State officials do not foresee sub-
stantial increases in AFM funds, they believe that
environmental protection demands will have to be
met through increases in general revenues. Thus,
increases in taxes may be needed to implement new
State-level groundwater protection programs.

Public-Sector Coordination
To Improve Decisonmaking

Producers or landowners who seek assistance for
comprehensive resource management face difficul-
ties in bridging the separate “turfs’ created by
different agencies and their programs and in evaluat-
ing conflicting messages from public agencies. If
producers hear consistent messages from public,
private, and informal information sources regarding
the importance of proper agrichemical use and
environmental protection in agriculture, they maybe
likely to implement practices that protect ground-
water. Just as producers need to consider all relevant
resource concerns in making farm or ranch manage-
ment decisions, State and local governments need to
develop mechanisms to review, prioritize, and coor-
dinate their efforts. Whenever possible, public-
sector assistance should also support devel opment
of private-sector capacity to provide information and
assistance.

TAKING A STRATEGIC
APPROACH TO REDUCING
AGRICHEMICAL CONTAMINATION
OF GROUNDWATER

Agriculture is a national, strategic resource, and
actions that severely reduce its productive capacity
are clearly adverse to U.S. interests. Agriculture also
is characterized by significant natural and farm
diversity: no technological “black box’ exists that
can be universally adopted to solve agrichemical
contamination of groundwater,

Agrichemical losses to the environment also are
lost farmer investments-wasted resources (figure
1-4). Reducing agrichemical waste or contamination
of groundwater likely will require a combination of
new or modified programs involving education,
incentives, technical assistance, technology research
and development, and regulation to encourage
changes in farming systems.

The question is, what should be changed? Uncer-
tainties about the extent, meaning, and causes of
groundwater contamination imply that policy ap-
proaches to reducing agrichemical waste or contami-
nation of groundwater must be designed for high
levels of uncertainty. Further, in some cases it may
be decades before noticeable results—improve-
ments in groundwater quality-can be achieved, due
to the lag time of chemicals already applied and the
time required to develop and encourage adoption of
practices to minimize groundwater contamination.

Policies developed to deal with agrichemical
contamination of groundwater need to consider how
the changes that these policies may foster in U.S.
agriculture will fit into the larger picture of environ-
mental and economic change taking place in this
country. Policymakers can try to strike a balance in
addressing the groundwater contamination issue
using a two-tiered strategic approach: focusing on
the roles and goals of relevant institutions, and then
on the actions of those institutions.

STRATEGY: Define and Evaluate Roles, Goals,
and Relationships of Relevant Organizations

As currently structured, Federal and State agricul-
tural policies and programs provide insufficient
information or incentives for farmers to change their
management strategies significantly and, in fact,
some tend to encourage heavy chemical use. Devel-
opment and adoption of improved agrichemical
management or less chemical-intensive methods of
production ultimately may depend on new institu-
tiona arrangements for policy formation and imple-
mentation, and their integration at local, State, and
National levels.

Options relevant to thisinstitution-oriented strat-
egy begin with goa setting and fall into several
additional broad categories. These include:

« clarification of agency roles in groundwater
protection;

« coordination of intra- and inter-agency efforts
to protect groundwater at (and between) Fed-
eral and State levels,

« provision of a congressional framework for
integrating agricultural and environmental con-
cerns in legidlative debate and action; and

« removal of legislative and jurisdictional con-
straints to an integrated Federal response to the
need for groundwater protection.
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Congress, USDA, and the agricultural community
in general, have not developed clear-cut agricultural
goals or stated priorities for agricultural research.
The oft-stated mission of agriculture-’ ‘to provide
an ample supply of nutritious food for the consumer
at areasonable cost with afair return to the farmer
within an agricultural system that is sustainable in
perpetuity ’’-contains many unquantifiable terms.
What is *‘ample, " “reasonable,” or “fair?’ How
much soil erosion or groundwater contamination can
be tolerated by a sustainable system?

How a variety of issues relating to agriculture and
the environment are handled may depend on con-
gressional and Federal agency ability to set well-
defined, achievable goals for U.S. agriculture and
the environment; and on how well the roles and
responsibilities of various agencies are defined in
light of these goals. Agency efforts to achieve
congressionally determined goals may be most
effective if they are integrated into a comprehensive
package such that groundwater protection is coordi-
nated with other environmental and agricultural
goals.

Several factors work against such an approach.
The present committee structure of Congress does
not easily handle agricultural bills containing envi-
ronmental protection provisions, nor is there a

central congressional arena for debating a compre-
hensive national environmental policy. At present,
water quality concerns are addressed by a number of
distinct pieces of legidlation that have not been
integrated into a coordinated set of statutes.

Moreover, a wide range of organizations at all
levels of government confront issues and develop
policy relating to agriculture and the environment
(figure 1-5). Historical precedents, inadequate coor-
dination among and within agencies (Federal and
State), and confusion over roles, responsibilities,
and leadership among and within agricultural and
environmental agencies, hamper comprehensive ap-
proaches to groundwater protection. For example, a
socially, economicaly, and administratively opti-
mal mix of voluntary, regulatory, and cross-
compliance approaches to nonpoint-source pollu-
tion control has yet to be determined(box 1-D).

These problems could be addressed in a variety of
ways. A Joint Committee or other (temporary)
congressional forum could debate goals for agricul-
ture and the environment and review Federa rolesin
agriculture and environmental protection. Better
coordination of Federal agency activities could be
realized if the roles, responsibilities, and activities of
each relevant agency were clearly specified in a
special format such as a ‘*management matrix. ’

Figure 1-4-Lost Agrichemicals Are Wasted Resources
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Losses of agrichemicals to the environment represent lost farmer investments as well as potential costs to society.

SOURCE: Office of Technology Assessment, 1990.
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Figure 1-5—Major Federal, State, and Local Organizations Influencing Farmer Decisionmaking
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Box I-D—Aspects of Agrichemical Use and Regulation Fostering Agrichemical Mismanagement

. The primary current means of encouraging proper use of most agrichemicals is through providing labeling
information and applicators voluntary compliance with label directions.

. Proper agrichemical management is extremely difficult to monitor and enforce, because agrichemicals are applied
over wide-ranging areas and often in isolated situations.

« Accurate information on agrichemical mismanagement is difficult to obtain, because agrichemical applicators
may not recognize or are not likely to admit that they are mismanaging agrichemicals.

. Current Federal regulatory authority to ensure minimum standards of applicator competence cannot be applied
to fertilizer application nor to general-use pesticide application in most cases; regulatory authority can be applied
only to applicators of restricted-use pesticides (RUPs), but EPA-designated RUPs constitute only a fraction of
the volume of pesticides used in agriculture (less than 20 percent in 1987).

« The two most prevalent agrichemical contaminants of groundwater are nitrate and atrazine, an herbicide which
had been classified for general-use through January 1990; groundwater contamination by these two agrichemicals
reflects their greater capacity to leach through soils but may aso reflect widespread mismanagement which could
be addressed through more rigorous applicator certification and training requirements.

. At least one-haf of all agrichemicals in agriculture are applied by private RUP applicators; however, testing and
training requirements for private applicators vary widely among States, often being less rigorous than commercial
applicator requirements; of the 10 highest ranking States in terms of agrichemical use, only 7 required testing or
training for private applicators in 1986.

« One-third to one-half of all agrichemicals in agriculture are applied by commercia applicators, whose testing and
training requirements vary widely by State; of the 10 highest ranking States in terms of agnchemical use, all
required testing (as mandated by Federal law) but only 1 required training for commercia applicators in 1986.

. Commercial employees of agrichemical dealerships also manage agrichemical storage, handling, and disposa
facilities, which are significant potential point sources of groundwater contamination; however, it is difficult to
assess the extent of commercial facilities contributions to groundwater contamination, because no national data
exist on the number, locations, and condition of commercial agrichemical facilities, including those which are
currently or no longer in operation.

« States do not document or report the numbers of noncertified RUP applicators, who must be under the direct
supervision of a certified applicator; however, EPA estimates that noncertified RUP applicators contitute at least
haf of al agricultural RUP applicators (an estimated 1.2 million noncertified applicators in 1988).

. States typically do not provide specia programs for certified RUP applicators on training and supervising
noncertified applicators; because the definition of ‘‘direct supervision’ has been controversial and open to
interpretation, it is difficult to monitor and enforce the extent and quality of supervision of noncertified
applicators.

. Private, certified RUP applicators are not legally required to supervise noncertified farmworkers applying
general-use pesticides; inadequate communication between certified and noncertified applicators, short terms of
employment, and lack of familiarity with equipment are factors which increase chances of agrichemical

mismanagement by noncertified applicators.

Congress could aso recognize or establish lead-role
responsihilities for various agencies, or ask for the
development of an interagency proposal addressing
groundwater protection in agriculture. Improved
oversight of activities within agencies such as
USDA could be fostered by activity “tracking
systems and by making a person or office account-
able for coordination of agency activities related to
agriculture and the environment.

Much confusion also exists over apportionment of
roles between Federal and State Governments.
Historically, agricultura programs have been largely
generated at the Federal level, and environmental

programs at the State level. Environmental protec-
tion increasingly became a Federal concern during
the 1970s and 1980s, but EPA lacks the staffing and
funds to guide States in implementing federally
mandated groundwater protection strategies. Thus, a
patchwork of laws and regulations has evolved
across the Nation. These problems might be ad-
dressed through evaluation of State plans by relevant
Federal agencies, and/or centraization of State
planning for farmlands (through a program analo-
gous to Coastal Zone Management).

To further improve Federal response to ground-
water protection issues, agency jurisdictions and
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legislative authorities could be adjusted such that
information collection, research and outreach pro-
grams address hydrogeologically defined “agroeco-
regions rather than political boundaries. Increasing
EPA’s legislative authority and flexibility and pro-
viding the National Fertilizer and Environmental
Research Center with greater funding autonomy and
clear national authority could also enhance the
Federal rolein groundwater protection.

Losses of applied agrichemicals and excess en-
ergy use are economicaly and environmentally
undesirable. Improving agrichemical management
may be an appropriate goa for short-term poli-
cymaking. Actions to reduce such “waste” could
have beneficial effects on farm income and environ-
mental quality. Congress could establish an Agricul-
tural Waste-Reduction Initiative as an organizing
principle for identifying goals for U.S. agriculture
and the environment. Efforts could be applied
nationally or directed specifically to hydrogeologi-
cally vulnerable ‘‘target’ areas.

STRATEGY: Build the Knowledge Base
To Support I mproved Decisionmaking

The availability and adoption of technologies—
products and practices-that reduce loss of agrichem-
icals to the environment will require substantial and
long-term investments. A basic prerequisite to
appropriate technology development is identifica-
tion of critical site/agrichemical combinations. This
requires systematic procedures for monitoring, samp-
ling, and testing, and for data collection, manage-
ment, and display.

Congress could create the basis for improved
groundwater protection policies by accelerating
data-collection efforts as well as digitization of data,
so that interagency data sharing is facilitated. A
national database on agrichemical use could, for
example, fill an important information gap and help
policymakers assess the environmental and eco-
nomic impacts of changes in agricultural policies
and practices. Techniques such as computer model-
ing can facilitate analysis of agrichemical use
patterns and other parameters relevant to ground-
water contamination potential. Improved and ex-
panded use of geographic information systems (GIS)
could provide arapid means to assess where efforts
might have the greatest beneficial impact, or whether
proposed policy options have potential to solve
problems. A comprehensive approach could be

taken to provide an “open architecture” GIS—
accommodating data and users from a variety of
agencies. This could facilitate integration of national-
level databases.

New investments are also likely to be needed in
agricultural research. The decade of the 1990s will
be characterized by broadening concerns for food
safety and the environment in addition to traditional
production concerns. Addressing these issues will
pose a significant challenge to the agricultura
research system, requiring an effective nationa
strategy and potentially demanding advances in
science and technology of unprecedented scale and
scope. Whether the present system, which tradition-
aly was narrowly focused on production, frag-
mented among several agencies, and unevenly
funded at the State level, can meet this challenge is
under question. The following are probably all
needed to meet the challenges of the 1990s:

+ a broadened focus for basic research in agricul-
ture;

+ adequate funding for applied research to ad-
dress site-specific environmental problems;

+ more emphasis on systems-oriented, interdis-
ciplinary research to address a spectrum of
environmental concerns arising from agricul-
tural practices;

« improved interagency coordination of research
efforts;

« stronger linkages between basic and applied
research (and between public and private re-
search efforts); and

« new mechanisms to enhance development and
adoption of agricultural products and practices
with the potential to protect groundwater.

Some of these needs could be addressed by
directing and coordinating federally funded basic
research to improve understanding of agroecosys-
tem components and processes. Such a research
initiative (implemented by USDA or jointly by
several Federal agencies) could provide the means
for developing research priorities, protocols, and
methodologies that are broadly applicable to agroeco-
regions. Data collection, modeling, and GIS devel-
opment efforts could, however, be directed preferen-
tially to highly vulnerable areas.

Tracking mechanisms to identify extant research
efforts with relevance to groundwater protection
could be developed as a first step in planning and
prioritizing research and determining funding needs.
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Research coordination at the public level and a close
working relationship between basic and applied
scientists could be fostered by ‘‘ coordination bod-
ies’ and specific directives to Federal agencies to
work closely with State land-grant universities in
research and development efforts.

The present agricultural research system operates
with fundamental constraints to interdisciplinary,
collaborative efforts. Collaboration between indi-
viduals in the agricultural and social sciences is
especialy rare. Congress could establish means to
identify and remove the constraints to interdiscipli-
nary research, and direct Federal agencies to develop
mechanisms for encouraging collaborative research,
as well as adaptive research focusing on agroeco-
logical site conditions and on the socioeconomic
factors influencing technology adoption.

If farmers are to meet resource protection goals
(local or national) the traditional research and
extension system may need to expand in other ways
aswell. In particular, the system could support and
benefit from farmers to a greater degree than it does
currently. Farmers may require help with record-
keeping on agrichemical use, long-term planning for
resource protection, comparative economic analyses
of agrichemical-based and dternative practices, and
with site-specific implementation of chosen prac-
tices, In turn, farmer-based experiential learning
could be tapped more fully by providing for better
communication between farmers and researchers. In
thisway farmers' specific needs could also become
known to researchers.

Congress could assess current mechanisms for
incorporating farmer input into technology develop-
ment, and encourage the role of farmers in imple-
menting waste-reduction and other groundwater
protection goals. Public-sector support for farmers
who are trying to improve nutrient and pest manage-
ment could be enhanced through better coordination
of Federal, State, and local education, demonstra-
tion, groundwater monitoring, and financial support
programs. Some mechanisms already exist to effect
broad-based coordination of public-sector efforts,
and these could be assessed for their potential to help
producers integrate resource management concerns.
Sources of additional advisory support to farmers
might be found and encouraged in the private sector.

STRATEGY: Redirect Federal Agricultural
Programs To Remove Disincentives and
Create I ncentives for Groundwater Protection

Agricultural policy reflects a complex web of
programs governing commodity production, risk
management, and resource conservation. Commod-
ity programs, for example, help buffer farmers from
market price fluctuations. These programs, intended
to help ensure an orderly, adequate, and steady
supply of agricultural products, strongly influence
farmer decisions as to crop choice, agrichemical use,
and farming practices.

Critics of these programs argue that allocating
huge payment outlays to encourage the production
of a small number of agrichemical-intensive crops
has led to surpluses of these crops, encouraged their
production in hydrogeologically unsuitable areas,
discouraged farmers from diversifying production or
from using crop rotations, increased farmer depend-
ence on Federal payments, and reduced the ability of
U.S. agriculture to compete in world markets.
Alternatives to current Federal farm programs are
being debated; these range from adjustments within
the general framework of current price and income
supports to elimination of Federal farm payments
based on production output.

Increased cropping flexibility coupled with incen-
tives to grow crops suitable to site and climatic
conditions, could alleviate the need for some agrichem-
icals, and encourage beneficial cropping patterns
(e.g., rotations) in some areas. A national commod-
ity program based on environmenta stewardship, or
adjustments to extant programs to require rotations
incorporating nitrogen-fixing or other beneficial
crops could provide a means to achieve these goals.
Other program adjustments could be made to
remove incentives for intense agrichemical use on
non-setaside lands.

Risk reduction or economic security programs
(farm credit programs, crop insurance, disaster
assistance, and marketing programs) in some cases
deter farmers from taking action to protect ground-
water resources, and some may actually encourage
agrichemical-intensive practices in regions of mar-
gina suitability. Similarly, marketing-order pro-
grams that originated before refrigeration and mod-
ern transportation may serve to encourage or protect
environmentally inappropriate agricultural produc-
tion in some areas.
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Such programs could be reviewed and modified to
better seine groundwater protection goals. For
example, access to certain subsidies and payments
could be made contingent upon approved nutrient
and pest management plans. Obsolete marketing
orders that are counterproductive to resource protec-
tion could be terminated.

The cross-compliance and voluntary cost-share
conservation components of Federal farm programs
could also be reoriented to better serve as ground-
water protection tools. An enhanced cost-share
program could integrate multiple environmental
concerns. States could be encouraged to expand their
cost-sharing programs with Federal grants specified
for that purpose.

Some farm-credit mechanisms that could provide
innovative ways to protect hydrogeologically vul-
nerable areas may be underused. For example,
property easements, involving a transfer of certain
use rights of private property, can be based on
conservation as well as other values. Congress could
reorient the loan restructuring program to encourage
farmers to exchange conservation easements having
groundwater protection benefits for partial debt
forgiveness.

The Conservation Reserve Program provides
farmers a‘‘rental’ payment for planting designated
highly erodible croplands into grasses, trees, or other
vegetative cover, that cannot be grazed, harvested,
or used for other commercial purposes for at least 10
years. This program could be expanded to include
(and its contract terms extended in) hydrogeologi-
cally vulnerable and aquifer recharge areas.

STRATEGY: Foster a National Effort
To Reduce Agrichemical Mismanagement
and Waste

Currently, no national guidelines for EPA’s and
USDA’s Pesticide Applicator Training program
exist, and the quality of training programs varies
greatly by State. Inconsistency in applicator certifi-
cation requirements and training programs results in
highly variable levels of management skills among
agrichemical applicators, implying a high potential
for agrichemical mismanagement. This represents a
serious deficiency in the national effort to assure that
agrichemicals are applied properly across the Na-
tion. Congress could strengthen the national com-
mitment to reducing agrichemica mismanagement

and waste through options addressing applicator
certification, training, and support services.

Because EPA does not maintain a regularly
updated national overview of State pesticide appli-
cator certification and training programs, it is
difficult to assess how well applicator certification
and training programs address environmental con-
cerns relevant to each State. Congress could address
this problem by commissioning a national assess-
ment of such programs; and by authorizing EPA to
maintain a regularly updated national overview of
State pesticide programs and their applicator certifi-
cation and training requirements, as well as a
national database on pesticide applicators and agrichem-
ical dealerships. Expanded certification and training
requirements, along with increased Federal subsi-
dies to enhance States' applicator training and
certification programs, could also help reduce agrichem-
ical mismanagement, waste and potential ground-
water degradation problems.

