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ASSESSING HYDROGEOLOGIC 
RISK OVER LARGE 
GEOGRAPHIC AREAS 

Michael D. Trojan and James A. Perry 

Department of Forest Resources 
University of Minnesota, St. Paul, Minnesota 

INTRODUCTION 

A system of analysis designed to predict 
groundwater sensitivity over relatively large 
areas (e.g., county, state) would provide a useful 
tool for land-use decision making. Such a 
system would aid in predicting present and 
future impacts of land-use activities such as 
agricultural use of pesticides or commercial and 
residential development. A system for 
groundwater sensitivity analysis should be 
mappable, allow comparison of relative 
groundwater sensitivity between different 
locations, and use all available pertinent data in 
making the best possible evaluation. 

Several standardized rating systems have been 
developed. Michigan's Site Assessment System, 
Florida's Sole-Source Aquifer Method, New 
Jersey's Priority Ranking System, the 
Environmental Protection Agency's (EPA) 
Hazard Ranking and Surface Impoundment 
systems, and LeGrand's methods are systems 
designed to rate sensitivity of existing 
contamination sites. Illinois and Wisconsin have 
developed statewide sensitivity maps based on 
geologic conditions in their states. Fuller (1986) 
developed a method to predict sensitivity based 
on specific hydrogeologic and soil conditions. 
EPA's DRASTIC method1 predicts hydrogeologic 

1 Acronyms describing hazard rating systems were taken 
from original literature and where available, are defined 
in the glossary. 

2 See footnote 1 and glossary for acronym definitions. 
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sensitivity down to the county level and requires 
less data than Fuller's method (see Trojan, 
1986, for review). Several states have 
considered adapting or modifying DRASTIC for 
use in their groundwater management 
strategies. In personal communication with 
state agencies several other methods were also 
identified. These included2 LEACH, VOLAT, 
CMIS, PRZM (Hawaii Department of Health), 
HELP, and SAFE (Idaho Department of Health 
and Welfare), as well as several modifications of 
existing systems. 

Most rating systems assess groundwater 
susceptibility by assigning relative scores to 
various hydrogeologic, climatic, contaminant, or 
water-use "factors." Examples of "factors" used 
in various systems include depth to water, 
recharge to aquifers, soil characteristics (texture, 
infiltration, etc.), topography, aquifer 
conductivity, aquifer composition, and 
contaminant toxicity and mobility. Scores for the 
various factors are added to give a site score or 
index. This index, when compared to indices 
from other sites, indicates relative groundwater 
susceptibility. Factors may be weighted if some 
are perceived to have a greater impact on 
contamination susceptibility than others. 

Existing rating systems are generally easy to 
use, can be easily mapped, and consider most 
of the important factors in evaluating 
groundwater sensitivity. Their major limitations 
are failure to identify specific goals and uses of a 
rating system, inflexibility due to the 
standardized nature of most rating systems, and 
failure to provide the system user with the most 
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accurate and informative assessment of 
groundwater sensitivity. 

This paper presents a method for conducting a 
concise, accurate, and effective analysis of 

groundwater susceptibility to contamination over 
large geographic areas. As an example of its 
application, the methodology is used to develop 
a sensitivity analysis for Winona County, 
Minnesota. 

Minnesota Agricultural Experiment Station 
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CHAPTER 1: SYSTEM DESIGN 

NEED FOR A NEW APPROACH 

Assessing hydrogeologic sensitivity to 
contamination over large geographic areas is an 
important part of groundwater management 
strategies being developed in several states. 
Because sensitivity over an area as large as a 
county or state is often extremely variable, 
groundwater hazard ratings which identify 
regions or sites sensitive or tolerant to various 
land management practices within this area are 
an important tool for preventing or controlling 
groundwater contamination. 

Development of hazard ratings is a data 
intensive process. A questionnaire was 
distributed to each of the 50 states requesting 
information on the availability of data for use in a 
groundwater rating system. Results indicate a 
wide variation in data availability (figure 1 ). 

Several western states are unable to use 
existing rating methods because of limited 
hydrogeologic data, while many eastern states 
can make more detailed evaluations than 
allowed by current methods. Comments in the 
responses suggest that many states are 
frustrated in their attempts to develop a 
meaningful approach to assessing groundwater 
susceptibility. Many comments centered around 
difficulties in assessing diverse hydrogeologic 
environments using a standardized approach. 