LOOKING IN THE LONGER TERM

What action(s) Congress opts to take to protect the
Nation's groundwater from agrichemicals may de-
pend as much on how it chooses to approach the
problem as on the state of science and technology.
For example, groundwater contamination could be
viewed simply as an additional target of environ-
mental concern (along with surface water) and
extant conservation programs could be modularly
expanded to include groundwater protection provi-
sions, or to increase the priority aready given to
such provisions. Groundwater contamination also
could be considered an outcome of farm programs
that create disincentives for farmers to protect the
environment. Strategies for dealing with the prob-
lem could then involve program modifications to
reduce or remove disincentives and provide incen-
tives for conservation.

A broader approach than either of these is to view
groundwater contamination as one of many symp-
toms of a need to integrate environmental protection
into agricultural policy as a whole. Historicaly,
agricultural policies and programs have placed
major emphasis on increasing production. However,
in the future, protecting environmental and public
health could be considered as important as enhanc-
ing agricultural production. The tone is set for
increased legidlative and executive attention to
agriculture’ simpact on the environment.
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CHAPTER HIGHLIGHTS

. U.S. agriculture is one of the most pervasive contributors to nonpoint-source water
pollution; and contamination of groundwater by agricultural chemicals (agrichemicals)
has become an issue of great public concern.

. Concerns about, and policy responses to, agrichemical contamination of groundwater
cannot be isolated from other public concerns and potential policy responses related to
agriculture and the environment.

. Agrichemical groundwater contamination may result from normal agrichemical use,
from on-farm or offsite mishandling of agrichemicals, or from non-agricultural uses of
agrichemicals. Each source is an important component of potential contamination.

. Agrichemicals we many and varied; a number have been implicated in groundwater
contamination, however, the true extent of groundwater contamination by these is not

known.
. Agrichemicals in groundwater can have three magjor forms of adverse impacts. human

health risks, hazards for other agricultural uses of the water, and ecological impacts.
Uncertainty about their magnitude makes risk determination problematic, but enough is
known of these to raise concern.

. Monitoring groundwater for agrichemical contamination is costly, and remedial
actions to decontaminate g Water would impose a substantial burden on rural
homeowners and small communities; the more efficient solution is to prevent
contamination.
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Groundwater quality is one of the newest and
most important issues in the continuing debate about
the relationship between agriculture and the envi-
ronment (see box 2-A). U.S. agriculture has been
shown to be one of the most pervasive contributors
to nonpoint-source pollution of surface water and
ground water (5,23,68,69). The forms of this contam-
inant ion vary, but the most widespread public concern
has been raised over the accumulating reports of
agrichemicals—pesticides and nitrate-found in
drinking water. Unlike most other groundwater
pollutants (see table 2-l), the agrichemicals of
concern are deliberately applied, integral to current
agricultural production systems and, in the case of
most pesticides, designed to be toxic.

In recent years concerns have focused on ground-
water quality, which supplies drinking water to 50
percent of the U.S. population and at least 90 percent
of rura residents (50). Potential agrichemical con-
tamination of groundwater concerns rural popula-
tions as well as farm residents, and ultimately may
affect some urban areas (see figure 2-1). While
currently of local or regional extent, groundwater
contamination has become a national issue. Public
concerns indirectly reveal the extent of uncertainty
about the amount and location of agrichemical use,
environmental fate of agrichemicals under varying
site conditions, and the implications of agrichemical

N

Photo credit: U.S. Department of Agriculture,
Agricultural Research Service

Ridge tillage can reduce agrichemical use.

contamination of groundwater for human health,
economic activities, or ecological values. we're
learning that agrichemical contamination of ground-
water resources happens, but we don’t really know
what it means.

Given the high level of public concern about
groundwater contamination in some areas, many
farmers, particularly those in areas where extensive
groundwater monitoring has yielded negative con-
tamination results, are worried about potential con-
gressional and State ‘‘overreaction’ to the problem
(2,51). Some farmers fear that public concern over
sparse evidence of groundwater contamination will
lead to excessively restrictive Federal and State
regulations on agrichemical use that would increase
production costs, put farmers at a competitive
disadvantage, expose them to liability, and make it
difficult if not impossible to grow certain crops in
some areas. However, given the dearth of evidence
that agrichemical contamination of groundwater is
extensive and health-threatening, few members of
the agricultural community oppose investments in
research to learn more about the problem (54).
Farmers also favor research and education programs
to improve agrichemical management, because the
presence of agrichemicals in groundwater indicates
that they are being wasted. Information is needed on
the types of farming practices that cause agrichemi-
cal waste, and on their extent and potential for
modification.

To understand the causes for concern, and to
indicate the extent of uncertainty, certain questions
must be addressed:

. What do we know about the extent of agrichem-
ical contamination of groundwater?

. What do we know about the causes of contami-
nation?

. What do we know about the impacts of
contamination?

. How do we deal with contaminated ground-
water?

. What do we need to know to prevent ground-
water contamination?

Before these issues can be explored, some defini-
tions are needed.
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Box 2-A-Other Concerns Potentially Affecting Agrichemical Contamination of Groundwater

A number of safety, environmental, and economic concerns reflect what is popularly called a “growing anti-chemical
sentiment” or even public “ chemophobia’ (6). Policy decisions made in response to these issues will in turn affect availability
and use of agrichemicals and, thus, the potential for agrichemical contamination of groundwater.

Food Safety-Agrichemical residues on or in food has become amagjor issue of public concern over the last few years (cf:
71) and is being addressed under EPA’ s pesticide reregistration requirements. Concern about Alar, for example, caused
Washington State apple growers to lose millions of dollars as consumers refused to purchase apples for fear of adverse health
effects (cf: 26,75). Direct public pressure forced a voluntary withdrawal of Alar from the market, brought it under EPA review,
and forced eventual cancellation. Fruit and vegetable producers tend to be highly responsive to public perceptions. However, fiber
and feed crop producers, and grain farmers whose products tend to be highly processed may not face equivalent pressure.

Freshwater Availability—Total withdrawals of freshwater (surface and groundwater) have increased at an annual rate of
2 percent during the last 25 years; withdrawals of groundwater have increased at an average of 3.8 percent each year. Increasing
water supply reguirements for urban areas (particularly in the Southwest), energy production, and drought protection; and
objections to construction of surface reservoirs have contributed to increasing groundwater use. Growing populations, expanding
per-capita use, and removal of contaminanted surface and groundwater supplies from the reserve necessitate an increased
dependence on groundwater in the future (59).

Surface Water Concerns--Forty-eight States have completed assessments of nonpoint-source pollution of their waters as
required by Section 319 of the Clean Water Act. Agriculture was identified as the most common source of this pollution. More
than half of the surface waters (river miles and lake acreage) assessed are adversely affected by agricultural nonpoint source
pollution (77). A 1989 study by the USGS reported that 55 percent of streams tested in 10 Midwestern agricultural States had
measurable levels of pesticides prior to application, and 90 percent showed detections of pesticides shortly after spring
application. Although most detections were very small, numerous samples exceeded the health advisory limits fostrazine and
aachlor, restricted-use chemicals (28).

Nearshore Water Concern-Surface and groundwater in nearshore areas commonly flow into the sea. Nutrient loadings
derived from contaminated surface water and, to a lesser extent, from contaminated groundwater entering the Nation's bays and
estuaries is causing excessive algal growth loss of ecologically valuable marine and estuarine vegetation, and oxygen deprivation
in certain waters. Pesticidesin surface and groundwater outflows also may be causing more subtle impacts on marine species.
For example, pesticides designed to disrupt the maturation process of commercialy destructive arthropods such as grasshoppers
may have adverse effects on commercially valuable arthropods, such as crabs and lobsters (17).

Wildlife and Endangered Species Protection-lhhancement of wildlife habitat has been a goal of numerous agricultural
conservation programs and a continuing issue in agricultural policy development (70). Now, the impacts of agrichemicals on
wildlife and, especially, endangered species has come under public scrutiny. In fact, one Federal district court ruled that EPA
had violated the Endangered Species Act, Migratory Bird Treaty Act, and other Federal laws with registration of arodenticide
that posed a threat to endangered species (20), and the Department of the Interior has identified several wildlife refuges where
agriculturally related water corlamination has reached unacceptable levels (see box 3-A). In response to pressure from public
environmental groups, EPA is developing a program to restrict or relabel pesticides to protect wildlife and endangered species
(). Further action to protect species may affect the extent of restriction and use of agrichemicals, may enhance development of
aternative pest control methods, and may increase populations of insectivorous species (e.g., certain songbirds) that could
ultimately benefit agriculture.

Climate Change-Nitrous oxides and methane are two primary “greenhouse gases’ that are contributing to global
warming (73) and some scientists expect that these will increase in importance to climate changeover time. Bogs, wetlands, rice
paddies, wildlife and livestock, and burning forests and grasslands all produce methane. Some studies suggest that the world's
cattle-a number that has doubled in the past 40 years-emit enough methane alone into the atmosphere to warm up the planet.
The largest methane “sink” is believed to be the soil, but recent studies suggest that nitrogen fertilize may reduce the soil’s
ability to capture and sequester methane. Nitrous oxides now account for apptionately one-quarter of greenhouse gases emitted
to the atmosphere (55).

Pesticide Registration and Reregistration-The 1988 reauthorization of the Federal Insecticide, Fungicide, and
Rodenticide Act (FIFRA) substantially increased the budget for pesticide reregistration and set a 199feadline for completion.
New legislation proposed in Congress would speed the cancellation process, would streamline FIFRA and would reduce the
economic benefit rationale for maintaining potential dangerous chemicals on the market. Some of the pesticides removed from
the market, either voluntarily by a company not wishing to bear the costs of data collection for reregistration, or due to stricter
registration requirements, may also be those with potential to leach to groundwater. In addition, proponents of alternatives to
synthetic commercia pesticides have argued that an overwhelming emphasis placed on reregistration of pesticides, driven by
Congress, has hindered the registration of new, potentially less persistent or mobile pesticides and alternative pest controls (36).
Completion of the reregistration process may allow greater attention to be devoted to registration of these products, potentially
alowing farmers greater choice in pest control methods.

Farmworker Safety—Agriculture is one of the most hazardous occupations. Farmers and farmworkers suffer from elevated
incidence of traumas, certain cancers, respiratory diseases, dermatitis, and acute and chronic chemical toxicity. At the
biochemical level, certain pesticides may affect humans in the same manner that they affect the insects for which they are intended
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(74). Farm families also may be exposed to farm hazards; children represent a substantial proportion of those suffering from acute
and chronic pesticide poisoning (47,74). Policies and programs promulgated to reduce risk to farmers, farmworkers, and farm
families also may affect agrichemical availability and use.

Rural Revitalization--Federal natural resource conservation policies may conflict with or complement rural development
goals, another major topic of agricultural policy debate for the 1990s (cf: 53). For example, rural communities and families would
face a substantial burden from the costs of drinking water treatment due to agrichemical contaminationhindering allocation of
fundsto local development (50,76). More directly, farm policies that restrict farm production or use of agrichemicals will have
impacts on farm chemical and implement dealers in rura communities. On the other hand, resource conservation and
environmental protection policies may enhance rura redevelopment through recreation and tourism opportunities, which rely
on a safe and esthetic environment (cf: 10). Also, water quality protection programs that rely on provision of speciaized
information or decisionmaking services might be designed to create new employment opportunities for rura residents.

Dependence on Fossil Fuels-Agriculture is a relatively energy-intensive industry. Production of one ton of grain requires,
on average, expenditure of the equivalent of a barrel of oil. Natural gasis widely used to convert atmospheric nitrogen to chemical
nitrogen fertilizers (7), and many pesticides are manufactured from petroleum (56,64). Movements to increase energy efficiency
and conserve fossil fuel resources (or to reduce greenhouse gas emissions from manufacturing) may affect equipment design,
size, and turnover; expansion of irrigated land and design of systems; and the price and availability of nitrogen fertilizers and
certain pesticides.

Industrial Safety and Transportation of Hazardous Substances-Ammonium nitrate (NH,NO,), used in fertilizers and
in explosive mixtures, has been implicated in industrial accidents, including fires and explosions when stored in bulk. For
example, two nitrate-bearing freighters exploded in Texas City, TX setting off amajor conflagration, killing 576 people. More
recently, in 1988, two trailers of ammonium nitrate exploded near Kansas City, KS (22). Certain forms of nitrogen fertilizers also
are considered hazardous substances in terms of highway transportation. Restrictions on movement of these formulations may
restrict their availability to farmers.

Municipal Waste Reduction and Management—The United States generates at least 160 million tons of municipal solid
waste (MSW) each year. Almost 80 percent of MSW is disposed of in landfills, most of which will close within the next 20 years
(72). Organic yard and food waste make up about one-fourth of MSW, and thus contribute significantly to the loss of landfill
capacity, to leaching from landfills, and to nitrogen oxide emissions from incinerators. Federal, State, or local policies and
programs requiring or facilitating separation and comporting of yard and food wastes (and potentially of some paper wastes),
would generate new materials that might be applied to agricultural lands. Depending on the mode of management, these have
potential for creating new agrichemical leaching sites, or for providing soil conditioners and plant nutrients that might reduce
dependence on chemical fertilizers in some areas (72).

Family Farms-Some suggest that preserving the family farm structure (presumably meaning moderate-sized farms) is
necessary to maintaining a cadre of skilled agricultural entrepreneurs in the agricultural sector and preserving the quality of rural
life (cf: 48). Efforts to accomplish this could affect regiona cropping patterns, farm size, and other such factors potentially
affecting agrichemica use.

New Crops and New Marketing Strategies-Even though organic fruits and vegetables-produce grown without the use
of synthetic, chemical pesticides and, sometimes, fertilizerssmay cost twice as much as conventionally grown produce, the
market is growing. Farmers have moved rapidly to capture the returns available from the higher prices consumers are willing
to pay. The trend toward organic farms is strongest in California with an estimated 1,500 organic farms (26). Some States, certain
farmer cooperatives, and even some market chains will test and certify organic produce (or aternatively, produce showing no
residues despite use of some pesticides), Fear of being “blackballed” by supermarkets or by food processing companies may
spur other farmers to reduce agrichemical use and, thus, the potential for agrichemical leaching to groundwater. Furthermore,
some marketing officials believe that ‘‘environmentaly friendly’ may become a marketing tool--a means to differentiate a
product and thus capture a larger market share or charge a premium price---and may become as popular as ‘‘natura’ is now (46).

Cosmetic Quality of Produce--Changes in consumer demand have spurred the recent decline in pesticide use, but
consumer demands also drove farmers to use some pesticides in the first place; to achieve cosmetically perfect red apples or
unscarred tomatoes. Cosmetic perfection today can be achieved only with pesticides. A recent study by the California Public
Interest Research Group concluded that more than half of the pesticide applications on tomatoes and oranges are made primarily
for cosmetic purposes (26). Continuing changes in consumer perceptions of safe and acceptable commodities may change the
rates and types of application.

Trade and The Balance of Payments-Farm exports generate an eighth of total U.S. earnings, and may have contributed
as much as $18 bhillion to the 1989 balance of trade (48). Agricultural technologies that preserve or enhance yield and product
quality with reduced input costs may increase the competitive advantage of U.S. agriculture. Conversely, increased
environmental restriction may increase farmers costs of production and thus reduce competitive advantage over producers in
countries operating without such restrictions (cf: 67,58).

For the first time, trade in agricultural products has become a major component of the ongoing international GAIT (General
Agreement on Trade and Tariffs) talks. One important component of the ongoing GAIT talks is discussion of ‘producer subsidy
equivalents’ which, in aggregate, measure a country’s distortion of international trade flows. Any policies implemented through
‘ ‘carrots’ could be considered part of these subsidies and thus may come under pressure to reduce trade distortions. And, of
course, international trade conditions and U.S. macroeconomic policies and conditions will affect farmers decisions.
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Table 2-I—Major Sources of Groundwater WHAT IS AN AGRICHEMICAL?

Contamination by Synthetic Organic Chemicals

Pesticides are used for many purposes other than

Waste disposal sources Non-waste disposal sources .
Landfills, surface impoundments,  Abandoned, poorly constructed, angCUIt_ure (See box Z_B)’ and many of these uses

dumps or damaged wells also raise public concerns. However, for the pur-
On-s?;/tgt é/rvT?sstewater disposal  Accidental spills poses of this assessment an agricultural chemical-
Land treatment of municipal  Application of agricultural angChemlcaI_ls any chemical Compound:

and industrial wastes chemicals . . .
Land application of sludges Petroleum exploration and 1. applied to an agricultural production system
nd o et ' b deve'oré”;)erlﬂ § with intent to enhance plant productivity (e.g.,

nderground injection wells ove- and below-groun . . -
g ) g nutrients, nutrient-release mediators, plant

storage tanks
SOURCE: Adapted from F.R. Hall, “improving Pesticide Management

growth regulators);

Practices,” contractor report prepared for the Office of Technoi- : : :
ogy Assessment (Springfield, VA: National Technical informa- 2. app“ed to an ag”CUIturaI productlon system
tion Service, November 1989). with intent to prevent loss of productivity

Figure 2-I—Rural Dependence on Private Wells (hundreds of thousands)

Pacific NorthernPlains Lake States Northeast
NF -3,232 NF -537 NF -5,155 NF -8,904

-343 F -530 F -719 F -393
Corn Belt
=_ { \ NF - 5.631

v
Mountain \_{F,\_/ k
NF - 264 Appalachia
F-273 NF - 6,324
F-719
Southern Plains

NF -646
F -390
Delta States Southeast
NF - 3.966

- 1,147
F 231 F - 288

Only 12 percent of the nearly 43 million rural residents dependent on private wells to supply drinking water are farm
families (F), nonfarm residents (NF) are as likely as farm people to be concerned about potential agrichemical con-

tamination of groundwater

SOURCE: J. Hostetler, “Groundwater Contamination is a Rural Problem,” Choices, Third Quarter, 1988, p. 24.
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. Fiber crops, such as cotton and hemp.
. Specialized field crops, such as tobacco.

« Forest trees and Christmas tree plantations.
« Ornamental shrubs and vines.

« Household and domestic dwellings.

« Dairy farm milk-handling equipment.

bandages and bedpans.
« Barber shops and beauty shops.
« Mortuaries and funeral homes.

diapers.

Box 2-B—Where Pesticides Are Used

EPA has prepared a list of “EPA Site Categories for Preparing and Coding Pesticide Labeling” illustrating
the extent of nonagricultural uses of pesticides. Pesticides include fungicides, herbicides, insecticides, nematicides,
rodenticides, and disinfectants. The EPA list illustrates two important facts about pesticides. not al are used in
agriculture, and not all that are used in agriculture are used to grow food crops,

Z Crops grown for oil, such as castorbean and safflower.
« Ornamental lawns and turf (e.g., golf courses).
« General soil treatments, such as manure and mulch.

« Processed non-food products, like textiles and paper.
« Fur and wool-bearing animals, such as mink and fox; laboratory and zoo animals; and pets. (Pesticides are
used in animal sprays, dips, collars, wound treatments, and litter and bedding treatments.)

« Wood-protection treatments, such as those applied to railroad ties, lumber, boats, and bridges.

« Aquatic sites, including swimming pools, diving boards, fountains, and hot tubs.

« Uncultivated, non-agricultural areas, such as airport landing fields, tennis courts, highway rights-of-way, il
tank farms, ammunition storage depots, petroleum tank farms, saw mills, and drive-in theaters.

« General indoor/outdoor treatments, in bird-roosting areas, for example, or mosquito abatement districts.

« Hospitals. Pesticide application sites include syringes, surgical instruments, pacemakers, rubber gloves,

« Industrial preservatives used to manufacture such items as paints, vinyl shower curtains, and disposable

« Articles used on the human body, like human hair wigs, contact lenses, dentures and insect repellents.
« Specialty uses, such as moth proofing and preserving animal and plant specimens in museum collections.

SOURCE: Adapted from EPA Journal, “Pesticides and the Consumer, ” vol. 13, No. 5, May 1987, pp. 2-43.

caused by disease or by pests such as insects
(insecticides), weed competitors (herbicides),
nematode worms (nematicides), fungi and
molds (fungicides), and rodents (rodenticides);
or

3. produced as a byproduct of that system (e.g.,
byproducts from livestock manures or crop
residues, pesticide rinsate).

Clearly, this definition can describe myriad sub-
stances used in or produced by U.S. agriculture.
However, at present only nitrate and certain catego-
ries of pesticides are believed to be significant
groundwater contaminants.

Nitrate sources include commercia fertilizers,
livestock wastes, crop residues (especialy of nitrogen-
fining plants), sewage sludges and wastewater, as
well as non-agricultural sources such as septic tanks
or natural mineral-bearing soil formations. Each of

these may provide nitrate that may leach to ground-
water. However, because most commercial fertiliz-
ers are highly soluble and concentrated, concern
exists that such fertilizers may have long-term
adverse impacts on nitrate leaching to groundwater—
particularly if application rates are not matched to
crop needs.

WHAT |S GROUNDWATER?

Groundwater is water stored below the land's
surface in saturated soils and rock formations.
However, groundwater is not necessarily drinking
water, nor isit necessarily suitable for other uses. It
may be naturaly saline or otherwise unpotable, or it
may not be available in sufficient quantity to allow
withdrawals for human use. Therefore, in some
cases, agrichemical contamination of groundwater
may have little immediate impact on current ground-
water uses, but may preclude future use as the
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demand for groundwater changes or as the contamin-
ants migrate into drinking water sources.

WHAT IS GROUNDWATER
CONTAMINATION?

Groundwater contamination here refers to the
measurable presence of an agrichemical or its
breakdown products in groundwater, regardless of
the level of concentration or the current or projected
uses of the water. Thus, it does not necessarily imply
the existence or absence of athreat to human health
or the environment. Advancesin analytical chemis-
try now allow detection of chemicals in groundwater
at concentrations as low as one part per billion (box
2-C), and even smaller amounts for a few chemicals;
such would be considered contamination.

WHAT DO WE KNOW ABOUT THE
EXTENT OF CONTAMINATION?

The state of knowledge, the degree of interest, and
the degree of frustration in the area of agrichemicals
in groundwater have all increased exponentiall,
within the last decade. Studies, focused on vulnera-
ble regions and on individual chemicals or small
groups of chemicals, have found at least 5,500 wells
with pesticide concentrations exceeding some health
advisory level and at least 8,200 wells with nitrate
concentrations exceeding the Maximum Contami-
nant Level established by the U.S. Environmental
Protection Agency (EPA) to protect public health
(13). Yet the true extent of the problem is not known.
For example, many of the detections represent
products that are no longer in significant use in the
United States (e.g., DBCP). We do not know
whether this nonrepresentative subsampling of the
Nation’s 13 million drinking water wells overstates
the severity of the problem or whether it represents
the tip of the iceberg.

The scientific community began to emphasize the
study of nitrate in groundwater in the mid-1970s
(52,30) and the study of pesticides in groundwater in
the late 1970s (61,62,14). By 1984, 24,000 of
124,000 wells sampled nationwide were found to
contain nitrate concentrations exceeding 3 milli-
grams per liter mg/L). Although natural back-
ground levels of nitrate in groundwater vary, con-
centrations above 3 mg/L suggest human sources of
contamination (42) (figure 2-2).

Box 2-C—Detection Limits. What Do They
Mean?

Advances in analytical chemistry have alowed
detection of contaminants in groundwater at in-
creasingly lower levels, however the meaning of
such low levels of contamination have yet to be
clearly defined, Parts per million (ppm) and parts
per hillion (ppb) are perhaps the most common
units employed in reporting agrichemical contami-
nation levels. Such sensitive detections largely are
beyond common understanding, thus it may be
helpful to illustrate their meanings in more readily
understandable terms.

One part per million is equivalent to 1 second in
12 days while 1 part per hillion is equivalent to 1
second in 32 years; beyond these, 1 part per trillion
is equivalent to 1 second in 32,000 years. Altern-
atively, the unit ppm can be described as the
equivalent of a one-inch square postage stamp in an
area the size of a baseball infield. A ppb is this same
stamp within an area 1/4 mile in diameter, while a
part per trillion is the stamp in an area of 250 square
miles. Some tests have sufficient sensitivity to
detect parts per quadrillion (ppq). Detecting a ppq
would be roughly equivalent to locating that same
postage stamp within the area covered by the States
of Illinois, Indiana, Michigan, Wisconsin, and Ohio
(24).

However, despite such seemingly infinitesimal
concentrations, implications for risk exist in certain
cases. For example, the Maximum Contaminant
Level for nitrate is 10 ppm and health risks have
been clearly identified for ingestion of water
containing above 10 ppm nitrate. Other agrichemi-
cals have much lower Maximum Contaminant
Levels or Health Advisory Limits.

That same year, EPA staff were able to document
findings of 12 pesticides in groundwater from 18
States believed to be the result of field applications
(24). This count was updated to at least 17 pesticides
in 23 States in 1986, and 2 years later, to 46
pesticides in 26 States in association with field use
(76) (figure 2-3; table 2-2). The EPA Pesticides in
Ground Water Data Base is not complete, and some
data remain under contention (cf: 16), yet these are
the only data available to date.

A number of concerns about studies of agrichemi-
cal contamination of groundwater make it difficult
to draw conclusions from these interim data. Some
of these relate to study methodology, others refer to
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Figure 2-2—Summary of Nitrate Detections in Drinking Water Wells
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Although data are insufficient to draw specific conclusions, an analysis of historical nitrate detection data indicates areas of the country in

which human activities have elevated the nitrate levels above 3 mgiL.

SOURCE: R.J. Madison and J. Brunett, “Overview of the Occurrence of Nitrate in Ground Water of the United States,” National Water Summary
1984—Hydrologic Events; Selected Water-Quality Trends and Ground Water Resources, U.S. Geological Survey Water Supply Paper 2275

(Washington DC: U.S. Government Printing Office, 1985).

the complex and variable nature of the agroecosys-
tem being evaluated.

¢ Source of contaminant—through normal field

use or from a point source-was determined by
EPA via interview with study authors rather
than by verifying all detections.

Most studies lack a statistical basis and many
oversimple areas with relatively high ground-
water vulnerability and pesticide use and thus
may tend to overstate the extent of the problem.
It is not valid to sample arbitrarily afew wells
in an area and extrapolate the results to the
whole area. Instead, sampling schemes with

probability components must be implemented
(11,15).

Most studies focus on one pesticide or small
groups of pesticides. This would tend to
understate the extent of a problem relative to
studies that use multiresidue methods and other
techniques to detect multiple pesticides.

Most studies also do not test for pesticide
metabolizes, breakdown products, or ‘‘inert’
ingredients in addition to active ingredients; in
some cases these byproducts can be more toxic
than the parent compound. This may further
understate agrichemical contamination.
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Figure 2-3-EPA Estimates of Numbers of Pesticides Found in Groundwater as a Result of Known or Suspected
Normal Agricultural Field Use Origin

Y

Vavmonl\ A 161.,

New Hampshire
Massachusetts

3
Rhode Island
Connecticut

South Dakota

Nebraska
New Jorsey

Delaware
Maryland

Colnradg

Kansas

New Mexi
‘eo Oklahoma

Florida

R 0 Alaska

Detections of pesticides in groundwater confirmed to derive from field uses have reached 46 pesticides in 26 States. However, these

numbers are likely to be an underestimate of the national status of pesticide residues in groundwater due to lack of data or source

verification of data in many areas. Information from EPA’s ongoing well testing program should provide a more complete depiction of the

extent of contamination.

SOURCE: U.S. Environmental Protection Agency, Office of Pesticide Programs, Environmental Fate and Ground Water Branch, “Pesticides in Ground Water
Data Base 1988 Interim Report, December 1988.

.The analytical chemistry sometimes has not « A drought over much of the agricultural Mid-
been trustworthy. Some reports of detections west since 1986 has confused analysis of data
may be due to false positives—acceptable from that region (cf: 38).
analytical techniques combined with a failure
to confirm---or with actual laboratory errors. EPA is conducting a statistically based, national

Capacity to detect contaminants in ground- survey of drinking water wells, which should
" water has outstripped understanding of the characterize the national extent of groundwater

meaning of the detections for human or environ-  contamination. Approximately 1,400 public and
mental health. The impacts of combinationsof ~ Private wellsare being tested. The survey’s primary

summed pesticide residues in wells. Its secondary

. Increases in pesticides detected and States with goal is to correlate the results with hydrogeologic
detections may represent an increase in ground- and agronomic factors. The final report probably
water monitoring studies more than an increase will be published in early 1991. The Monsanto Co.
in groundwater contamination. also conducted a statistically based, nationwide
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Table 2-2—EPA Preliminary Data on Pesticides in Groundwater

No. of pesticides No. of States with

Category Description detected detected pesticides

6 Confirmed, quality data of known or suspected

PoINt SOUrCE OFigiN . . . . oot 32 12
5 Confirmed, quality data of known or suspected

fielduse origin . .......... ot 46 26
4 Confirmed, quality data of unknown or

suspected fielduse origin . . ............. ... . ... ... 52 27
3 Suspected field use data excluding known

POOr qQUAlItY . . .ot 65 36
2 All data except suspected point sources

orknown poorquality . . ........... . 74 38
1 Alldata. . ..o 77 39

SOURCE: U.S. Environmental Protection Agency, Office of Pesticide Programs, Environmental Fate and Ground
Water Branch, “Pesticides in Ground Water Data Base 1988 Interim Report,” December 1988.

survey for nitrate and five herbicides in 1,430
private, rural, drinking water wells (45,34).

WHAT DO WE KNOW ABOUT THE
CAUSES OF CONTAMINATION?

Agrichemicals may enter the hydrogeologic sys-
tem through a number of activities, some of which
are not strictly agricultural, such as treatment of
highway or railroad rights-of-way (see box 2-B).
Any one of these uses may result, through mishan-
dling or, in some cases even through normal use, in
contaminationf groundwater.

Controversy remains over the relative contribu-
tions of point and nonpoint sources of agrichemical
groundwater contaminants. Nonpoint sources de-
rive from the application of agrichemicals to agricul-
tural lands; contaminants usually are not traceable to
their exact source. Point sources, in this context,
mean a localized introduction of chemicals to a well
or to land via a spill, or through improper storage,
mixing, loading, handling, or disposal. Clearly, both
modes of groundwater contamination must be con-
sidered in any attempt to reduce introduction of
agrichemicals to groundwater.

Nonpoint-source contamination has multiple and
dispersed sites of entry into groundwater, is dy-
namic, usualy intermittent, and has multimedia
dimensions. Agrichemical residues may volatilize
into the atmosphere, may cling to soils, may run off
into surface water, or may leach into groundwater.
Airborne chemicals may travel for hundreds of miles
prior to deposition, perhaps in surface waters that
can leach to groundwater (e.g., agrichemical con-

- N i

Photo reedit: U.S. Department of Agriculture,
Agricultural Research Service

Pesticides are applied to agricultural crops to reduce yield
losses due to insects (such as the Colorado potato
beetle shown), diseases, and weeds that even today
destroy almost one-third of all food crops.

taminants in the Great Lakes have been linked to
distant application and aerial transport). A com-
pound released into one medium may have substan-
tially different environmental persistence and reac-
tions than the same compound released in another.
Land uses may change over time, causing changes in
the type and fate of agrichemicals applied, the speed
and direction of agrichemical movement, and agrichem-
ical concentrations and impacts of contaminated
water.

The capacity of agricultural systems to assimilate
agrichemicals safely varies from site to site and in

Nonpoint pollution is defined by EPA as pollution causedby sediment, nutrient, and organic and toxic substances originating from land-use activities
and/or from the atmosphere, which are earned to surface water bodies through runoff or to groundwater.
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time (e.g., season) depending on loca natural
conditions, and on the modifications made to the site
by land uses and technologies (3). Determination of
where, when, and under what conditions agrichemi-
cals are likely to leach to groundwater depends on
knowledge of numerous variables at multitudinous
sites; many such data are lacking (43). However,
preliminary analyses suggest that large regions of
the country are potentially vulnerable to ground-
water contamination by agrichemicals (50).

Point sources of agrichemical groundwater con-
taminants have received relatively little attention in
the scientific literature, but in some areas they may
be more of a problem than nonpoint sources (27).
High concentrations of agrichemical contaminants
may be indicative of a point source of contamination
such as spills of pesticide concentrate, back-
siphoning of pesticide solutions into wells, or rinsate
spills. However, concentration level aone is insuffi-
cient to clearly identify the point or nonpoint source
nature of contamination.

Point sources also may introduce different chemi-
cals to the subsurface than nonpoint sources, be-
cause point sources commonly “short-circuit” the
typical leaching process and directly introduce
contaminants to groundwater through a wellhead.
Point-source contaminants also may migrate
through the soil in an organic phase, i.e., as bulk
liquids, overcoming soil capacity to sequester or-
ganic chemicas. The implication of this short-
circuiting process is that any chemical could con-
taminate groundwater through this route, not just
those pesticides that are mobile and persistent (14).

The 1988 EPA report represents the first national
accounting of groundwater contamination by pesti-
cides from known or suspected point sources (32
pesticides in 12 States). Many of these pesticides are
relatively immaobile chemicals-i. e., tightly bound
to soil-that are not likely to leach into groundwater
following normal application (13).

Farm chemical supply dealerships may provide a
particular point-source problem, since they store and
handle large quantities of agrichemicals. Potentialy
serious point-source contamination problems have
been associated with at least 10 of lowa’'s approxi-

mately 1,500 farm chemical supply dealerships (30).
Pesticide concentrations in soils sometimes ex-
ceeded 200,000 parts-per-hillion (ppb) and concen-
trations in nearby groundwater exceeded 500 ppb,
two orders of magnitude above normal background
levels. Nitrate concentration was as high as 117
parts-per-million (ppm) in one location, and was 20
ppm or greater in all groundwater samples from the
10 farm chemical supply dealerships studied. Rela-
tively high levels of contamination also were found

in groundwater samples taken near agricultural
dederships in Illinois (39).

WHAT DO WE KNOW ABOUT THE
IMPACTS OF CONTAMINATION?

Agrichemicals in groundwater can have three
major forms of adverse impacts. human health risks,
hazards for other agricultural uses of the water, and
general ecological impacts. For pesticides, in addi-
tion to potential adverse impacts of the pesticide’s
active ingredient, risks involve impacts by metab-
olizes (chemicals resulting from transformation within
aliving organism), by breakdown products (result-
ing from partial degradation by physical or chemical
interactions), and by ‘‘inert ingredients. ' The latter
are those compounds added to the active ingredient
in order to prolong its shelf-life or facilitate its
application, and may not be chemically or metaboli-
cally inert. For example, known carcinogens ben-
zene and formaldehyde are inert ingredients added to
certain pesticides.’

Determination of the potential risks of all the
possible forms of an agrichemical that might de-
velop after application would be impossible (19). In
fact, isolation and identification of all possible
ingredients, metabolizes, and breakdown products
probably is not possible, given the breadth of factors
involved in agrichemica transformations and varia-
tions of application sites. Any attempt to do so
would most likely halt development of new chemi-
cals. However, knowledge of certain chemical and
metabolic reactions and their likely effects on the
toxicity of specific chemica groups (e.g., triazine
pesticides) may allow adequate predictions of over-
al risk (19).

2EPA is now reviewing and testing inert ingredients and classifying them based on their potential risk; List 1 includes those ingredients of known
toxicity and these constituents must be identified on the pesticide label (e.g., benzene, formaldehyde); List 2 includes ingredients of potential toxicity
and these will be re-classified based on test results; List 3 areingredients of unknown risk and are aso being tested; and List 4 are those ingredients of

minimal risk (e.g., corn syrup, calcium sulfate, beeswax) (40).
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I mpacts on Human Health

EPA has detailed the health risks from pesticides,
to the extent known, in Health Advisories for 70
pesticides developed in accordance with the Safe
Drinking Water Act. Health Advisory Levels be-
yond which the water is considered to pose a
potential human health risk are enumerated. Be-
tween 1979 and 1986, about half of the approxi-
mately 11,000 detections of pesticides in ground-
water exceeded EPA’s or State's Health Advisory
Levels (12). Six percent of nitrate detections ex-
ceeded the 10 mg/L Maximum Contaminant Level,
beyond which a health hazard maybe present. While
a complete analysis of the health impacts of expo-
sure to agrichemicals in groundwater is beyond the
purview of this assessment, clearly there is cause for
concern.’

The means for assessing potential health hazards
from exposure to agrichemicals are found in EPA’s
toxicology data, and in epidemiologic studies of
morbidity and mortality in certain populations. EPA
frequently is criticized for not having a complete
toxicology database on the 600 active ingredientsiit
regulates (13). Statements that only a handful of
pesticides have been “fully tested” are technically
true, but may be misleading. Approximately three to
four dozen studies and tests are required for registra-
tion of an agricultural pesticide. Data gaps exist for
most chemicals, but these gaps can range from minor
technical deficiencies to studies performed with
unacceptable protocols to atotal lack of data (13).

The toxicology database probably is more com-
plete than the databases pertaining to ecological
effects, residue and product chemistry, and environ-
mental fate and exposure. This is due to the
extensive “data call-ins’ conducted in the early
1980s (25). Registrants of all food-use chemicals,
which include most agrichemicals, were required to
submit or resubmit data on chronic toxicity, onco-
genicity, reproductive effects, and teratology (im-
munotoxicity and neurotoxicity may be added to the
conventional pesticide toxicity testing guidelines in
the near future (60,74). A similar, more limited data
call-in program was instituted in 1984 to gather
information on the environmental fate of approxi-
mately 100 pesticides that had some mobility
potential.