Based on survey data, we concluded that no 
single system would be uniformly applicable to 
every state. It is apparently imperative that 
each state develop it's own rating system based 
on needs and capabilities for assessing 
groundwater sensitivity. However, it is equally 
important that limitations inherent in existing 
rating systems be adequately addressed. 

Figure 1: Results of a questionnaire distributed to each state regarding data availability. Number of states 
responding= 33. 

1. Do you have an adequate means of assessing recharge 
to the major aquifers in your state? 

Yes No 
10 23 

2. If not, please describe the quality of the following: 

Good Fair Poor 
- low-flow data 16 7 5 
- precipitation data 25 2 1 
- evaporation data 6 17 5 
- water-level data from 

observation wells 9 14 5 

3. What is your current method of determining recharge? 

Number of states 
-modeling 7 
- water budget 5 
- water level data 5 
- low-flow, base-flow separation 5 
- percent of precipitation 3 
- use of tracers 1 

4. Do you have adequate data for depth to seasonal high 
water table or to the top of confined aquifers throughout 
your state? 

Yes 
14 

No 
19 

5. Do you have soil association maps, soil surveys, or 
some other means of describing unsaturated zone profiles 
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throughout your state? 
Yes 
27 

No 
6 

6. To what degree do these soil descriptions allow the 
following analysis? 

Good Fair Poor 
- Comparisons of infiltration 

characteristics among soils 15 16 2 
- Identification of impeding 

beds or layering in the 
unsaturated profile 10 16 7 

- Comparison of water-holding 
capacities, including 
thickness, among soils 13 13 4 

7. To what degree do soil surveys or association maps 
describe the following characteristics of the soil or the 
unsaturated zone? 

- organic matter content 
- clay content and type 
- cation exchange capacity 
- textural analysis with depth 
- hydraulic conductivity as a 

function of moisture content 

Good 
11 
15 
3 

12 

4 

Fair 
19 
16 
17 
12 

9 

Poor 
3 
2 

13 
5 

20 

8. Are there adequate maps of land-use throughout the 
state (e.g., forest, agriculture, etc.)? 

Yes No 
17 16 

3 
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FORMAT 

It is theoretically incorrect to predict groundwater 
sensitivity solely through evaluation of 
hydrogeologic factors. This will be shown in the 
ensuing discussion. Groundwater contamination 
is the result of diverse physical processes, best 
described by mathematical equations. Because 
this is impractical on a large scale the concept of 
a rating system has been developed. A rating 
system must satisfy three requisites to provide 
an accurate assessment of groundwater 
sensitivity. 

First, the system must allow for each site in an 
evaluation area to be assessed to the fullest 
degree possible with available data. A site 
assessment is a point estimate of groundwater 
sensitivity. This estimate represents 
hydrogeologic sensitivity for the region adjacent 
to the sampling point. The size of the region is a 
function of sampling density. Sites are likely to 
differ in the amount of data available for use in 
their evaluation. 

To allow a comparison of relative risk between 
sites, site scores can be adjusted for the number 

Figure 2: Rating chart for pollution susceptibility in recharge areas 
(LeGrand, 1964). 

r-'-. 
0 1 2 3 4 

Depth-to-Water Table 
7 8 

0 10 20 30 40 50 75 100 150 200 300 

0 

Coarse 
Gravel 

r-'-. 
1 2 

Clay Silt or 
Sandy Clay 

Coarse Clean 
Sand 

Clayey 
Sand 

Distance Below Base of Disposal Unit-ft 

Sotbtion 
3 4 4.5 

Small Amounts Silt Equal Amounts 
of Clay in Sand of Clay and Sand 

Hydraulic Conductivity 
I 

Fine Sand 

500 

Coarse 
Sand 

10 

750 1,000 

Clay 

0 

Coarse 
Gravel 

Gradient 
r--- Adverse Direction ---...,----- Favorable Direction ------, 

a\ 4 5 6 0 

60 

0 

30 20 10 

I 2 3 4 5 

0 
Percentage 

Distance 

10 

7 8 10 

25 50 75 100 150 200 300 500 1,000 2,500 

60 

11 

..__ _______ Feet---------' 
I 10 
L-Miles__j 

TOTAL POINTS SUSCEPTIBILITY TO POLLUTION 

0 - 4 Imminent 
4 - 8 Probable or possible 
8 - 12 Possible but not likely 

12-23 Very Improbable 
23-35 Virtually Impossible 

(Reprinted from Journal American Water Wor!ss Assocjatjon Vol. 56, No.7, by permission. Copyright 
©1964, American Water Works Association.) 
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of factors entered into an evaluation. New 
Jersey uses this approach in it's Priority Ranking 
System, where a total of up to 19 factors may be 
evaluated at a site. Because sites vary in the 
number of factors entered into their analysis, the 
final site score equals the sum of factor scores 
divided by the maximum possible factor score at 
that location (New Jersey Geological Survey, 
1983). 