Few epidemiologic studies have been conducted
on exposure to agrichemicals through groundwater.
Evidence linking agrichemicals with cancer and
other diseases primarily derives from studies of
occupationally exposed populations (9). Results of
these more general epidemiologic studies point out
possible relationships that require further investiga-
tion and raise concerns about mortality among
people who work with certain classes of agrichemi-
cals (13). Studies using crop production patterns as
aproxy for chemical use have suggested connections
with certain cancers, but little research has attempted
to test directly the relationship between use of
agricultural chemicals and county cancer mortality
(63).

Although associations between certain pesticides
and cancer are not yet clearly established (47,78), a
clear relationship exists between nitrate in drinking
water and infant methemoglobinemia (blue-baby
syndrome). Some epidemiologic studies further
indicate an association between nitrate and non-
Hodgkin's lymphoma (NHL), stomach cancer, and
possibly birth defects; others fail to show any
elevated risk for these (47).

An increased incidence of NHL in some eastern
Nebraska counties may be related to use of nitrogen
fertilizers and resultant groundwater contamination.
However, elevated nitrogen levels may just serve as
a marker for pesticide contamination and several
classes of pesticides have been associated with
increased risk of NHL, including atrazine herbi-
cides, organophosphates, carbamates, and chlori-
nated hydrocarbons (78). One recent study, covering
1,497 U.S. rura counties, attempted to determine
predictors of cancer mortality. Agrichemica use
was the best predictor of cancer mortality among
nine variables tested in five multiple regression
cancer models. Herbicides were associated with
genital, lymphatic, and digestive cancer, and insecti-
cides had a positive relationship to respiratory
cancer (63).

Problems abound in attempting to derive conclu-
sions or generalizations from existing studies. For
example, exposure information depends on the
subject’s memories or on knowledge of relevant
practices by next of kin (32). Other problems include
(63):

3For analysis of the health risks from exposure to neurotoxic pesticides, see: U.S. Congress, Office of Technology Assessment Neurotoxicity:
Identifying and Controlling Poisons of the Nervous System, OTA-BA-436 (Washington DC: U.S. Government Printing Office, April 1990).
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« Multiple pathways of non-occupational expo-
sure to agrichemicals exist: through ingesting
food or water with pesticide residues, inhala-
tion, dermal contact with pesticide vapors,
dusts, or pesticide-laden water,

« The 20- to 40-year latency period for many
types of cancer exceeds the length of time that
data have been collected on agrichemical use
(Census of Agriculture data on county-level
chemical use other than fertilizers are not
available before 1964).

« The cancer latency period aso commonly
exceeds the length of time that county-level
behavioral data have been collected on lifestyle
factors such as diet, smoking, or alcohol
consumption; such factors could confound
associations observed in studies.

+ Percentage of farmland treated is used as a
proxy for agrichemical use due to a lack of
detailed data on the types, quantities, and
frequency of chemical applications, as well as
behavioral practices in their application (e.g.,
use of masks, aerial spraying).

Additional factors potentially confounding inter-
pretation of headth impacts are: effect of nearby
manufacturing industries; mining; urban exposures,
ethnicity and socioeconomic status (education and
income) (63). While no solid evidence exists show-
ing a direct causal relationship between pesticide
residues in drinkingwater at legally permissible
levels and any human illness or death in the United
States (47), the potential for some effect warrants
continuing investigation.

Despite uncertainty in many of these areas,
recognition of potential health hazards has led to
numerous requirements to reduce or prevent human
exposure to potentially harmful chemicals. Such
requirements include bans on certain substances,
product labeling and public education, licensing and
certification of those wishing to apply restricted-use
pesticides, requirements for certain types of protec-
tive gear for applicators, determination of acceptable
“‘re-entry’ times into areas treated with certain
chemicals, and initiation of training sessions by
Cooperative Extension Service personnel in correct
handling and application procedures (63).

The only non-controversial conclusion possible at
this point: additional studies are necessary. Evalua-
tions of the toxicity and possible carcinogenicity of
agrichemicals will continue to fall under the purview

of biologica and medical researchers. However,
more ‘‘ecological’ studies incorporating demo-
graphic, socioeconomic, and agricultura factors and
thus involving environmental and rural sociologists,
demographers, geographers, and agronomists, would
seem to be of considerable value (63). A comprehen-
sive analysis of studies performed to date and an
evaluation of their findings, perhaps performed by
the Institute of Medicine in cooperation with the
National Academy of Sciences (e.g., Board on
Agriculture), probably would clarify many of these
issues.

I mpacts on Agriculture

Agrichemical-bearing groundwater has been found
to have adverse impacts on agriculture through
re-use, including toxic responses in livestock and
yield reductions in irrigated crops (41,65). In gen-
eral, livestock seem to be more tolerant to drinking
water contaminants of primary concern to humans,
such as nitrate (31). However, species’ tolerances
vary. Chemical constituent risk levels have been
recommended (49, 18) but may need to be reexami-
ned in light of recent veterinary diagnostic research
and new chemical detection capabilities (65).

Irrigation may concentrate salts, nitrate, and
persistent pesticides in surface and groundwaters.
These waters may be re-used for irrigation, provid-
ing a source of stress to crops and potentially
reducing their yield or product quality (66). Herbicide-
laden shallow groundwater may “prune’ root
systems, hindering crop growth (41 ). Finaly, ground-
water contaminated by livestock wastes may dama-
ge or hinder operation of irrigation pumps and other
equipment.

Ecological | mpacts

It is now well-known that chemicals that may
have little direct impact on human health may have
potentially severe impacts on fish and wildlife. For
example, DDT was only slightly toxic to mammals,
including humans, but harmed species of game fish
and certain bird species. No data exist that clearly
indicate adverse ecological impacts from nitrate or
pesticides in groundwater, but because of the nature
of the hydrologic cycle, groundwater may be a
contributor to degradation of surface and nearshore
waters. For example, an estimated 45 percent of the
total nitrogen found in Lake Mendotain Wisconsin
moved into the lake as nitrate from groundwater
(44); the role of nitrogen in eutrophication of water
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bodies is well-known. More recently, the U.S.
Geological Survey (USGS) found that 55 percent of
the streams tested in 10 Midwestern States had
detectable levels of pesticides prior to spring plant-
ing when contaminant levels were expected to be
lowest. The study leader speculated that the unex-
pected springtime detections might be due to infu-
sions of groundwater contaminated in earlier months
or years, or perhaps due to the dearth of soil
“flushing” that occurred in the 1989 drought (28).

A new and rapidly expanding field of study
termed *‘ecotoxicology’ is concerned with the fate
and impacts of toxic compounds, such as pesticides,
in ecosystems. Research in toxicology has paralleled
interest in water quality problems since at least the
1960s (8); such research increased with the estab-
lishment of EPA and its mandate to protect human
health and the environment (4). Ecotoxicological
studies are required by EPA for pesticide registration
under the Federal Insecticide, Fungicide, and Roden-
ticide Act (FWRA). The studies combine toxicologi-
cal hazard data with exposure data in media of
concern such as water. The studies may uncover: 1)
no hazard, 2) a hazard that may be mitigated by
restrictions on use, or 3) an unacceptable hazard
preventing registration of the chemical. However,
the types of studies that have been pursued by EPA
are fraught with weaknesses (4), and they tend to
focus more on specific ecosystem inhabitants (the
“indicator organisms such as birds, mammals, an d
fish) rather than on the ecosystem as a whole.

In response to growing concerns about ecological
impacts of toxic compounds, EPA’s Risk Assess-
ment Council established the Ecotoxicity Subcom-
mittee in 1987 to develop ecological risk assessment
guidelines. This Subcommittee developed an assess-
ment framework based on the hierarchical ‘‘levels
of an ecosystem, ranging from a single organism to
the entire ecosystem. This alows both laboratory
work on species and field work on ecosystem
interactions. Guidelines drafted by the Subcommitt-
ee should be released for review in 1990 (4). While
EPA’s activities most closely related to protection of
human health probably will continue to receive
highest priority, the increasing public concern about
ecological impacts likely will spur expanded efforts
in ecotoxicology.

WHAT DO WE DO WHEN
GROUNDWATER IS
CONTAMINATED?

EPA and State agencies with Safe Drinking Water
Act (SDWA) primacy*‘have the authority to close
public wells (those serving at least 2,500 people or
25 outlets) when contamination exceeds acceptable
levels defined by the EPA Maximum Contaminant
Level standards. For example, the Hawaii Depart-
ment of Health shut down severa public wells on
Oahu in 1983 when the nematicides EDB, DBCP,
and trichloropropane were detected (37). Some
residents of central Oahu had to obtain drinking
water from atank truck furnished by the State until
aternative well connections could be put in place.

Although States such as New Jersey and Florida
are increasingly establishing construction standards
and monitoring programs for private wells, no State
has reserved authority to close private wells. Instead,
when water from private wells exceeds standards set
by States or the EPA (box 2-D), State agencies
generally advise people on whether their water is
suitable for drinking, cooking, or washing. In
addition, States may assist homeowners to procure
water filters, bottled water, or to construct new wells
or hook up to public water systems.

The State of Florida accepts applications for
remedial relief to individuals with wells containing
EDB (57). The State has spent nearly $3 million to
install granular activated carbon faters and to
connect homes to existing water systems ( 13). Union
Carbide (now Rhone-Poulenc) also supplies water
falters to Long Island homeowners where adicarb
concentration in drinking water is greater than 7 ppb
(33). As of 1986, approximately 2,000 filters had
been installed at a cost to the company of $450 each
for installation and $60 to $70 for annual replace-
ment (13).

To date, there are no reports that aquifer cleanup,
as opposed to well or tapwater cleanup, has been
attempted following nonpoint-source contamination
of groundwater (13). Drinking water cleanup from

4Under SDWA, EPA identified State agencies with responsibility for implementation of drinking water quality programs legislated under that Act.
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Box 2-D—Standards for Groundwater Quality Protection

Numerical groundwater standards have been suggested as a strategy to limit groundwater contamination, and
standards have been promulgated by the Environmenta Protection Agency and a number of States. For example,
Wisconsin has established health-based enforcement standards and preventative action levels for potential
groundwater pollutants, giving a two-tier system of standards. The Environmental Protection Agency provides two
sets of standards for levels of contaminants in drinking water: Health Advisory Levels (HAL) and Maximum
Contaminant Levels (MCL): HALSs offer guidance to States and municipal water suppliers regarding contaminant
levels approaching hazardous levels, MCLs

There may be dispute whether States should be allowed to set stricter standards than the Federa government,
but al look for Federal involvement and leadership. A number of program administrators have complained that it
is difficult to develop programs to protect groundwater from contamination when they don’t know what level of
groundwater purity they are trying to reach or maintain. Program costs may in fact be directly linked to setting of
such alevel.

Some benefits of standards:

. Standards provide clearly defined targets at which interested parties can aim.

« Standards provide a defined design goal against which various agricultural and resource management

practices can be evaluated.

Z Standards can be set for individual contaminants, groups of contaminants, or for contamination in aggregate

(e.g., EEC)

Z Standards can help identify areas of a State or the nation where management practices need modification.

. Standards provide the public with an estimate of the risk of consuming contaminated water and of the relative

risk of different contaminants.

. Standards help the public determine when remedialdfinking water treatments are needed.

Some disadvantages to standards:
« Standards may provide a level up to which polluters feel free to pollute.
. Establishment of scientifically-defensible standards require considerable time and money.
« Standards can focus on one group of potentia pollutants and inadvertently miss others (e.g., potentially toxic
“inert’ ingredients that might leach to groundwater).

Unanswered questions:

Z Costs of developing risk assessments and of monitoring to assess compliance are high; who should pay?

« Should standards could apply to ground water generally (resource protection) or theitinking water (health
protection), or to both?

. What action should be taken to ensure compliance when standards are violated?

. Should the ultimate goa of a groundwater protection policy be nondegradation (no additional contamination
over current levels) or achieving health-based standards?

. Can the standards be designed so that they do not provide & ‘license to pollute’ up to the level of the standard?

. Will the sparcity of the health- or ecological-impacts database require that standards be continually revised
(particularly for older chemicals)?

SOURCE: Adapted from National Coalition for Agricultural Safety& Health, “Environmental Health Strategies for Agriculture,” May 1989.

agrichemical nonpoint-source contamination is likely
to be very costly, and generally technicaly infeasi-
ble given the low concentrations involved. One

WHAT DO WE NEED TO KNOW
TO MANAGE GROUNDWATER

study of potential costs of groundwater contamina-
tion estimated that initial household monitoring
alone would cost approximately $1.4 hillion (50).
Potential remedia actions vary widely in cost and
effectiveness, but would impose a large burden on
rural homeowners and small communities. Clearly,
the more efficient solution is to prevent contamina-
tion in the first place.

CONTAMINATION?

Several basic questions must be answered to
identify means to reduce the potentia for agrichemi-
cal contamination of groundwater:

. WHY do we use agricultural chemicals?

. WHERE is groundwater contaminated, where
might it occur in the future, and why?
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« WHAT crops, cropping systems, and technolo-
gies are associated with contamination?

« WHO is making the decisions that lead to
contamination and why?

« HOW might incentives and influences be
changed to-favor technologies and management
systems that protect groundwater quality?

Discussion of these subjects form the remainder of
this assessment.

10.
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Chapter 3

Contamination of the
Hydrogeological System:
A Primer

CHAPTER HIGHLIGHTS

. Movement of chemicalsisdirectly linked to water movement, over and through the soil.

. Natural factors affecting potential for agrichemical contamination of groundwater are
complex, interactive, and not enough is known about them to specify solutions for most
locations.

. Diffuse sites and diverse modes of entry, and multiple agrichemical transport
mechanisms render agrichemica contamination of groundwater true nonpoint source
pollution.

. Natural factors associated with suspected groundwater vulnerability are widespread and
support national concern. Federal and State data collection and information management
activities to identify and understand these natural factors are underway, but national-level
efforts to synthesize thisinformation to assist decisionmaking are still evolving.

.Long periods of time elapse between changes in surface activities and impacts on
groundwater contamination, and contamination is extremely costly to reverse, such that
prevention is preferable to redemption.

. Reduction of agrichemical contamination of groundwater requires that the entire

agroecosystem be managed to minimize waste and leaching*
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Chapter 3

Contamination of the Hydrogeological System: A Primer

INTRODUCTION

Groundwater has represented a vast and seem-
ingly inexhaustible resource for years, and has
become an indispensable source of freshwater. Even
until the 1970s, the soil was believed to be & ‘living
filter' preventing groundwater contamination from
chemicals applied to the land (74). Today, however,
agrowing body of information tells us that agrichem-
icals (pesticides and nitrate) have moved through the
soil cover to contaminate groundwater. Contamin-
ated well-water in many U.S. agricultural areas is
evidence that groundwater is ultimately affected by
man’s aboveground activities. Clearly, environ-
mental contamination from agrichemicals requires a
three-dimensional view of agriculture and its im-
pacts rather than the two-dimensional view held by
many in the past,

Three categories of factors largely determine the
potential for agrichemical leaching to groundwater:

1. natura characteristics of the site of agrichemi-
cal use that affect leaching of water and thus
transport of agrichemicals,

2. nature and extent of human modification to
those natural characteristics that may affect
leaching patterns, and

3. characteristics of the agrichemicals used that
determine their environmental fate.

To understand how the problem originated and how
it might be solved requires a basic understanding of
how water moves through the atmosphere, over the
land surface, and below the ground-the hydrologic
cycle.

Groundwater and the Hydrologic Cycle

The hydrologic cycle begins with the evaporation
of water from oceans and other open bodies of water,
vegetation, and land surfaces (figure 3-1). The
moisture from evaporation forms clouds, and falls
back onto the Earth’s surface as rain or snow. When
it rains, some of the rainfall is taken up by
vegetation, some returns to the atmosphere by
evaporation and through transpiration by plants, and

some water runs off the land to lakes and rivers and
on to the sea

Part of the rainfall falling directly on the land or
collected in surface water bodies seeps downward
through the Earth’s surface. Water moves through
the interconnected spaces among individua parti-
cles of soils and geologic materials, along cracks and
fissures in these materials, or through openings
where worms have burrowed or roots have decayed.
These spaces may become temporarily saturated
with water after a heavy rain, but near the surface, in
the ‘‘vadose zone,”* open spaces normally contain
air as well as water. With increased depth, water fills
all available pore space in the Earth’s sediments and
rock formations. This fully saturated zone is where
groundwater is stored; the upper surface of this
saturated zone defines the water table (figure 3-2).

Although groundwater is ubiquitous, only certain
geologic formations (aquifers) have an extractable
quantity of water sufficient for human use. Aquifers
may reach hundreds of feet in thickness and may
extend laterally for hundreds of miles. The Ogallala
aquifer, for example, underlies parts of eight Great
Plains States (6,18) and is vital to agriculture over a
large region. Other groundwater aquifers are thin
and of small areal extent and, thus, only a few wells
can draw from them. The smallest aquifers—
perched water tables—sit on small impermeable
layers of geologic material above the region’s
general water table (figure 3-3).

Water moves continuously below the Earth's
surface, much as surface water flows from higher
regions towards the sea. Many aquifers contribute to
surface water bodies, such as springs, wetlands,
rivers, and lakes, and others flow directly into the
ocean. Some deep aquifers, however, contain ‘fossil
water’ sequestered under the soil thousands of years

agpo.

Contamination of the Hydrogeologic System

Water reaches the groundwater table through two
primary natural pathways in the course of the

1Contamination here refers {- the measurable presence Of an agrichemical or its breakdown products, and does not necessarily imply the existence

or absence of a threat to human health or the environment.

2This zone also may be referred to as the unsaturated zone or the zone of aeration.
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Figure 3-1—Hydrologic Cycle
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hydrologic cycle: direct leaching through soils and
rock formations, and via recharge from surface
waters. Although the waters leaching through farm-
lands to groundwater may pickup agrichemical and
natural contaminants as they move through the
system, contaminants also may derive from atmos-
pheric deposition or contaminated surface waters.

Atmospheric Deposition

Agrichemicals can be transported and dispersed in
the atmosphere, eventually returning to lands and
surface waters. With spraying from airplanes, in
particular, pesticides aimed at a specific field are
likely to drift beyond its boundaries and settle on
distant land areas, lakes, and streams.

Contamin ation of rainfall has been documented
for certain organochlorinated pesticides. Studies
show that the pesticide toxaphene (now banned by
the Environmental Protection Agency (EPA)) was
carried long distances from its use site and deposited
through rainfall in concentrations high enough to
damage fisheries (1 1). Similarly, in apilot study of

atmospheric dispersal of pesticides in the Northeast-
ern United States, rainwater samples were analyzed
for 19 commonly used pesticides and 11 were found
in detectable levels (62).

The detected compounds showed strong seasonal
variation consistent with application times and
chemical stability and, thus, are thought to have
originated mostly from local sources (62). However,
wind also can transport agrichemical particles and
vapors hundreds or thousands of miles before they
fall back to Earth. In 1980, an insecticide used to
control boll weevilsin cotton fieldsin the Southern
United States was discovered in fish in the waters of
Lake Superior. The global scope of atmospheric
transport became apparent when insecticides used in
Asia and southern Europe appeared in Arctic and
Antarctic waters.

Recharge by Contaminated Surface Waters

Readily soluble agrichemicals maybe carried off
fields with runoff. Some agrichemicals have a
tendency to attach themselves to certain soil parti-
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Figure 3-2—Zones of Subsurface Water
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Figure 3-3-Perched Water Tables in Relation to the Main Water Table
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Figure 3-4-Surface Water and Groundwater Relationships

Rainwater enters
ground by infiltration

- - — N

Water leaches downward F
in zone of aeration

Ground water percolates
via curved paths and
emerges in nearest stream|:

Water table

A. Generalized movement of groundwater in uniformly permeable
rock in a humid region, or during high precipitation conditions

in an arid/semiarid region

Stream

Recharge

B. Generalized movement of groundwater in uniformly permeable
rock in arid/semiarid regions-or during long-lasting drought in humid regions

SOURCE: B.J. Skinner and S.C. Porter, The Dynamic Earth (New York, NY: John Wiley& Sons, 1989).

cles; the impact of raindrops can erode soils and
associated agrichemicals from the field. In such
cases, agrichemicals may end up in surface water
bodies. From there, agrichemicals or their break-
down products may leach into groundwater.

Groundwater and surface waters are closely
linked, with the flow of one to the other depending
on the relative altitudes of the surface water and the
groundwater table (figures 3-4a and b). For example,
in humid regions, the flow of groundwater generaly
is toward surface water bodies because the ground-
water table in the surrounding land is higher than the
surface water body. In arid/semiarid regions, how-
ever, the flow direction is reversed because the
atitude of streams tends to be higher than the
groundwater table (75,18,66). Under conditions of
abnormally high rainfall in arid/semiarid regions or
abnormally low rainfall in humid regions, the
predominant direction of water flow may change

accordingly. Thus, in any region of the country,
potential exists for climatic factors to promote
recharge of groundwater by surface waters. In
addition, pumping of high-capacity municipal wells
can draw surface water into the aquifer.

The absence of oxygen below the water table
precludes most reactions that degrade contaminants
in the vadose zone (40). Contaminants that reach and
move with groundwater are therefore likely to
remain chemically intact for long periods.

Once contaminants reach groundwater they may
spread laterally to a greater extent than they may
have in the vadose zone. In certain instances, a large
aquifer may be encountered through which contami-
nants can disperse regionaly (e.g., Ogallaa aquifer)
(25). While it might be years before contaminants
reach the deeper parts of a very thick aquifer, deep
groundwater may act as a long-term reservoir for
contaminants. Thus, contaminants in groundwater
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Photo credit: U.S. Fish and Wildlife Service-L. Childers

Groundwater and surface water, such as the wetlands shown here, are intimately connected. Contamination of groundwater can
therefore result in contamination of surface-water bodies, and vice versa

may be discharged to a stream decades, or centuries,
after percolating rainwater introduced pollutantsin
the first place (86).

Natural Factors Affecting Leaching of
Agrichemicals to Groundwater

The potential for agrichemicals to leach directly
through soils and rock to groundwater depends on
numerous factors. Natural site characteristics can
enhance or reduce the potential for a given agrichem-
ical to leach and to contaminate groundwater. Local
topography and landforms can favor surface runoff
over downward soil seepage or vice versa. Vegeta
tion and climatic parameters (temperature, precipita-
tion, air movement, and solar radiation levels) affect
the environmental fate of contaminants as well (14).
Roots and sunlight can interact directly with the
contaminant (e.g., photochemical degradation of
chemicals exposed to sunlight, root uptake of
nutrients and pesticides); vegetation and climate
also have impacts on soil properties. Other variables

such as the depth to the water table, characteristics
of the unsaturated zone, and the presence and
distribution of low-permeability layers aso can
affect contaminated water flow. Pesticide degrada-
tion may occur via one or a combination of several
biological and chemica pathways, and the operative
pathways may vary from site to site (58).

Certain soils may have direct physical or chemical
interactions with agrichemicals. Some chemical
reactions, relating to the presence or absence of
oxygen or to the hydrolysis of a chemical, may serve
to detoxify contaminants in the soil. Sometimes,
though, the pesticide breakdown products may be
more toxic than the parent compound (14).

Topography and the Soil Surface

Topography of the land and the roughness of the
soil surface can affect the movement and fate of
agrichemicals applied to agricultural lands. Sloping
agricultural lands tend to be more prone to water
erosion than are flat lands. On flatter agricultural
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lands, water erosion is less of a problem and the
likelihood for infiltration of the agrichemical-
bearing water into the soil and into groundwater may
be enhanced. On flat land, wind is likely to be the

agent that erodes soil and carries agrichemicals from
agricultural lands. Strong winds can remove fine soil

particles and lightweight organic matter from dry
soils. These airborne materials may end up in distant
water bodies; any attached agrichernicals may ulti-

mately move into the groundwater. Rougher soil

surfaces, such as those produced by leaving crop

stubble on the field, tend to reduce runoff and thus
hold agrichemicals and soil particles on site, afford-

ing time for agrichemical degradation.

Some pesticides will break down when exposed to
direct sunlight, a process called photochemical
degradation. The longer pesticides are exposed to
sunlight, the more likely it is that photosensitive
chemicals will break down. Topography obviously
affects length of exposure to sunlight (e.g., north-v.
south-facing slopes); it also affects soil temperature
and microbiota, which in turn affect pesticide
degradation.

Vegetation

The presence and type of vegetation-forests,
grasslands, or agricultural crops—strongly affect the
movement of water and water-borne solutes within
the vadose zone. Crops such as afafa with roots up
to 20 feet deep and high water demand, and
sunflowers and safflowers with roots penetrating to
at least 6 feet, have impacts far different from those
of shallow-rooted crops with lower water demand.
Agrichemicals are less likely to pass beyond deep-
rooted crops to contaminate groundwater than to
travel beyond the much shallower root zone of crops
like corn (17,64). Once agrichemicals pass the root
zone there is little to stop them from moving
downward to the groundwater.

The closer the spacing between individual plants
the less potential there is for soil erosion and the
inadvertent movement of agrichemicals to off-site
locations and potential groundwater contamination.
Close-grown crops such as grasses or small grains,
are more likely to intercept raindrops and shield the
soil from wind than widely spaced crops such as
corn, soybeans, or cotton. Moreover, the denser the
root system the less likely it is that soluble nutrients
will pass the root zone and move into groundwater.
This is particularly true when the nutrients are
applied at that time during the growth period when

Photo credit: U.S. Department of Agriculture,
Agricultural Research Service

USDA researchers take groundwater samples from a
test site next to a cornfield in Beltsville, Maryland.
Groundwater will be tested for pesticides in a study on the
effects of different tillage methods on pesticide movement.

the plants have the most demand for them. Those
areas having the longest growing seasons provide for
the maximum nutrient uptake.

When annual crop plants die, nutrient and water
uptake by the plants ceases, thus providing a period
when water, agrichemicals remaining in the soil, and
nutrients from decomposition of crop residue can
move downward. Some nutrients may be seques-
tered by soil organic matter; others are subject to
leaching and may contaminate groundwater. Conse-
guently, the removal or harvest of annual crops and
its timing plays an important role in the fate of
agrichemicals (64).

Water Table

The movement of water into and through the soil
is very complex, and there are seasonal and regional
variations in the amount of water that enters the soil
and eventually recharges groundwater (25,57). The
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amount of recharge, depth to the water table, and
fluctuations in depth to water table vary with
climate, soils, topography, and geology.

The water table tends to be shallower and more
readily recharged in the Eastern United States where
precipitation normally exceeds evaporation, than in
the arid/semi-arid regions of the Western United
States, where the reverse is true. Streams supplied by
water sources originating in distant mountains are
for the most part the only significant source of
groundwater recharge in some arid regions of the
Western United States (75). With little rainfall over
long periods of time, the groundwater table in
arid/semiarid regions may be as much as 1,500 feet
below the land’ s surface (6).

In humid regions, the likelihood of contaminating
groundwater with agrichemicals is higher than in dry
regions where water is scarce, because of the shorter
distance between the land surface and the ground-
water table. Longer transit time in dry regions than
in humid areas may afford greater opportunity for
the natural breakdown of pesticides. However, for
those pesticides requiring moisture for degradation,
this condition may lead to a persistence in the soil.

The water table fluctuates seasonally, typically
rising during the winter and early spring rains, and
falling during drier months. Under drought condi-
tions, the water table will continue to fall. Streams
and ponds that once served as outlets for ground-
water may begin to dry up as their waters follow the
falling water table. In normal times, the water table
may rise to the plant root zone during the “spring
flush’ ’-when snows melt and rains are more
frequent or intense-minimizing potentially mediat-
ing soil effects, Spring also tends to be the period of
heaviest plant nutrient application.

Soil Characteristics

Soil characteristics are determined by the inter-
action of soil-forming factors such as the soil’s
geologic parent material, the climate under which
the soil formed, its topographic position, the nature
of the vegetative cover, the kinds and abundance of
soil organisms, and the amount of time the soil has
been forming. The resulting soil properties in turn
have a direct influence on how rapidly or slowly
agrichemicals move through the soil into ground-
water. Therefore, in a country as large as the United
States where significant variation exists in soail,
geology, climate, and topography, it is natura to

expect large variations in soil properties vertically
and horizontally in different areas. It would be
necessary to have site-specific data on the soil type
to indicate soil structure, mineralogy, chemistry, and
texture before making detailed predictions on the
potential for contaminating groundwater with agri-
chemicals.

Soils exist in a water-saturated or unsaturated
state. Plants growing in ponds and marshes have
their roots in water-saturated soils. Most agricultural
crops, however, grow on unsaturated soils compris-
ing the top few feet of the vadose zone. The soil
factors that affect leaching and degradation proc-
esses through unsaturated soils include organic
carbon, clay and moisture content, pH, temperature,
texture and structure, nutrient status, and microbial
activity (14).

Physical and Chemical Soil Characteristics—
The texture of soil relates to the size and shape of its
constituents, and extent of particle aggregation (56),
al of which affect the volume of air or water a soil
can hold or transmit. Soil texture exerts substantial
control over the movement of water and associated
agrichemicals.

Soils have many open spaces between constituent
particles that can hold and transmit water. This open
space in a soil is called porosity. However, if the
open spaces or pores are not interconnected, water
cannot flow through the soil rapidly. Such soils are
said to lack permeability even though they are
porous. Clean sand (sands containing little silt or
clay or other fine-grained materials) and gravel soils
are porous and permeable but as the content of fine
silt and clay particles increases, the pores become
plugged and the rate at which water moves through
such soils decreases. Therefore, it is important to
know how porous a soil is, how large the pores are,
and to what degree the pores are interconnected
before predicting the fate of agrichemicals applied to
that soil.

Some of the best agricultural soils are called
loams, i.e., those containing about 5 to 25 percent
clay with approximately equal parts of silt and sand
constituting the remainder. Such soils commonly
remain well-aerated throughout the year and drain
effectively. Loam soils are better than either coarse-
grained soils or fine-grained, poorly drained soils in
faltering out and arresting downward percolating
contaminants (45).
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Pore size is an important characteristic to consider
when evaluating the likely movement of contamin-
ated water. A thin film of water is held tightly on
the mineral particles making up soil by forces of
molecular attraction. This film of water (adsorbed
water) does not behave like the water in the center of
large pores. The adsorbed water will not flow out of
a soil’s pores as will the water in the center of alarge
pore (absorbed water). Consequently, a soil com-
posed of fine-grained materials may have a high
porosity and the pores may be interconnected, but
because the pores are so small most of the water is
adsorbed and little will be able to flow through the
soil (66). Such soils give farmers problems bemuse
they are slow to dry out, waterlog easily, are difficult
to cultivate, and do not crumble but form clods (53).
The oxygen content of the soil can be reduced in
such situations to the point where plants are ad-
versely affected.

Soil particles tend to be spherical in the large grain
sizes (e.g., sand) but more plate-like in the freer
fractions (e.g., clay). Fine clay particles can be
arranged in two general forms, one like a deck of
cards and the other like a house-of-cards. The
adsorbed water is continuous between parallel clay
particles and, therefore, essentially is immobile.
Little pore space exists in the “deck-of-cards’
arrangement. The house-of-cards clay arrangement
has a high porosity and may have interconnected
pores, but because the clay sheets are so small, the
layer of adsorbed water on each sheet overlaps with
that of adjacent sheets, also restricting water flow.
Clay-rich soils and rocks thus transmit water poorly
and, therefore, retard agrichemical movement into
groundwater.

Clay minerals have other important properties for
retarding the movement of certain agrichemicals,
heavy metals (toxic constituents of sewage sludge
containing industrial wastes), and bacteria into
groundwater. Many U.S. soils contain several com-
mon types of clay minerals that can trap fertilizer
nutrients on their outer surfaces as well as between
mineral layers. The clays can incorporate nutrients
important to plants such as potassium, calcium, or
magnesium, hold them in an exchangeable form, and
release them later to plant roots or the soil solution.
The movement of nutrients to and from clay surfaces
iscalled ‘‘ion exchange. ’

Some pesticides and heavy metals also can be
trapped by appropriate kinds of clay minerals. In

addition, some bacteria that might originate in
sewage sludge, manure, or even dead farm animals
can be filtered out of soil water or groundwater and
trapped by clays and even fine-grained sands (66).
Viruses, being much smaller than bacteria, are not
easily faltered out but their properties are such that
they are likely to adhere to clay mineral surfaces.

Another important component of soils is the
humus that gives the uppermost part of soils their
dark color (figure 3-5). Humus is a breakdown
product of plant and animal organic matter and, like
clays, has the ahility to filter out and capture bacteria
and many chemical contaminants. Organic matter
can hold water, heavy metals, and some organic
chemicals and it promotes the retention of soluble
plant nutrients that otherwise would tend to leach
downward with percolating waters. Pesticide ad-
sorption in soils in many studies has been found to
correlate with the soil organic-matter content (14).

Sail organic matter plays akey role in successful
agriculture, imparting benefits to soils that, for the
most part, cannot be obtained by merely adding
chemicals. Soil organic matter promotes soil particle
aggregation, which in turn improves soil tilth and
soil percolation (74). Thus, soil organic matter
relates directly to the capacity of the soil to hold air
and moisture, and promote more extensive, deeper
crop root systems. The latter is important in the
overall water use efficiency of the crop.

Further, organic matter ultimately is biologically
degraded to release the ‘* macronutrients’ (nitrogen,
potassium, and phosphorus) most essential to plant
growth. The main natural source of nitrogen for
plant growth is soil organic matter, however, most of
the nitrogen is unavailable to plants until it is
converted to ammonia and nitrate by microorga-
nisms. Soil organic matter also helps control potas-
sium supply for plant growth. As soil reservoirs of
available potassium are depleted, they are replen-
ished by potassium released from organic residues,
fertilizer, living organisms, and soil minerals (47).

The mineral part of soils ordinarily contains about
400 to 6,000 Ib. per acre foot of nitrogen in the plow
layer. Somewhat lesser amounts are found in sub-
soils (3). Nitrate levels in range and wheat fallow
soils of central and south central Nebraska were
estimated up to 150 pounds per acre foot at depths of
30 to 40 feet. These high natural volumes of nitrate
exceed the amount applied as fertilizer in the State,
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Figure 3-5—Horizons of a Typical Soil Profile
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SOURCE: B.J. Skinner and S.C. Porter, T~2 Dynamic Earth (New York,
NY: John Wiley & Sons, 1989).

and constitute aconsiderable threat to groundwater
should they leach (13).

Soil inorganic matter may contain from 15 to 80
percent of the total soil phosphorus, an important
plant nutrient (3). Mycorrhizal fungi are active in
collecting phosphorus for plant use. As the phospho-
rusis slowly released during weathering of certain
soil minerals, it is moved to plant roots by the fungi
(76).

Characterizing the amounts and types of clay
minerals, organic matter, and other soil components
is complex, yet such information is fundamental to
assessing the fate of commercial fertilizers, pesti-
cides, and the heavy metals in sewage sludge that
might be applied to agricultural land. Increased
regional and soil series data are needed.

Biological Characteristics

Biological agents also affect the movement of
water and water-borne substances within the vadose
zone. Organic compounds break down most readily
within the uppermost ‘‘bioactive” soil layers, al-
though microbial populations are present and can be
significant in deeper unsaturated zones (58). The
soils most reactive with agrichemicals possess

substantial water-holding and ion-exchange capaci-
ties, an open physica structure, and thriving popula
tions of beneficial bacteria, fungi, and invertebrates
(figure 3-6).

However, burrowing animals and decaying plant
roots may create vertical ‘‘macropores’ that permit
the rapid passage of water (41,55). Rapid, channeled
flow, as opposed to dispersed, slow seepage leaves
less room for soil reactions to cleanse water physi-
cally or chemically, and increases the potential for
the movement of soil nutrients and other contamin-
ants into groundwater.

Microorganisms-Most soil microorganisms are
microscopic or barely visible to the naked eye. Soil
microorganisms (bacteria, fungi, actinomycetes, and
protozoa) serve a critica function in that they
metabolize extant organic matter to release the
nutrients essential for plant growth. Microbial de-
composition of organic matter also releases ele-
ments not used directly as plant nutrients. Some of
these elements may be converted to gaseous form
(e.g., carbon dioxide and nitrous oxides). By such
conversions, microorganisms in part regulate the
chemistry of the Earth’s surface and atmosphere.

Microorganisms comprise the sole or chief natura
means for converting organic forms of nitrogen,
sulfur, phosphorus, and other elements to plant-
available forms. In the final stages of biochemical
decomposition of organic matter, nutrients are
recycled, humus forms, and soil particle aggregation
is fostered (21). Any actions or agrichemicals
deleterious to these microbial processes ultimately
would have adverse consequences on crops.

Potential groundwater pollutants can be degraded
(converted to a non-toxic form) or created by
biological agents. Certain “nitrifying” soil mi-
crobes convert organic compounds of nitrogen into
nitrate useful to plants and potentially available for
leaching to groundwater. In the absence of high
levels of commercial nitrogen fertilizers, the rate at
which microorganisms convert nitrogen to products
useful to plants largely determines the rate of plant
growth. Leaching of microbially produced nitrate-
not of fertilizer nitrate-is thought by some British
scientists to be the primary source of nitrate detected
in some of their water supplies (1).