Second, a site index should utilize all relevant 
site information. LeGrand (1983) utilized this 
concept by incorporating identifiers into a site 
index. Using the LeGrand methodology, an 
example index may consist of the following: 

20-4-5-6-5-K where 

20 = site score (sum of scores for four factors) 
4 score for distance to water supply 
5 score for deptfl...to-water 
6 score for water-table gradient 
5 score for permeability/sorption 
K indicates the site is located in a karst region 

Identifiers are variables which are used to 
indicate the presence of processes or conditions 
which may influence contaminant transport but 
not to change or adjust scores. Examples 
include karst aquifers or sites located on 
floodplains. These conditions are difficult to 
quantify because of their diversity over space 
and time. Including them as identifiers alerts a 
system user to the potential existence of sites 
with extreme hydrogeologic risk and gives the 
index user a high degree of site information. 
This concept can be greatly enhanced with 
computer programs. (See Chapter Ill) 

Due to data restrictions and natural variability, 
indices can rarely be evaluated by numerical 
methods. They are consequently evaluated 
through the use of general characteristics (e.g., 
texture for infiltration.) However, these more 
general methods fail to account for spatial 
variability, thus restricting the accuracy of 
assessments. Therefore, the third requisite 
characteristic is an ability to reduce inaccuracies 
through the use of scales and correction terms in 
determining an index score. 

LeGrand (1964) first developed the concept of 
scales for analyzing site index scores (figure 2). 
Scales suggested a mathematical relationship 
between an index value and hydrogeologic risk. 
The utilization of fractional scores lent increased 
accuracy to the analysis. 

The concept of a "correction term" is also 
introduced to obtain a more accurate estimate 
for an index score. Because the determination 
of scores for factors is of a general nature, 

Minnesota Agricultural Experiment Station 
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additional data improving the accuracy of an 
original estimate may be added. For example, 
infiltration is important because it affects the 
amount olwater that moves below the root :zone 

it aff•ects recharge). Texture Is often used 
as an indication o"f average infiltration rates for 
geologic materials. Average rates are, in 
applied to a rating scale to determine the score 
for a factor (figure 3). 

In addition to texture, infiltration may be affected 
pore-size distribution, moisture content, land-

use, degree of soil 
structure, layering, topography, and vegetation. 
If data exist on any of these variables, the 
original infiltration rates can be mathematically 
adjusted to include the effects of these 
"correction terms". 

As an aid in clarifying terms, consider an 
example of a loam soil underlain by at a 
depth of 2.5 feet, located in an agricultural 
region where tillage is common. Recl1arge is 
assumed to occur in the spring 
snowmelt !ntense summer storms may lead to 
localized recharge, but this eifect will not be 
considered in the determination of factor score 
due to difficulties in quantifying the variable. If 
infiltration is a factor being initial 
permeability is 1 X i o-e meters per second 
(figure in spring, freeze-thaw cycles reduce 
soil aggregate size and leave the soil su1iace 
crusted. Tillage reduces this effect and 
increases permeability. The clay layer reduces 
permeability. Assume these are quanti'1iable 
effects and the final permeability is 1.4 X i o-7 

meters per second. Thererore the index score is 
5.0 and using Figure 3, the corrected index 
score is 3.3. An identifier letter the 
assumption of no summer recharge. The final 
factor index then becomes 3.3ab;c;d, where 3.3 
is the index score, ~and b the correction !erms, 

and c the identifier. The letter d identifies the 
aquifer being evaluated. Because J:here may be 
more than one aquifer in an evaluation area or 
even at a specific site, it is necessary to identify 
the aquifer of concern. The correction terms and 
identifiers are arbitrary and would have assigned 
meanings in a computer program, where they 
could be rapidly retrieved to illustrate the role 
each factor plays in an analysis. 

A site index represents hydrogeologic sensitivity 
!or a adjacent to the site. When 
assessing sensitivity over large 
areas, several thousand site evaluations are 
required to accurately establish a.nd delineate 
relative sensitivities ac:mss this area. 

the preceding requisites we have 
developed two forms of a fundamental equation 
used to compute a hazard index: 

HI= "'"'''""""'·"'" ·~ WbBab ... n ·r ... WnNab ... n)l 
+ Wb + ... Wn}) 

H! = ((Wrflab ... n + WaAab ... n + ... WnNab ... n)! 
(Wr+ Wa+ ... Wn)) 

where 
HI = hazard index for a site 
Fl = water available for rec/1arge 

Wa, Wb, Wn = weights tor factors A,B, and N 
A,B, ... N = scores for factors A, B, and N 
a,b, ... n = identifiers and comaciors on factors 

Equation 1b di¥fers from 1a in use ot the term 
R as a factor rather than a multiplier. Version 
1b may be selected as an altemative to 1~ or in 
applications INhere ti1e term cannot be 
adequately evaluated throughout the analysis 
area. Factor scores are determined lrom rating 

Figure 3: Rating scales for permea!Jfflii!y ~md infiftratlrm (Femer, 198fJ; i1arroid et SJ!,, 1976; Si!Jra and Swean"lngrm, 
1978; United States EPIJ.., 1985) 

Rating Score 

0 2 3 5 6 7 8 9 "10 

12 9 8 6.5 6 5.5 5 4.5 4 2 

-log permeability (meters per second) 

cfays,pea.t clay-loams si!t-loams coarse sand 
si!i' foams fi.ne sand gravel 

unfractured shale fractured shale fractured-limestone 
cemented-sandstone pocm'y-cemented-sandstone karst 

igneouslrnelamorphic rock 
siltstone 

i'ractured igneous and me,!'anJOrr.mlc 
evaporites, 
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scales. The terms used in these equations will 
be developed in the following section. 

Dividing by factor weights (maximum potential 
site score may be substituted) fulfills the 
requisite of obtaining an average score for 
factors. The use of "identifiers" and "correction 
terms" fulfills the requisite of providing 
information and accuracy for a site evaluation. 

STEPS IN SYSTEM DESIGN 

Figure 4 is an algorithm useful in developing a 
rating system. The algorithm presents a five
step approach: 

1. Identifying specific objectives, 
2. Determining factors, 
3. Determining data availability, 
4. Developing scales, weights, correction terms, 

and identifiers, and 
5.1mplementing, testing and refining the system. 

1. Setting Specific Goals 

What information does a hazard index and 
accompanying map provide and what can these 
tools be used for? Without clear, concise 
answers to these questions it is impractical to 
begin examining the problem of groundwater 
sensitivity. Identification of goals and objectives 
is the critical step in developing an evaluation 
system (Perry et at., 1987). 

Figure 4: Algorithm for developing s rating system 

Specific application of a rating system must be 
clearly envisioned. Many states are attempting 
to build a generic method for predicting 
groundwater susceptibility to contamination, or 
utilize an existing method for this purpose. This 
definition of goals is inadequate. It is too 
general and does not define any specific 
application. 

Other states are attempting to utilize existing 
methods to assess susceptibility to specific 
contaminants. However, these methods are 
generally inadequate to allow this type of 
analysis. 

Development of a hazard rating is complex due 
to the tremendous range of potential 
contaminants. Their fate in the environment is 
highly varied and often strongly influenced by 
attenuation factors such as organic matter 
content, cation exchange capacity, clay content 
and type, and pH of soils. Existing systems 
generally do not evaluate these attenuation 
factors, although they must be considered in a 
susceptibility analysis. DRASTIC, for example, 
is widely used to predict the relative likelihood 
that recharge will occur over areas down to 40 
acres in size. It cannot evaluate susceptibility of 
contamination for specific contaminants unless it 
is modified to consider the specific 
characteristics of those particular contaminants 
and their attenuation rates. 