Further, soil microorganisms are responsible for
decomposing a wide array of synthetic organic
chemicals in agricultural soils and water, including
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Figure 3-6—Microfauna and Macrofauna Open Conduits and Create Pore Spaces in Soils

SOURCE: P.H. Raven, R.F.Evert, and S.E. Eichhorn, Biology of Plants (New York, NY: Worth Publishers, Inc., 1986).
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pesticides, industrial wastes, and precipitated air
pollutants, converting them to inorganic products.
The breakdown process may lead to detoxification
of toxic chemicals, the formation of short- or
long-lived toxicants, or the synthesis of nontoxic
products. Scientists have investigated only afew of
the multitude of chemicals to determine what
breakdown products are formed when microorga-
nisms encounter chemicals in natural systems (2).

Soil Invertebrates and Vertebrates-Most soils
are inhabited by a diversity of life forms. The soil
biota includes, in addition to numerous microbes, a
wide variety of invertebrate animals and a few
vertebrates. Some of these larger soil invertebrates
such as earthworms, ants, other soil insects, and land
snails and slugs are important to agrichemical
leaching or degradation processes. Small mammals
are the dominant vertebrate animals found below
ground, but some amphibians, reptiles, and even a
few birds live at least a part of their lives within soils.

Soil “macro-organisms’ often modify and en-
hance the soil by their activities, carrying out the
early stages of the physical and chemical decompo-
sition of all types of organic debris in or on the soil.
They are vital to the formation and maintenance of
the natural soil system and perform functions
essential for plant growth. Annually, earthwormsin
one hectare of land can produce as much as 500
metric tons of castings, the soil material passing
through their gut. The castings are enriched in
nutrients compared to the adjacent soil: 5 times as
much nitrogen, 7 times as much phosphorus, 11
times as much potassium, 3 times as much magne-
sium, and 2 times as much calcium (61). Before the
widespread availability of commercia fertilizers,
nutrients recycled by the biota were recognized as a
major component of soil fertility and so soil biology
ranked high among the agricultural sciences. In
recent decades, however, there has been much less
emphasis on soil biology as increased soil fertility
has been achieved through use of commercial
fertilizers.

Despite the lack of quantitative data on the impact
of farming practices on invertebrates in most U.S.
soils, some qualitative information does exist. The
situation is not the same for soil vertebrates, which
include such animals as moles, gophers, mice, other
burrowing mammals, and some reptiles and amphibi-
ans. Even though some people worry that agrichem-
icals may harm beneficial soil invertebrates, the

activities of soil vertebrates are commonly and
narrowly viewed as negative: for example, making
burrows in which farm machinery can become
entrapped, consuming valuable grain or forage, or
providing pathways for agrichemicals to reach the
groundwater table. Some studies of soil vertebrates
suggest that they may also have beneficial impacts,
such as breaking up hardpan afoot or more below the
surface, thus improving drainage and increasing
rooting depth. Unfortunately, such ecological stud-
ies typically are conducted on virgin land and are
difficult to relate to agricultural lands (63).

No economically feasible substitutes exist for the
significant functions of organic matter and soil biota,
so their maintenance in croplands and rangelandsis
critical. Soil invertebrates and microorganisms as-
sist in breaking down plant remains, producing new
organic compounds that promote good soil structure,
and convert soil nutrients to forms usable by plants.
Microbes also break down pesticides and other toxic
chemicals. Without the soil biota, the organic matter
from plant residues and manure would be of little
use. Consequently, care is needed to assure that
agrichemicals moving through the soil and ground-
water do not adversely affect the soil biota.

Characteristics of Underlying
Geological Materials

In situations where soils lie directly over bedrock
it is generally easier to predict the likelihood for
agrichemical leaching to underlying aguifers than in
instances where unconsolidated sediments separate
the soil from the bedrock. In this latter situation, the
characteristics of the intervening materials play an
important role in determiningg the fate of agrichemi-
cals.

Bedrock Characteristics

Accumulations of unconsolidated materials and
various kinds of bedrock may lie beneath the soil
surface. Whatever its name and origin, it is largely
the chemical and physical nature of bedrock that
governs water flow and pollutant dispersal. Even
though the permeability of some types of bedrock is
very low (table 3-1; figure 3-7), most types of
bedrock are criss-crossed with hairline cracks and
fractures, and larger cracks or “joints’ provide
pathways through which water can flow. Some rocks
like sandstones and conglomerates may be highly
permeabl e even where joints are scarce.
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Table 3-I—Estimated Permeability of Typical Geologic Materials in Illinois

Geologic material Flow rate Comments

Cleansandandgravel ...............coiiiiiinnn.. 100 ft/yr May be highly permeable
Finesandandsiltysand ............................. 1 ft/yr -100 ft/yr -

Silt (loess, colluvium, etc.) . ......... .. o 10 ft/yr -1 ft/10 yr .

Gravelly till, less than 10%clay . . . ................... 1 ft/yr -1 ft/100 yr Often contains gravel/sand lenses or zones

Till, lessthan 25% cClay .. ...
Clayey tills, greater than 25%day . . .................
SaNdStONE . . ..o
Cemented fine sandstone . .. ........... ... .. ... ...,
Fractured rock . .. ...

10 ftlyr

10 ftlyr

10 ft/yr -1 ft/200 yr

1ft/100 yr -1 ft/1,000,000 yr
1ft/1000 yr

1 ft/10 yr -1 ft/1,000 yr
1 ft/100 yr -1 ft/10,000 yr

Often contains gravel/sand lenses or zones

Frequently fractured

May be extremely permeable
Often fractured
-1ft/1,000,000 yr —

SOURCE: Adapted from R.C. Berg, J.P.Kempton, and K. CartWright, “Potential for Contamination of Shallow Aquifers in Illinois,” Illinois State Geological

Survey, 1984,

Figure 3-7-General Direction and Rate of
Groundwater Movement
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(Reston, VA: U.S. Geological Survey, 1988),

Generdly, fractures and joints in bedrock become
less common with increasing depth and groundwater
movement and storage volume decreases. At least
one-half of al groundwater, including most of the
usable groundwater, occurs within the upper 2,500
feet of the land’ s surface (66).

Bedrock commonly shows evidence of distortion
and folding and faulting. The variation of bedrock
types and properties, and the different geologic
structures present beneath the land's surface, all
affect the flow of water and, hence, complicate
predictions of contaminant movement in surface and
groundwater. Groundwater follows an erratic path
rather than a straight, vertical line and contaminants
may be carried considerable horizontal distances
away from the original site of surface application.
Where water encounters solution cavities and chan-
nelsin an area of carbonate bedrock, it may move
rapidly downward as if through an open well.
Without detailed subsurface geological data, it is
nearly impossible to predict precisely where ground-

water and its pollutants are likely to move or
accumul ate in the subsurface.

Solution Cavities in Carbonate Rocks

Limestone, dolomite, and marble are common
rocks that can dissolve slowly as water comes in
contact with them. Over centuries, rainwater and
groundwater can dissolve a considerable volume of
these rocks leaving behind a variety of solution
features (cf: 66). Regions where limestone is com-
mon at, or very near, the land surface and where
solution of this rock is at an advanced stage, are
characterized by sinkholes, caves, and streams that
seem to disappear into the ground. These features
typfiy what geologists call karst topography.

If agrichemicals are used in karst regions there is
high probability that groundwater will be contami-
nated. Once such chemicals move into the ground-
water in such a setting, they can move rapidly over
large distances diluting to lower concentrations or
causing contamination in unexpected places. Wells
in karst regions, therefore, are highly susceptible to
contamination from agricultural activities.

In certain cases, limestone karst topography is
buried far below the land surface. Overlying sedi-
ments may have low permeabilities and conse-
guently downward moving agrichemicals may not
reach the water-filled limestone cavities. In such
cases, well-water pumped from the limestone aqui-
fer may be uncontaminated, However, in cases
where the limestone beds are tilted and crop out at
the land surface, the entire aquifer may become
contaminated as agrichemical-laden groundwater
flows laterally from its shallow to its deepest parts.
Wells miles from the source of contamination can be
adversely affected. Thus, groundwater contamina-
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tion that begins as a local problem can, under certain
conditions, become regional in nature.

Unconsolidated Materials

Unconsolidated materials commonly underlie soils
in many parts of the United States. For example,
extensive unconsolidated glacial deposits separate
the soil from bedrock across much of the farmlands
of the northern part of the United States from
Montanato Maine. These and other unconsolidated
materials affect how slowly or quickly contaminated
water will reach groundwater in confined and
unconfined aquifers. Geologists can assist with
assessing the subsurface character of these sedi-
ments where concerns exist about agrichemical
contamination of subsurface waters.

Unconsolidated sediments deposited along
streams and rivers (alluvium) can cover bedrock and
can vary greatly in thickness. Similarly, sediments
that move downhill and accumulate at the foot of
slopes (colluvium) also can cover bedrock to varying
depths. Other unconsolidated material form in place
from weathering of underlying bedrock. These types
of sediments can vary in composition vertically and
laterally over short distances, thus directly affecting
the downward flow of water.

The porosity and permeability of the unconsoli-
dated materials relate to the sediment’s source
material, the degree of weathering, whether or not
the unconsolidated material has been transported,
and the mode of transportation. Where unconsoli-
dated materials are thick, porous and permeable,
they commonly are filled with water in their lower
parts if rainfall is sufficient, and they are used as
unconfined aquifers by farmers and others. Of
course, where they have a high degree of porosity
and permeability and underlie agricultural sites, they
are likely to be contaminated easily where agrichem-
icals are applied to the land surface.

Glacial Geology and US. Midwest Agriculture

Glaciers moving south from what today is Canada
once covered large parts of the United States from
Montana to Maine and as far south as southern
Illinois (figure 3-8). The last glaciers melted or
retreated about 10,000 years ago leaving behind a
variety of sediments of varying thicknesses, filling
in old river valleys and giving the land a much
smoother topography than before. Today, rivers
have cut through these glacial sediments in some

places but much of the flat land of thisregion still has
a glacial sediment cover.

This glaciated region—nearly one-quarter the
area of the lower 48 States--contains 40 percent of
the U.S. population and some of the best agricultural
land in the world, including the “Corn Belt. " This
also is the region of the United States where the
application of agrichemicals is highest.

The geology of the glacial deposits is complicated
because the sediments had different origins; the
composition of this sedimentary veneer varies later-
ally and vertically. Some of the sediments were
deposited directly by moving ice and are clay rich
and relatively impermeable (glacial tills). These till
deposits are likely to contain intermixed sand,
cobbles, and boulders. Trapped beneath tills in some
localities are the compressed remains of forests and
other vegetation that may assist in agrichemical
breakdown. Some sediments were derived from
glacial melt-water and consist of permeable, clean
sands and gravels. Still other deposits are composed
of the fine silts from stream valleys blown across the
land during dry periods (loess).

Each of these sediment types transmits water at a
different rate. Wind-blown loess deposits, for exam-
ple, drain more slowly than gravels and sands but
much more rapidly than clay-rich tills. Conse-
guently, knowledge of the origin, distribution, and
composition of these glacial sediments vertically
and horizontally is key to understanding where
agrichemical-bearing water from agricultural opera-
tions may have potential to reach groundwater.

Aquifer Configuration

Below the groundwater table, pores of the rocks
and sediments are filled with water. However, this
does not imply necessarily that the water is available
to a well in sufficient amounts to satisfy human
needs (an aquifer). For example, a completely
saturated fine-grained sediment or rock would yield
water to a well too slowly to be considered an
aquifer. (Many mines exist below the groundwater
table but because the tunnels are in rock having little
permeability, the mines stay quite dry and have few
water problems.) Therefore, downward-moving water
containing agrichemical contaminants could in fact
contaminate groundwater but not necessarily an
aquifer.
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Figure 3-8-Extent of Pleistocene Continental Glaciation in the United States

; *Laurentide Ice Sheet
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SOURCE: Adapted from R.E. Snead, World Atlas of Geomorphic Features (Huntingdon, NY: R.E.Kreiger Publishing Co., Inc., 1980).

Aquifers are classified as being “unconfined’ or
“*confined. * Unconfined aquifers are those in which
the water table is the top of the aquifer. A confined
aquifer (or artesian aquifer) is separated from the
groundwater table above by a layer of relatively
impermeable sediment or rock and is sealed at its
base by another layer of materials having low
permeability. The water in the aquifer is under
pressure and, therefore, rises above the top of the
aquifer in awell. A greater potential for agrichemi-
ca contamination of well-water exists in unconfined
aquifers than in confined aguifers that may have
relatively small recharge areas.

Putting It All Back Together

The hydrogeologic cycle is a complex system of
interactive components and processes, driven by the
Sun and modified by local variations in climate,
topography, vegetation, soils and bedrock, and
human activity. Groundwater problems and solu-

tions, therefore, cannot be addressed without refer-
ence to the atmosphere, surface waters, the soils and
bedrock that overlie and contain groundwater, and
human activity at the Earth’s surface.

Changes affecting any one component of the
hydrological cycle are likely to be felt by other
components, or throughout the system. Over the
long term, changes in regional climates affect how
rocks weather and, hence, influence soil develop-
ment and soil thickness. Sails, in turn, help deter-
mine what kinds of agriculture are possible in a
region, and the extent to which agricultural activities
and different cropping and tillage systems might
affect groundwater.

Because water on and below the ground's surface
is part of the same integrated system, what happens
to groundwater, through human use, ultimately
affects water resources on the land’ s surface and vice
versa. Due to changes in rainfal patterns and
agricultural activities, infiltration rates may vary
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over timein agiven area, leading to fluctuationsin
aquifer levels (groundwater storage), and affecting
the dynamics of surface and groundwater exchange,
and sometimes water quality.

Because of the many different factors that affect
groundwater storage and quality, groundwater man-
agement poses complex challenges. In assessing
known or potential groundwater quality problems,
all components of the hydrologic cycle as well as
man’s ability to modify them should be taken into
account.

HUMAN MODIFICATIONS OF THE
HYDROGEOLOGIC SYSTEM

Agriculture, by definition, continually modifies
the landscape and its vegetative cover throughout
the year and over the years. Application of chemicals
to agricultural fields is but one possible source of
groundwater and surface water contamination prob-
lems related to agriculture. Two additional pathways
exist for agrichemicals to reach groundwater, both
related to changing the nature of the hydrogeol ogical
system itself. The first way is through openings in
the soil or exposed bedrock that circumvent soil
filtration processes (preferred pathways), and the
second way is through land-use practices that
change the groundwater/surface water relationships.

Humans have dug and drilled holes in the ground
for many purposes over time, inadvertently provid-
ing pathways for agrichemicals to reach ground-
water. These include, for instance, water-wells, drill
holes for mineral exploration, seismic shot-holes,
test drilling for foundations, injection wells, tile-
drainage wells, missile silos, and mines. On a much
smaller scale, plant roots and burrowing animals
may create vertical charnels allowing for rapid
infiltration of water.

Similarly, land-use changes also can affect the
flow of surface water and groundwater thereby
moving agrichemicals to unwanted sites. For exam-
ple, changing dry-land agriculture to irrigated (and
perhaps chemigated) agriculture, construction of
ponds for groundwater recharge, construction of
dams and reservoirs, and channeling and diking
streams can cause such changes. The following
section describes a few of these land-use examples
and relates them to possible movement of agrichem-
icals beneath the land surface.

/)

Photo credit: U.S. Department of Agriculture,
Agricultural Research Service

Since climate affects pest outbreaks, weather balloons are

released near the Mexico-U.S. border to study migratory

behavior of can and cotton pests. Better information on

pest populations can help farmers be more selective on
when and where to apply pesticides.

Preferred Pathways

Water will flow along the path of least resistance.
Even though a soil maybe fine-grained and have low
permeability, if it is pierced by small, natural
channels (macropores) or larger manmade conduits
(megamacropores), water contaminated with agrichem-
icals can move rapidly through these toward the
groundwater table rather than slowly through the
soil matrix where most contaminants are trapped or
broken down. Although the amount of agrichemicals
moving downward through such openings may be
small for any single opening, the total that can be
moved during a growing season could significantly
and adversely affect water quality.

The most common natural macropores derive
from earthworm channels, decayed plant roots, or
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cracks from soil drying. Freezing and thawing will
collapse some of these conduits. Nevertheless,
during the warm spring and summer months, agrichem-
ical contaminated water can move easily downward.
Similarly, the burrows of larger vertebrate animals
provide pathways deep into the soil. Such conduits
will not extend below the groundwater table unless
the water table rises.

Megamacropores can be natural, such as sink-
holes where the land's surface has collapsed into
underground caves eroded from carbonate rocks
(“solution cavities’), or manmade conduits like
abandoned wells and drill holes. The latter may be
several inches to several feet in diameter, while
sinkholes may be hundreds of feet across.

Poorly constructed water-wells can lead to ground-
water contamination problems. Water-wells having
continuous steel casing from the land surface down
into the aquifer can eliminate the possibility of
degrading the drinking-water source with contami-
nated water from shallower aquifers. Completion of
such wells so that contaminated surface runoff
cannot enter the well head is essential to keep
agrichemicals from contaminating the well-water. If
active or abandoned wells are only partly cased or if
casings corrode or crack, a potential will exist for
contaminants to reach the well’ s aguifer.

Abandoned Drill Holes and Wells

Drilling holes in the ground for oil, water, minera
exploration, foundation testing, and other uses has
been a common practice in the United States for
many years. The first productive oil well was
completed in Titusville, Pennsylvaniain 1859 (66),
but water-wells predated oil exploration by many
years. Only recently have States developed regula
tions about the proper sealing of abandoned wells
and other such holes. Quantitative data on the
number of wells and drill holes is sparse and the
number of improperly sealed abandoned holes in
each State probably will never be known.

Minnesota is one State where some quantitative
information exists, although estimates are based on
extrapolation of certain field sites. The Minnesota
Department of Health (MDH) estimates that some
700,000 to 1.2 million abandoned water-wells in
Minnesota have a potential to endanger groundwater
quality (88). Today, Minnesota has roughly 500,000
producing water-wells, and some 10,000 new water-
wells are drilled annually. By a conservative esti-

mate, about 10 percent of these are replacement
wells. Therefore, at least 1,000 additional water-
wells are abandoned each year. At the present rate of
sealing (2,500 in 1988 at an average cost of $500
each), the MDH estimates that it will take 480 years
to seal already abandoned wells. If 1,000 additional
water-wells are abandoned each year, sedling the
combined backlog of abandoned wells will take 800
years.

Minnesota is not an oil- or gas-producing State, so
the number of abandoned wells there probably is far
below the total number of wells and exploratory drill
holes and seismic shot-holes scattered over States
such as Texas and Oklahoma. Some abandoned
wells and holes may have collapsed so that they no
longer present avenues through which agrichemicals
might move to contaminate groundwater. Further,
water flowing down the walls of an open hole
through the unsaturated zone are subject to strong
withdrawal into the unsaturated zone. Contami-
nants, therefore, may not reach the water table if the
contaminated supply of water is small (5). Yet other
abandoned holes and wells probably are still open
and may present a serious threat to States' ground-
water resources.