REDEFINE GOALS ----.... SET SPECIFIC GOALS 

• REDEFINE FACTORS ----.. IDENTIFY FACTORS TO BE t USED IN THE SYSTEM 

I EVALUATE.DATAAVAILABLE 
INADEQUATE 
GOALS OR DATA 

FOR FACTOR ANALYSIS ____. ADEQUATE 
GOALS AND DATA 

DETERMINE CORRECTION TERMS ..,.•~--' 
AND IDENTIFIERS FOR USE 

+ 
ESTABLISH SCALES, WEIGHTS, 
AND VALUES FOR FACTORS AND 
CORRECTION TERMS 

+ 
FUTURE DATA ADDITIONS -----1•~ IMPLEMENT THE SYSTEM 

' TEST THE SYSTEM 

+ 
ADJUST THE SYSTEM 
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The specific applications and/or goals of a rating 
system need to be specified before a system 
can be developed. Examples of specific goals 
include: 

• develop a system to assess potential recharge over a 
geographic area; 

• develop a system to assess groundwater susceptibility 
to a class of pesticides; (See Chapter II) 

• develop a system to identify areas which are likely to 
have sites favorable for development of a /ow-level 
radioactive waste site; 

• identify aquifers with large water transport capacities. 

Each of these goals requires a minimum generic 
analysis as well as different detailed analysis to 
achieve the desired objective. 

2. Determining Factors 

All factors considered important to a sensitivity 
analysis should be included in the system 
design, even if they cannot initially be 
evaluated. Equations 1a and 1b have the 
flexibility to allow these factors to be 
incorporated once their evaluation becomes 
possible. For example, it may be desirable to 
design a system consisting of "base" factors 
(i.e., those general factors that influence 
recharge potential). These factors do not 
necessarily lead to a specific analysis of 
contamination potential. Examples of base 
factors include depth-to-water, recharge, 
topography, permeability, and infiltration. 

During an analysis, specific factors can be 
added to a base system to achieve specific 
contaminant analysis and, after completing the 
desired objective, these specific factors can be 
deleted from the system. An example of a 
specific analysis would be the assessment of 
aquifer sensitivity to pesticide contamination. In 
addition to the base factors, a specific factor 
such as organic matter content of soils would be 
included to consider the attenuation of pesticide 
movement. 

After choosing factors, it is necessary to 
determine how each factor will be evaluated. 
For example, infiltration may be assessed by 
textural classification related to average 
permeabilities. Identifiers and correction terms 
should be utilized if they can be quantified, affect 
a factor score, or are important in identifying a 
particular characteristic of an area. 

3. Assessing Data Availability 

The system designer must determine which of 
the chosen factors can be evaluated, how they 
will be evaluated, where they can be evaluated, 
and at what scale and level of confidence the 
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analysis will occur. 

Figure 5 lists exemplary data sources for factor 
evaluation. The most common sources are 
geologic maps, soil maps, and soil surveys. Well 
logs can be valuable sources of information. 
Climatological data often needs to be converted 
from traditional temperature and precipitation 
data into water balance parameters such as 
evapotranspiration. (See Chapter II) Reports 
from research studies can add a great deal of 
local information. 

Data form and quality must be determined. 
Acceptable forms for data structure include 
length (m,ft.) for depth-to-water; length per unit 
time (rn/y,m/h) for recharge, permeability, and 
infiltration; percent slope for topography; and 
organic matter content (percent of total sample 
weight), cation exchange capacity (meq/1 OOg), 
pH, and/or clay content (type and percent) for 
attenuation. Available data must be converted 
to units acceptable for incorporation into 
computer programs. (See Chapters II and Ill) 

For spatial scale decisions, the user may wish to 
section the evaluation area into subareas. 
Evaluating the same factors in each subarea 
provides increased spatial detail and provides a 
visual identification of the ensuing analysis. An 
alternative or supplement to factor division is to 
evaluate a specific aquifer in a subarea. 
Subarea division should include correction terms 
and identifiers. 

To clarify terms, an evaluation area represents a 
large geographic area such as a state or county 
where hydrogeologic sensitivity is to be 
evaluated. Across this area, sensitivity is likely 
to be highly variable due to differences in 
geologic, soil, climatic, and land-use 
characteristics. Sensitivity across this area is 
determined from site evaluations which 
represent point estimates of hazard rating. The 
number of site evaluations is a function of data 
availability and variability in sensitivity. 

When site indices are compiled, a final map can 
be prepared by developing hazard-rating 
contours across the entire evaluation area. 
From these contours relative hazard risk can be 
established by creating ranges of scores 
indicative of groundwater sensitivity (e.g., scores 
of 0-10 represent low risk, 11-20 moderate, 
etc.). Thus, regions of similar risk will emerge 
and can be identified on the final map. Chapter 
IV illustrates a practical application of this 
procedure. 

Subareas represent subdivisions of the 
evaluation area where similar analysis can be 
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made or a specific aquifer is being evaluated. 
They are designed to simplify the evaluation 
process. 

Once goals and data availability have been 
determined, initial goals should be re-evaluated. 

Figure 5: Sources of Information for R"ating Systems (Trojan, 1986) 

8 

TxR!i! 12tC2ata I'lpical QQilt:~ Ea~t.tf2!§. t;.vatuatflJ:!. 

Property survey County records, property Waste character-
owner is tics 

Well drillers' Well driller, property Geologic, water 
logs owner, state records use 

Water/eve/ Drillers' logs, Geologic, water 
measurement topographic and ground use 

water maps 

Topographic United States Geological Geologic, water 
maps Survey, state sales use 

offices 

Air photos United States Department Water use 
of Agriculture, United 
States Forest Service 

County road maps State agencies Water use 

Ground water United States Geological Geologic, water 
report Survey, state agencies use 

Soil surveys United States Department Geologic, water 
of Agriculture use 

Geologic maps United States Geological Geologic, water 
Survey, state surveys use 

Waste character Owner/operator, state or Waste 
federal permits SIC code 

SAX Toxicity Waste 

Health departments Water quality, water use 

Water companies Water quality, water use 

Monitor wells United States Geological Water quality, water use 
Surveys, water 
management agencies 

Climatological National Oceanic and Climate, recharge 
Atmospheric Adminis-
tration, National Weather 
Service, local weather 
data, state climatologist 

Demographic State planning agencies, Land-use, population 
census bureau 

Local colleges or Geologic, waste 
universities 

Professional organizations Geologic 

Geologic factors: depths, permeability, sorption, topography, aquifer data, 
soil data, bedrock data 

Water use factors: well number and location, quantity used, distances to 
waste source 

Waste factors: type and quantity, toxicity, mobility, persistence, location 

Climatic factors: precipitation, evapotranspiration, runoff 

If they cannot be met, goals must be readjusted, 
factors altered, or study area redefined. This 
recycling step provides an iterative re-evaluation 
procedure critical to project success (Perry et at., 
1985, 1987). To satisfy equations 1a and 1b, at 
least one factor must be evaluated throughout 
the evaluation area. In addition, specific factors 
may be required to meet a specific objective 
(e.g., organic matter content when considering 
attenuation of pesticides.) 

Successful completion of stated objectives often 
requires redefining the evaluation area. Alaska, 
for example, has virtually no reliable data for a 
significant portion of the state (Alaska 
Department of Environmental Conservation, 
personal communication). In such a case it is 
best to delete subareas where no evaluation can 
be made and assume that they are not likely to 
be significantly impacted by humans. 

In the event that deleted subareas are impacted, 
incidents are generally localized and best 
addressed through site-specific techniques. As 
human impacts increase, data generally 
becomes available and evaluations for those 
subareas can be made. Unfortunately, such 
evaluations often come after groundwater 
problems become evident. Close attention to 
growth and development in un-analyzed 
subareas, and to data availability, will help 
alleviate such problems. 

Five procedures would assist states in improving 
existing data and increasing it's accessibility. 

1. Integrate all data into a central, computerized 
data base. The data base should include 
existing data and files from all state, county, 
and municipal agencies and should be 
supplemented with detailed maps. From a 
geologic and soil perspective, this data would 
include well logs, soil tests, research results, 
data from contamination sites, and existing 
maps and surveys. Illinois and Minnesota are 
two examples of states which have recognized 
this need and are developing centralized data
information centers (Illinois Environmental 
Protection Agency, 1986; Minnesota Pollution 
Control Agency, personal communication). 

2. Digitize existing maps. Maps are useful in 
displaying visual data but are not useful in 
computer programs to provide quick and 
accurate results. Digitization remedies this 
inability. 