Agricultural Drainage Wells

Agricultural drainage wells are structures de-
signed expressly to provide access to underground
strata for disposal of water drained from saturated
soils or from irrigation systems. Farmland drainage,
the primary agricultural water management and farm
reclamation activity in this country, occurred through-
out the last century, peaking in the 1930s (74).
Nearly 75 percent (77 million acres) of the cropland
on which wetness is a dominant constraint on
production (105 million acres; (77)) have manmade
surface or subsurface drainage systems (79). There
are indications that many of the drainage systems
constructed in the early 1900s, particularly in the
Midwest, are now obsolete and in need of repair; in
their current state, they promote leaching (74).

Drainage outflows can be directed through drain-
age wells and sinkholes into subsurface strata (figure
3-9). If outflow waters are directed into sinkholes for
disposal, the relatively rapid movement of ground-
water through karst may provide relatively rapid
dilution of the soluble chemicals carried, However,
in areas with fractured bedrock or slow-moving
groundwater, chemicals may remain concentrated in
the subsurface.
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Figure 3-9-Schematic Diagram of Agricultural
Drainage Well
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SOURCE: Adapted fromlowa Department of Natural Resources, Envi-

ronmental Protection Commission, lowa Groundwater Pro-

tection Strategy, 1987

Drainage outflows and irrigation tailwaters com-
monly carry agrichemicals and naturally occurring
soluble soil minerals, such as nitrate and selenium
into surface- and groundwaters (see box 3-A).
Unless properly processed or diluted, concentrations
of natural and introduced chemicals can contaminate
groundwater or aquifers posing environmental and
health hazards.

Changing Groundwater/Surface-Water
Relationships

Certain human activities can alter the natural
relationship of surface waters and groundwater and,
hence, how easily and in which directions contami-
nants are likely to move. Some common examples
include darn construction, stream diversion, drain-
age and irrigation, and over-pumping of water-wells.
These can either promote contamination, or dilute
groundwater contaminated from other sources.

Dam Construction and Stream Diversion

Construction of a dam can greatly reduce the
natural rate and volume of groundwater recharge
downstream of the dam. Consequently, the ground-
water table may drop to such an extent that
contaminated surface- water bodies disappear as they
drain into the falling groundwater table. Conversely,
the water reservoir that forms behind the dam can
raise the area’s water table bringing the groundwater
table close to or above the land surface. In such
cases, the near-surface and surface water can pick up

agrichemicals as contaminants. Previously contami-
nated groundwater may also be diluted.

Streams sometimes are diverted from their natural
channels to new charnels to irrigate farmland, to
divert water around developments, or to redirect
water to water-poor areas. The groundwater impacts
along the old charnel are similar to those that occur
downstream of a new dam, and those along the
diversion channel will pardlel those occurring
behind the dam.

Irrigation

Used on some 55 million acres of U.S. crops (75),
irrigation is essential for crop production in arid
areas, will increase crop yield or quality every year
in semiarid areas, and ensures consistent crop yield
and quality in subhumid and humid areas. However,
irrigation has the potential to hasten leaching of
applied and natural chemicals if excessive deep
percolation occurs.

Irrigation systems commonly are established on
agricultural lands with excessive soil drainage
where they provide water for leaching. Irrigation
water may release naturally occurring water contam-
inants including nitrate from certain mineral-bearing
formations, Leaching of naturally occurring nitrate
has been documented in several areas in the Great
Plains and the Southwest (73).

In arid parts of Western States rainfall may not be
sufficient to leach excessive soil salts below the root
zone, requiring periodic ‘‘soil flushing' with large
amounts of water to allow continued agricultural
production. Thiswill also transport chemicals other
than salts into the deeper soil profiles and potentially
to groundwater. In arid areas where the contamin-
ated ‘ ‘outflow’ * waters from soil flushing are
directed into surface waters, they can seep directly
below the water table to recharge groundwater (box
3-A).

Over-pumping Water-wells

When water is pumped from a well the water table
is drawn down in the area adjacent to the well
forming what is called a “cone of depression. ' The
size of the cone of depression and how quickly the
depression disappears after pumping ceases depends
on the rate of water withdrawal from the well and the
permeability of the surrounding rocks or sediments.
If the cone of depression becomes large enough it
can change the slope of the groundwater table. In
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that were blamed on selenium (22,23,49).

adequate treatment and disposal plans for tailwaters.

at Kesterson (22,49).

Box 3-A-Groundwater Contamination From Natural Sources. Kesterson National Wildlife Refuge

Kesterson National Wildlife Refuge was established from ponds built in 1971 for disposal of agricultura
drainage water and also to provide wildlife habitat. Agricultural drainage water became the only source of inflow
to the ponds by 1981, and by 1982 problems were first observed. Large-mouth bass and striped bass and carp
disappeared from the ponds. In 1983, investigations of declining waterbird births showed deformities in embryos

Irrigated agriculture depends on the flushing of salts that accumulate in the rooting zone in order to maintain
productivity; tailgaters thus have high salt content. Normally, the oceans are the ultimate sink for dissolved salts,
however, depending on the drainage system these waters may or may not reach the ocean and drainage into
contained basins may create a highly saline water body (e.g., Salton Sea, Dead Sea, Great Sdt Lake).

Generadly, trace elements (e.g., arsenic, selenium, molybdenum) are not contained in tailwaters, however, the
soils in the San Joaquin contain naturaly elevated levels of selenium and the hydrologic conditions promoted the
movement of soluble selenium into irrigation tailwaters. The damage has been attributed to a combination of factors,
including: 1) the high soluble-selenium content of soils, 2) increased irrigation development and instalation of
subsurface drains, and 3) lack of understanding of the potential adverse impacts from the method of disposal (49).
Irrigated agriculture can clearly create adverse offsite effects over time. Irrigation management then must include

A survey of 20 sites conducted by the Department of the Interior in Western States shows that at least four
(Stillwater Wildlife Management Area, NV; Sdton Sea, CA; Kendrick Reclamation Project, WY; Middle Green
River Basin, UT) show potentia trace-metal levels (boron, arsenic, molybdenum, and selenium) similar to those

Technica options for remediation of the Kesterson refuge have been examined, including:

. transport and disposal of drainage water (ocean disposal, and deep-well injection);

« source control (retirement of land from irrigation, irrigation management, evaporation ponds); and

. water treatment (desalinization, chemica and biological removal of contaminants) (49).

The Bureau of Reclamation, the Fish and Wildlife Service, and the California Department of Fish and Game
have developed a plan to offset the loss of the nearly 1,283 acres of wetlands destroyed. The plan calls for acquisition
and management of 23,000 acres in the San Joaquin Drainage Basin to replenish the wetland acreage. Water needed
to maintain the wetland will come from the Bureau's Central Valley Project (27).

some cases contaminated water from another well
can flow downslope along the cone of depression of
the uncontaminated well, degrading its water supply
(figure 3-10). Each water-well produces its own
cone of depression and where many wells exist, their
intersecting cones of depression create complicated
patterns in the surface of the groundwater table and
affect normal flow patterns. In such cases, a properly
maintained and constructed farm well still may
become contaminated with agrichemicals even if
none percolate downward directly from farm opera-
tions.

AGRICHEMICAL
CHARACTERISTICS RELATED
TO LEACHING
Characteristics of agrichemicals may be as impor-

tant as site hydrogeological characteristics in pre-
dicting groundwater contamination potential. Agrichem-

icas vary in chemical structure, behavior and
stability and, hence, in the extent to which they
volatize into the air, are taken up by plants, disperse
through the soil, degrade through chemical, bio-
chemical, or photochemica action, or remain availa
ble for leaching through the soil (28).

Determining the probable fate of an agrichemical
(it's “partitioning” among a variety of sequestration
and degradation processes) is a complex process, but
determination of certain key chemical characteris-
tics helps scientists make such analyses (see table
3-2). In general, however, agrichemicals that are
mobile and persistent, if used in hydrogeologically
sensitive areas in sufficient quantities, have the
highest probability of leaching to groundwater (16).
Nitrate and certain pesticides have these characteris-
tics (table 3-3).

Some studies suggest that nitrate might be used as
a ‘‘mwker’ for potential vulnerability to pesticide
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Figure 3-10-Cones of Depression Resulting From Water Withdrawal May Result in Contamination of Water
Supplies Near Non-contaminated, Well-constructed Wells
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SOURCE: Office of Technology Assessment, 1990.

contamination, although no study has shown a clear
one-to-one link between the presence of nitrate
contamination and pesticide contamination. In areas
of Nebraska, at least, occurrence of high nitrate
concentrations has been shown to be correlated with
triazine-herbicide concentrations (71 ,84). Likewise,
LeMasters and Doyle (38) found a significant
association between wells in Wisconsin containing
greater than 10 ppm nitrate and detectable levels of

Groundwater table

pesticides. However, the same researchers did not
find a quantitative relationship between pesticide
concentrations and nitrate concentrations. Similarly,
the correlation was very weak in one two-county
area of lowa (39). Thus, in areas where herbicides
are known to be used, nitrate might serve as an
inexpensive test to identify areas potentially con-
taminated by herbicides (84), but more extensive
data are needed for a broader correlation analysis.
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Table 3-2—Some Chemical and Mineralogical
Factors Commonly Considered When Assessing
a Pesticide’s Behavior and Ability To Leach®
From Agricultural Lands

Volubility in water The amount of pesticide that will dissolve in
water in part will relate to the pH of the water (pH is a measure
of acidity). .

Half-life/persistence: The T 1 Me needed in the field for 50 percent
of the pesticide molecules to degrade.

Stability in wafer The degree to which a pesticide resists
hydrolysis (breakdown in water).

Volatility from the soil: A measure of how easily a liquid pesticide
applied to the soil is able to change to a gas.

Octanol-water partition coefficient A laboratory test to deter-
mine the preference a pesticide has for fats versus water.
Photolysis The breakdown process of a pesticide when exposed

to sunlight.

Ability to ionize: Whether the pesticide behaves as a cation (+),
anion (-), zwitter ion (+ and -), or is neutral at various pH values
in water.

Nature and amount of soil organic matter The biological
breakdown products in a soil's A horizon (uppermost layer of
a soil).

Clay mineralogy of the soil and underlying geological materi-
als: The nature of the fine-grained minerals, some of which can
bind pesticides tightly.

aAbility to leach (leachability) refers to the following pesticide property:

when used in a normal agricultural manner under conditions conducive to
movement, the pesticide moves down through the soil in quantities
sufficient to be detected in nearby wells of proper construction.

SOURCES: D. Gustafson, “1989 Ground Water Ubiquity Score: A Simple

Method for Assessing Pesticide Leachability,” Journal of

Environmental Toxicological Chemistry, pp. 339-357, unpub-

lished paper; A. Moye, pesticide chemist, personal communi-
cation, December 1989.

A mobile agrichemical tends to move in the water
phase without tightly adhering to soil. A pesticide
would be considered mobhile if its soil/water partition
coefficient is 1 in a soil with 1 percent organic
carbon (15). Pesticides vary widely in mobility. The
pesticide paraquat, for example, is attracted to clay
surfaces where it is held tightly whereas pesticides
like picloram are repelled by the clay surfaces and
can move freely through the soil (53). Atrazine, one
of the most widely used agricultural pesticides, is
only weakly held by the soil (30), and has appeared
in the groundwater of at least 13 States (82).

Volubility can also affect a pesticide’s mobility
and fate. Highly soluble pesticides are more likely to
be mobile and can move long distances with the
natural flow of surface or groundwater. Plants can
capture water-soluble pesticides along with soil
moisture, potentialy sequestering them in plant
tissues. Pesticides that are not degraded by the plants
may be re-released to the environment through crop
residues remaining after harvest (14).

Table 3-3-Pesticides With High Potential for
Leaching to Groundwater

Acifluorfen Disulfoton
Alachlor Diuron
Aldicarb EDB

Aldicarb sulfone Endrin
Aldicarb sulfoxide ETU

Ametryn Fenamiphos
Atrazine Fluometuron
Baygon Heptachlor
Bentazon Heptachlor epoxide
Bromacil Hexachlorobenzene
Butylate Hexazinone
Carbaryl Methomyl
Carbofuran Methoxychlor
Carboxin Metolachlor
Chloramben Metribuzin
Chlordane-alpha Nitrate/nitrite
Chlordane-gamma Oxamyl
Chlorothalonil Picloram
Cyanazine Prometon
2,4-D Pronamide
Dalapon Propachlor
DBCP Propazine
Diazinon Propham
Dicamba Simazine
1,2-Dichloropropane 2,4,5-T

cis-1 ,3-Dichloropropene Tebuthiuron
tram-I ,3- Dichloropropene Terbacil
Dieldrin Terbufos
Dinoseb 2,4,5-TP
Diphenamid Trifluralin

8Priority pesticides included in the EPA National Pesticide Survey of
Drinking Water Wells, which includes testing for over 100 pesticides
(general use, restricted use, or banned) or their breakdown products.

SOURCE: U.S. Environmental Protection Agency, “Pesticide Included in
the EPA National Pesticide Survey,” Apr. 14, 1988.

A persistent pesticide tends to degrade very
slowly in the soil-water matrix. A pesticide with a
soil-degradation half-life of 100 days would be
considered persistent. Certain pesticides, such as
DDT, can persist unchanged for long periods of time
in the soil, and will accumulate over time if used

regularly.

All else being equal, if agrichemicals resistant to
degradation and only weakly interactive with soil
particles are applied to widely-spaced, shallow-
rooted row crops, where the water table is near the
surface, there is great potential for groundwater
contamination. If the same chemical is used on
close-grown crops with deeply penetrating roots, the
underlying aquifer may not be affected, particularly
if it is confined. Chemicals that are more easily
degraded in, or retained by soil materials, have less
potential to reach groundwater than persistent chem-
icals that interact poorly with the soil.
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SUMMARY AND POLICY
IMPLICATIONS

Groundwater is one of the key components of the
global hydrogeological cycle, as well as being an
important resource. Whether pure or contaminated,
groundwater can reside in some aquifers for thou-
sands of years. Still, groundwater discharge (e.g., at
surface springs, or into lakes, rivers, or the ocean)
and recharge through rainfall eventualy cycles
water, and any contaminants it may hold, through
most aquifers (14), Because groundwater recycles so
slowly, over decades, centuries, or even millennia,
and because the aquifers in which groundwater is
contained lack the cleansing mechanisms of surface
watersheds, a degraded aquifer may not recover at all
in human time frame, The surest way of protecting
groundwater is to prevent contamination at the
source.

In areas characterized by many different soils and
rocks it is extremely difficult to predict where, or
how fast water-soluble pollutants will spread once
they are underground and out of sight (40). Predict-
ing the patterns of contaminant dispersal below the
water table can be nearly impossible, particularly in
geologically complex regions. Understanding the
hydrogeology of a site is integral to determining the
potential for leaching agrichemicalsto groundwater
(box 3-B), and therefore is imperative in identifying
technologies that may reduce potential contamina-
tion.

Because of its close link to surface conditions and
activities, groundwater must be considered a part of
any agroecosystem. Agrichemical contaminants can
invade groundwater as a result of a farmer’s agrichem-
ical handling or agricultural management practices,
changes in land uses, or through poorly constructed
or abandoned manmade holes or wells. Whether
agrichemical contamination actually occurs depends
on a large number of interactive physical, chemicad,
and biological factors. A systems approach to
mitigate or eliminate such problems today is essen-
tial.

Different agricultural chemicals move through the
environment at different rates. In some cases, low
levels of detection may simply represent the forward
edge of a contamination pulse that is working its way
through the soil profile (35). Without expanded
research efforts on the fate and transport of these
chemicals, we will not know if these low levels

indicate that there is nothing to worry about, or that
the worst is just now coming (54). Clearly, repeated
sampling of each aquifer, and testing for every
agrichemical, would be impractical. Systematic
procedures for monitoring, sampling, testing, and
for data collection and management are necessary to
identify critical site/agrichemical combinations
(33).

Improving Data Collection and Management
for Groundwater Protection

Numerous Federal agencies collect natural re-
source and land-use information relevant to predic-
tion of potentia agrichemical contamination of
groundwater. An evaluation of the data collection,
management, and coordination systems within Fed-
eral agencies is beyond the scope of this assessment.
However, prediction of potential vulnerability, de-
sign of site-specific agricultural practices to mitigate
that potential, and implementation of programs to
reduce adverse impacts of agricultural practices will
require extensive, detailed data and comprehensive,
readily accessible information derived from that
data.

It would clearly be advantageous for agricultural
and groundwater scientists and policymakers to
have access to relevant databases, including:

+ climate data (National Oceanic and Atmos-
pheric Administration and Agricultural Experi-
ment Stations);

« topographical, hydrological, and aquifer map-
ping data (USGS);

« surface water quality and associated data (EPA;
USGS);

+ soil data (USDA/SCS);

+ cropping patterns data (USDA/ASCS);

« nitrogen use data (TVA/NFERC);

+ pesticide use data (USDA/NASS, USDA/ERS,
EPA, and Resources for the Future);

« groundwater quality monitoring data (EPA,
USGS); and

« data on hydrogeologica vulnerability (USDA/
ERS).

Other data not currently available in national-level
databases, such as extent of tillage patterns or
distribution of and waste production from livestock
confinement facilities, would aso improve decision-
making.
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Box 3-B—Using Hydrogeologic I nformation To Predict Sites Vulnerable to Groundwater
Contamination: Minnesota’'s Groundwater Contamination Experience

Recent baseline field and laboratory research by Minnesota's Departments of Health and Agriculture (36,37)
illustrates how hydrogeological information can be put to use in making a first approximation of the nature and
magnitude of agrichemical contamination of groundwater resources. Researchers tested well water in two different
settings: 1) where coarse-grained soils overlie either sands and gravels or limestone bedrock having well-developed
solution channels and cavities, conditions thought to promote movement of contaminants to groundwater; and 2)
where clay-rich glacid tills overlie sand/gravel aquifers, conditions thought to retard movement of contaminants
to groundwater. Depth to bedrock generally was 25 feet or lessin most wells but in some it was 50 feet. Most samples
were taken intentionally from wells in geological setting number one, therefore the percentage of wells found
contaminated with agrichemicals probably is higher than if samples had been taken randomly from both settings.

The assumption that “confined aquifers’ underlying the clay-rich tills would be less likely to show
contamination from agrichemicals than the groundwater in shallow, karst limestone environments and/or overlain
only by coarse-grained soils and glacial sands and gravels ('*unconfined aquifers’) seems borne out by the field
and laboratory work. The researchers found that, in general, pesticide contamination was higher in private wells than
in public wells. The former normally are shallower and nearer to fields where pesticides are applied than wells used
for public water supplies.

Pesticide contamination was common in the karst limestone region of southeastern Minnesota; most
contaminated wells were not associated with obvious point sources of pollution. The fewest detections of aguifer
contamination occurred where athick layer of clay-rich till or other fine-grained materials separate surface
contaminants fkom the aquifer.

Geological setting No. 1 (unconfined aquifer)
high probability of agrichemical
contamination of well-water

Water
well

R A

Soil

Sand and gravel

Groundwater table and
well-water level

Sand and gravel aquifer

J I or
ﬁ Karst limestone aquifer

SOURCE: Office of Technology Assessment, 1990.