3. Complete unfinished maps and surveys. 
With a centralized data base, unfinished 
projects can be identified and prioritized. 
Once completed, maps should be digitized. 
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4. Update existing data. With a centralized data 
Figure 7: Transformation of seven rating systems to scaler form for base, new information can be identified and 

incorporated into existing files. An example of 
depth-to-water 

an update is the inclusion of new well logs for Rating Score 
aquifer delineation. 1. 0 1 2 3 4 5 6 7 8 9 10 

100 75 50 30 15 10 5 0 
5. Identify data needs and develop the feet 

necessary means of acquiring needed data. 
Once steps 1-4 are completed and the specific Rating Score 

goals of a rating system have been 2. 0 1 2 3 4 5 6 7 8 9 10 

established and refined, it will be possible to 1000290 100 80 55 40 30 24 16 9 0 

identify, prioritize, and determine how to feet 

satisfy data needs. Rating Score 
3. 0 1 2 3 4 5 6 7 8 9 10 

Funding and time constraints are severe 200 70 30 13 1.8 0 
problems for state agencies. The steps for feet 
improving data accessibility require 
expenditures, but future benefits will far outweigh Rating Score 

the costs. Completion of these steps, 4. 0 1 2 3 4 5 6 7 8 9 10 

particularly 1-3, should precede design of a 19.7 9.8 0 
rating system. feet 

4. Developing Scales, Weights, Correction 
Rating Score 

5. 0 1 2 3 4 5 6 7 8 9 10 
Terms, and Identifiers 

150 80 18 0 

A factor score is determined by applying field 
feet 

data to a rating scale (See figures 2,3,7,8,9). Rating Score 

This score is multiplied by a "weight" to adjust for 6. 0 1 2 3 4 5 6 7 8 9 10 
the perceived importance of a factor. Because 100 55 18 0 
scales and weights are used to determine a feet 

Rating Score 

Figure 6: Depth-to-water scores for six rating 7. 0 1 2 3 4 5 6 7 8 9 10 

systems (Trojan, 1986} 50 20 0 
feet 

DRASTIC LeGrand (1983) 
1=DRASTIC 5=EPA Hazard Ranking System 

!1ID9ilff1J. raiiD9. [IJD.WJ.(ftl mJiD!J. 2=LeGrand (1964) 6=New Jersey 
0-5 10 0 9 3=LeGrand(1983) 7=Wisconsin 
5- 10 9 0-2 8 4=Ful/er 

10- 30 7 3-8 7 
30-50 5 9- 15 6 
50- 75 3 16-25 5 
75- 100 2 26-35 4 Figure 8: Composite depth-to-water scale for seven rating systems 

100+ 1 36- 60 3 
61- 90 2 Rating Score 
91- 200 1 0 1 2 3 4 5 6 7 8 9 10 

200+ 0 263.9* 120.6 78.9 53.9 40.5 30.3 22.5 15.3 9.1 3.8 0 
EPA Hazard 

Ranking System New Jersey 
dept!Wo"Nater (feet) 

•composft of four systems 
range£ftl rating amgfl.(!:t). l9Jil1g 
0- 20 3 0-20 3 

21- 75 2 20-50 2 
76- 150 1 50- 100 1 Figure 9: Rating scales for recharge and topography 

150+ 0 100+ 0 
Rating Score 

Fuller* Wisconsin* 0 1 2 3 4 5 6 7 8 9 10 

range(m! rating rangfl.(ft! r.a1iJJ9. 0 2 3 4 5 6 7 8 9 10 

0- 1 0 50+ 10 Recharge (inches per year) 

2-3 1 20-50 5 
3-4 2 0-20 1 Rating Score 

4-6 3 6+ 4 0 1 2 3 4 5 6 7 8 9 10 

100 50 40 30 20 15 10 7 4 2 0 
* lower rating indicates increased risk slope(%) 
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factor score, it is critical that they are understood 
and accurately represent hydrogeologic risk. 

Scales range from low to high hazard or risk, 
with 0-1 0 being a logical choice. A scale is 
continuous, including fractional scores, and 
avoids the rigidity of classes. For example, 
scores used for depth-to-water in six rating 
systems are shown in figure 6. In figure 7 each 
of these has been transformed into a scale, 
providing a more precise assessment of score. 

Scales can be developed using data from 
existing contamination sites, research work, 
literature, experienced specialists, and existing 
rating methods. Figure 8 combines the scales 
from figure 7 to derive a single rating scale. In 
figure 9, we present rating scales for recharge 
and topography; a permeability scale was 
presented in figure 3. 

These scales are derived from other rating 
systems and literature discussed in Chapter II. 
They are correct in design, but data presented in 
this paper are inadequate for development of 
scales applicable to the wide variety of 
conditions that might occur in evaluation of 
localized areas. Each rating scale must be 
locally derived and supported with sufficient 
literature and data before its use can be justified. 