Geological setting No. 2 (confined aquifer)
low probability of agrichemical
contamination of well-water

Water
well

e | Ayl

%( Groundwater table

Clay-rich glacial

S S

<«— Well-water level

Sand and gravel aquifer

Also playing important roles in whether a particular well showed contamination were the contamination
source, the properties of the agrichemicals, local agrichemical practices, and well construction. These factors varied
from well to well. However, the local hydrogeology seems to have played a lead role. Such determinations are likely
to be repeated as further data on other sites become available.
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Data Adequacy for Prediction of Agrichemical
Contamination of Groundwater

Producing maps and developing three-dimen-
sional displays to show where agrichemical contam-
ination of aquifersislikely to occur in the absence
of detailed data on soils, unconsolidated sediments,
bedrock geology, and subsurface waters can lead to
incorrect interpretations. It seems clear that the
synthesis of such information is critical for assess-
ment of where and when possible adverse impacts
from agrichemicals might affect groundwater re-
sources. Increased State and Federal activities in
producing and presenting information depicting the
Earth in three dimensions is highly important to
understanding the nature of agriculture’ s impact on
groundwater quality.

Status of Major Hydrogeologic Data Collection
Efforts-The natural earth materials-soils, uncon-
solidated sediments, and bedrock-that contain
groundwater are sometimes referred to as the “ con-
tainer” for groundwater. Characteristics of this
container will determine the groundwater’s direction
of flow, its chemical purity, its residence time in the
Earth, and a host of other variables. Therefore, it is
important to know the status of the information base
that currently exists to describe the “container.”
Data on topography, soils, and bedrock geology are
fairly comprehensive, but detailed knowledge of the
intervening unconsolidated sediments is less certain.
Additional data continuously are being gathered at
the State and Federal level to add to this knowledge
base, but as yet may not exist in a published form.
Synthesis of the major databases described below is
starting to occur, but certain gaps still need to be
filled.

Soils—The Soil Conservation Service has long
striven to develop detailed maps of soils, topogra-
phy, other site characteristics, especialy as they
relate to capability to support conventional agricul-
ture. Today, soil maps for most States have been
compiled. Soil data for some States have been
digitized to allow for computer manipulation, and
the other States are moving in that direction (figure
3-11). Digitized soil databases include SOILS-5 and
SOILS-6 that describe soil characteristics and suita-
bility for uses such as cropping, woodlot manage-
ment, and certain types of development. SCS
databases also include the progressively freer-scale
Soil Geographic Data Bases, including National Soail
Geography database (NATSGO) of soils data related

to the major land resource areas (1 :7,500,000 scale),
State Soil Geographic database (STATSGO) for
“‘genera’ soils mapping (1:250,000 scale), and Sail
Survey Geographic database (SSURGO) presenting
detailed soils data (1:15,840 to 1:31,680 scale) (8).

Geology and Topography-Each of the 50 States
has produced a map showing the bedrock geology.
The oldest State map is Ohio’s, published in 1920;
most other States have published maps produced
between 1970 and 1980. A provisional bedrock
geological map was prepared for Puerto Rico in
1964; few other U.S.-afffiated islands have been
mapped. Most of these maps were published at a
scale of 1:500,000; some at 1:100,000; Wisconsin
and Nebraska at 1: 1,000,000; and Alaska at 1 :2,500,000.
Even though some of these maps are old, detailed
related information is continually collected and
evaluated by each of the State geological surveys as
well as the USGS (85).

Topographic maps are important to geological
mapping and all aspects of land-use evaluation or
planning. The Defense Mapping Agency will, in
1990, complete and publish the last 7% minute scale
topographic maps for all States except Alaska.
Alaska is completely mapped in 15-minute quadran-
gles and, at this time, no plans to map at the 7%
minute scal e have been made (85).

Unconsolidated Materials—Even though local
soil and geologic maps showing the hard, subsurface
bedrock may exigt, little is known in detail of the
makeup of the unconsolidated sediments lying
between soil and bedrock in many States. This
hinders efforts to collate information and predict
vulnerable sites. Illinois is a notable exception. The
[llinois State Geological Survey has developed maps
showing the thickness of unconsolidated glacia
sediments throughout the State (figure 3-12), and
detailed lithological and mineralogical data exist for
many glacial deposits there. Data are sufficient over
much of this area to permit detailed, three-
dimensional analyses of variations of the glacia
lithologies. With this information at hand, Illinois is
in the position to make reasonably sound estimates
of where its groundwater and its aquifers might be
vulnerable to agrichemical contamination.

The U.S. Geological Survey (USGS) is preparing
a map based on data assembled from 850 sources
that will show the extent, thickness, and gross
lithology of glacial deposits in 28 glaciated States
east of the Rockies (70). The map combines soil
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Figure 3-n-Status of State Soil Geographic Databases

X

SOURCES: Adapted from U.S. Department of Agriculture, Soil Conservation Service, “Status of State Soil Geographic Databases (STATSGO),” map
compiled using automated map construction with the FOCAS equipment, National Cartographic Center, Fort Worth, TX, revised November 1989;
D. Goss, soil scientist, National Water Quality Technology Development Staff, South National Technical Center, Soil Conservation Sergvice, U.S.

Department of Agriculture, personal communication, February, 1990.

data, glacia sediment data, and subsurface bedrock
geological data into a three-dimensional geological
picture, but published in a two-dimensional map
called a ‘‘stacked map. ” Such three-dimensional
depictions are useful for analysis of where potential
agrichemical groundwater problems might exist.
This new map will show for the first time the genera
nature of the glacial sediments covering this large
region (69). The map shows that the thickness of the
glacial depositsis 50 feet or less over much of the
region but that broad areas exist that have at least
200 feet of sediment; in some cases, thicknesses may
reach 1,000 feet or more. The thickest section of
glacial sediments (1,200 feet) occurs in the lower
peninsular of Michigan (68). Acceleration and
expansion of efforts to produce maps showing

information on unconsolidated sediments in greater
detail isintegral to predicting the fate of agrichemi-
cals applied to the land, and to assuring that
groundwater contamination is minimized.

Water Quality-EPA and USGS maintain water
quaity databases. EPA’s REACH file is a digitized,
graphical database of surface water attributes cover-
ing three-quarters of amillion miles of the Nation's
rivers, streams, lakes, bays, and estuaries. It was
designed primarily to analyze pollutant movement
in surface water bodies, and would require consider-
able expansion to include movement in ground-
water. Associated with the REACH files are the EPA
and USGS Water Quality Databases, which include
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Figure 3-12—Thickness of Pleistocene Deposits in lllinois

0 40

Thicknessi(ft)

SOURCE: R.C. Berg, J.P. Kempton, and K. Cartwright, “Potential for Contamination of Shallow Aquifers in lllinois,” Ilinois State Geological Survey, Circular

No. 532, 1984.
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U.S. Geological Survey personnel have routinely collected
groundwater data on water levels, total dissolved solids,
and many inorganic chemicals in monitoring wells
throughout the country. However, information has not
been collected routinely on organic substances and
other key chemical parameters.

approximately 40 million observations of chemica
and natural attributes.

The USGS has a recently developed National
Water Quality Assessment Program designed to
assess water quality on a regional watershed/aguifer
basis through joint monitoring of surface- and
groundwater. The information collected includes: 1)
source of agrichemicals, 2) rate of loading, and 3)
where and how they are moving. Seven 2-year pilot
studies based on the initial program proposal are
nearing completion, and followup monitoring is
planned to occur in 5 years. Further, the data
collection program is based on drainage systems, not
political boundaries. A pilot study just completed in
Kansas and Nebraska provides a common data set
for both States, and indicates that some agrichemi-
cals are moving from Nebraska into Kansas surface
waters (31). Full implementation of the Program
would involve work at about 120 aquifer systems
and river basins nationwide, covering about 80
percent of the water currently used in the United
States.

Aquifers-The USGS also has had a Regional
Aquifer-System Analysis (RASA) Program, in oper-

ation since 1978, to study the 28 mgjor regional U.S.
aquifer systems USGS has identified. To date, 14
studies have been completed (42). Objectives of the
RASA programs areto ‘‘define the regiona hydrol-
ogy and geology, and to establish a framework for
background information-geologic, hydrologic, and
geochemical-that can be used for assessment of
local and regional groundwater resources’ (83,42).
The RASA studies use computer simulation to assist
in the understanding of groundwater flow patterns,
recharge and discharge characteristics, and effects of
development on aquifer systems. The Program
already has helped improve the matching of geo-
logic and hydrologic data at State boundaries, and
has devel oped numerous groundwater flow-models
for regional use (83).

Integrated Natural Resource Information Data-
bases—By congressional mandate, the SCS main-
tains a comprehensive survey of agricultural and
related natural resources on 1.5 hillion acres of
non-Federal rural lands. Surveys have been con-
ducted six times in the past 30 years, including the
extensively detailed 1982 National Resources In-
ventory (NRI). The 1982 NRI consists of data
collected from roughly 1 million individualy in-
spected locations. Attributes evaluated included
nearly 200 variables, such as land use and cover,
conservation needs and practices, and irrigation
water source. The NRI sample points (inspected
locations) also are directly linked to the SOILS-5
databases described above (44). Because the data on
multiple attributes were collected simultaneously
for each sample point, this database alows analysis
of associations between specific land use and
resource conditions, whereas combined use of non-
integrated databases using data generalized to an
area (e.g., county) cannot.

Status of Agrichemical Use Data-Collection
Efforts-Groundwater contamination potential is
based on the combination of natural factors and type
and intensity of agrichemical use or livestock waste
application. While NRI datais collected to evaluate
soil conservation efforts, no comparable information
gathering process currently exists related to other
resource conservation concerns (e.g., agrichemical
losses to the atmosphere and groundwater) (19).

As aresult of specia appropriations in 1964, ERS
provided a great deal of information on pesticide and
fertilizer use from the mid-1960s up until the early
1970s, in order to provide a basis for determining
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costs and benefits of pesticides and to determine
trends in pesticide use. However, the U.S. Govern-
ment has drastically reduced its surveys of pesticide-
use patterns in the last nine years: published
information for the early 1980s is sparse and
published pesticide-use data for the mid-1980s is
almost nonexistent. Resources for the Future, a
nongovernmental organization, has developed a
national pesticide use database by compiling State-
and county-level use data, but these data are based
on average use estimates (26). Hence, we now have
less specific knowledge of how farmers and other
pesticide users are actually using materials than in
the 1960s and 1970s (87).

USDA'’s Water Quality Program Plan developed
in response to the President’s Water Quality Initia-
tive identifies the need for comprehensive national
data on agricultural chemical use, related farming
practices, and the links with the agroecosystem to
assist Federal and State governmentsto ** assess the
benefits, costs, and other effects of current agricul-
tural practices and to evaluate consegquences of
aternative policies and practices for reducing any
adverse effects of agricultural production on water
quality” (78).

The Economic Research Service (ERS) and the
National Agricultural Statistics Service (NASS) are
charged with the design of a continuous cycle of
national surveys. The NASS plans to collect data on
farm use of pesticides and certain other chemicals,
and type of production practices. Farm survey efforts
will cover field crops in magjor producing States as
well as a range of vegetables in five large producing
States (9). Statistical analyses are to be conducted by
NASS and results summarized and disseminated by
ERS. The first pilot test of this survey process is
planned for a single crop in 1990 and will be
expanded over a 3- to 4-year period to cover the
other major commodities (78).

Rationalization of Data Collection
and Management

Although many pertinent databases exist, in most
cases they were created autonomously to address
different fundamental questions. This hinders their
use in predicting potential groundwater or aquifer
vulnerability to agrichemical contamination. Myriad
natural resource, land-use, and agrichemical-use
factors combine to determine vulnerability to ground-
water contamination, however, preliminary identifi-
cation of regions exhibiting high association with

agrichemical contamination of groundwater can be
made.

Congress could direct USDA to correlate agrichem-
ical-use data contained in the planned NASS
Agrichemical-Use Survey and the National Agri-
cultural Census with EPA and USGS data on
identified groundwater contamination problems
to identify areas or regions with high apparent
vulnerability to groundwater contamination. Re-
gions showing a high correlation between incidence
of agrichemical contamination and intensity or type
of agrichemical use could be designated target areas
for intensified monitoring, and hydrogeologic re-
search efforts. As data and data integration proce-
dures improve, definition of highly vulnerable
region can be refined.

Baseline information on current nutrient and pest
management practices and continued information on
changing agricultural practices will help policymakers
assess the impacts of policy changes on groundwater
quality, agricultural productivity, and the farm
economy. Understanding of how and where the
chemicals with greatest contamination potential are
being used could assist in identifying pest control or
nutrient problems that are in the greatest need of
research and extension of alternate products or
practices. Without such a clear link, research and
extension may remain focused on issues unrelated to
groundwater protection and associated environ-
mental issues,

Although established, many extant natural re-
source databases are not readily accessible for users
outside each agency, and may be of unusable format
for integrated or geographically specific analyses.
Moreover, no clearly defined Federal commitment
has been made for provision of multi-use, national-
scale maps and related geographic information for
public and private users (50). Provision of informa-
tion derived from these data probably would be of
more use to agriculture and water quality decision-
makers than the raw data.

Most legidlation has dealt with parts of the total
hydrogeologic system; only in the last several years
have studies of how agrichemicas move through the
larger environment been initiated. EPA is organized
to address different components rather than the total
ecosystem; its offices address air or water or
groundwater rather than attempting to follow move-
ment of particular contaminants through the entire
environment. USDA and TVA have historically



70 « Beneath the Bottom Line: Agricultural Approaches ToReduce Agrichemical Contamination of Groundwater

focused on the effect of agrichemicals on crop
growth. Thus, they have studied the movement of
these chemicals from site of application through the
plant root zone, which usually is considered to be 6
feet deep (20). USGS traditionally has focused on
movement of contaminants within the saturated
zone, from the groundwater table down (60). Little
research by these agencies has focused on the
movement of contaminants between the root zone
and the saturated zone. A Memorandum of Under-
standing between USGS and USDA has defined
relative responsibilities of these agencies regarding
such research, but few cooperative efforts have been
initiated (54). Were this separation of research and
data collection focus to continue, it would impede
development of agricultural practices to reduce
agrichemical contamination of groundwater in vul-
nerable areas, and would likely result in duplication
of effort.

For example, a group of hydrologists might create
a database that includes information on the move-
ment of herbicides through the soil profile. They
might measure parameters relevant to the chemistry
and physics of chemical transport through the soil,
but as hydrologists they may need to consult with
soil scientists, and cropping system specialists to
include measurements describing influences of till-
age practice or crop types, information that would be
critical to an agronomist trying to develop new
cultural practices to minimize the movement of an
herbicide out of the root zone (54). Preliminary
consultation with potential database users could
save substantial money and effort by adding meas-
urements of afew extra attributes to the database.

Further, only some of the databases have been
automated (entered into a computerized data man-
agement system), or “digitized” (entered into a
spatial or geographically registered database in
generic format) to alow ready transmission to users,
easy manipulation of data for different decisionmak-
ing efforts, or integration of different data sets to
allow for more comprehensive anaysis. In addition,
the systems of information search and retrieva
(manual or computerized) commonly are unigque to
each database system. Consequently, many data
have been collected relevant to groundwater protec-

tion, but much isinaccessible or of unusable format
for scientists from other agencies. Efforts are under-
way to define data-entry protocols and standard
formats such that future databases might be more
integrable (cf: 82,48).

Congress could undertake a number of mutu-
ally beneficial options to rationalize natural
resource data collection and management efforts.
Such efforts might include:

« accelerating extant hydrogeol ogic and agricul-
tural land-use data collection efforts (e.g., SCS
soils surveys, USGS RASA analyses);

« initiating additional data collection efforts to
ensure comprehensive provision of information
(e.g., used and abandoned well locations, State-
level groundwater monitoring);

+ accelerating digitization of data aready col-
lected by Federal agencies;

« mandating digital storage of all new, relevant
land-use and natural resource attribute data
collected by the Federal agencies; and

+ requiring regular data updating, maintenance of
databases, and cost-effective provision of data
to users.

Furthermore, in order to ensure that the necessary
information is collected for accurate Federal, State,
and local decisionmaking to reduce agrichemical
contamination of groundwater, Congress could en-
courage establishment of an interagency Technical
Information Integration Group®that will determine
what data is necessary, what data is available, who
might collect data not presently available, and how
data might be integrated to support non-technical
decisionmakers and how data might be shared
among public user groups.

Although the efforts listed above could be under-
taken simultaneously and immediately, the costs of
data collection and digitization can be enormous.
Many data collected thus far are available only
““manually, ‘* on maps or in tables, and thus must be
transferred into computerized databases. Digitizing
datais an expensive process. For example, the SCS
estimates the cost of updating and digitizing soils
data for the Nation at $200 million (72). Therefore,
Congress might initially require the General Ac-

3A Technical Integration Group (TIG) i an interagency organizational structure designed to promote coordination and standardization at atechnical
level. At present, the only extant TIG is athree-tiered structure sponsored by the USGS including technical and administrative representatives of several

Federal agencies, States, and academic research organizations. The tiers include four Strategy Teams comprised of researchersin certain topical areas,
the Technical Integration Group of technical program managers, and a Headquarters Team of research administrators with authority to allocate research

resources (59) [Ragone, personal communication Mar. 1990].
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counting Office or a Federal interagency group (e.g.,
the Technical Information Integration Group) to
evaluate the status and needs of data collection and
management efforts specifically related to agrichem-
ical contamination of groundwater, and to recom-
mend specific steps to achieve a comprehensive,
integrated system in the most cost-effective manner.

Coordination of Data Collection and Storage—
Most Federal agencies have means to internally
coordinate the information collected by that organi-
zation. Other systems have been developed to
coordinate data acquisition and sharing of certain
types of information. For example, the U.S. Geolog-
ical Survey coordinates water resources data acqui-
sition and data sharing activities among Federa
organizations through its Office of Water Data
Coordination (42). Coordination is accomplished
among Federal agencies through a Federa Inter-
agency Advisory Committee on Water Data and
between Federal agencies and the States and private
sector through a non-Federal Advisory Committee
on Water Data for Public Use. While of immense use
to those seeking specific information, such systems
do little to improve integration of different types of
data (e.g., integrating water data with soils and
vegetation data) without specifications describing
data detail, content, and accuracy.

Congress could require the creation of a
coordinated database network, to ensure that the
relevant agencies develop rationa interfaces be-
tween extant databases and follow standardized
data entry, format, and search protocols. Alter-
natively, Congress could aggregate all of the
relevant databases into a single national database
clearinghouse.The Federal Interagency Coor-
dinating Committee on Digital Cartography
(FICCDC), was established in 1983 by the Office of
Management and Budget (OMB) to facilitate coordi-
nation of 30 participating Federal agencies’ digita
information system activities and geographic infor-
mation system activities and to establish standards
for production of digital cartographic data (24).
However, FICCDC has no authority to require that
Federal agencies follow d