Equations fa and fb indicate that weights may 
be used to adjust a factor score based on the 
score's perceived relative importance in a given 
analysis. DRASTIC for example, assigns 
weights of 1-5 for each factor (U.S. EPA, 1985). 
We do not recommend the use of weights other 
than 1; we suggest that adjustments to factor 
scales and correction terms are more 
appropriate. Weights adjust a score to stress 
the importance of a particular factor. For 
example, consider two sites, A and B, evaluated 
with three factors having weights of 1. If a fourth 
factor with a weight of 3 can be evaluated at site 
A but not at site 8, the r.elative scores between 
the two sites will be biased because of the 
higher input for factor 4 into the denominator of 
equation fa or fbfor site A. If weights must be 
used, they should be as accurate as possible, 
including the use of fractional values. 

Multiplying a factor value by a correction term 
improves it's accuracy. Application of this 
improved factor value to a rating scale results in 
a more accurate factor score. Correction terms 
are determined from mathematical relationships 
or scales, which in turn are derived from 
literature and research work. 

Care must be taken to use only correctors which 
have a unique effect on a specific factor. For 

example, correcting for both tillage and shrink
swell capacity of soils is incorrect because tillage 
reduces the effect of shrink-swell. Examples of 
correction terms are presented in the discussion 
in Chapter II, and their application is 
demonstrated in the sensitivity analysis of 
Winona County, Minnesota which is presented in 
Chapter IV. 

Identifiers are subjective variables which 
influence a factor but cannot be adequately 
quantified. Applying an identifier to a site index 
requires that the identified characteristic be 
prevalent at or near a site, that it significantly 
affect the factor, and that it's effect on the factor 
be understood. Examples are shown in 
Chapter II. 

An Illustrative Exercise 

To illustrate the application of the first four steps 
in system design, assume a rating system is 
being developed to predict the sensitivity of 
groundwater to pesticide contamination. Factors 
include depth-to-water, recharge, attenuation-in
the-soil-zone, topography, infiltration, and 
permeability-of-the-vadose-zone. 

Depth-to-water (in meters) is calculated by 
subtracting water table elevations from surface 
elevations using geologic maps, well logs, and 
topographic maps. Recharge, (in centimeters 
per year), is determined from climatic records 
as precipitation minus evapotranspiration. 
Infiltration and permeability (as meters per 
hour) are determined from average 
permeabilities of identified geologic materials. 
A soil atlas and geologic maps provide data for 

these factors. 

In localized areas, soil surveys provide 
information on shrink-swell capacity of soils. 
This is used as a correction term for infiltration. 
Assume land-use maps exist for portions of the 
evaluation area and that they indicate the 
presence of forested or agricultural land. Also 
assume an extensive floodplain occurs in the 
evaluation area. Attenuation (ug organic matter/ 
g soil) is derived from scales which consider the 
relationship between average organic matter 
content of soils and pesticide adsorption. 

Figure 10 summarizes, and figure 11 presents a 
visual model of the proposed analysis. Scales 
from figures 3, 8, and 9 may be used in the 
exercise. An attenuation scale may be 
developed from data presented in Chapter II. 
Factor values are applied to scales to determine 
score. These are then applied along with 
predetermined factor weights to equation fa or 
fbto arrive at a site index. 
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Figure 10: Example of potentia/factor analysis to meet 
a specific analysis objective 

Obiective: Develop a rating system designed to assess 
groundwater susceptibility to contamination by pesticides 

Factor Method of Analysjs 

1. Depth-to-water Distance, in units of length, from a 
designated point near the land 
surface or contamination source to 
the top of confined aquifers or the 
seasonally high water table. 

2. Permeability-of- Permeability, in units of length 
the-vadose-zone per unit time, of the layer with the 

lowest conductivity in the vadose 
zone. 

3. Water available 
for recharge 

4. Topography 

5. Infiltration 

6. Attenuation 

Factor 

1. Depth-to-water 

2. Permeability 

3. Recharge 
potential 

4. Topography 

5. Infiltration 

6. Attenuation 

(Precipitation + Irrigation -
Evapotranspiration) in units of 
length. 

Percent slope and slope position. 

Permeability or infiltration rate of the 
root zone, with units of length per 
unit time. 

Organic matter content of the root 
zone, as a percent of soil weight. 

Possible Correction 
Terms and Identifiers 

Local variations in depth to water 

Layer thickness, position of different 
layers 

Methods or assumptions utilized in 
analysis 

Special landscape features (e.g., 
flood plains) 

Macroporosity, degree of soil 
crusting, land-use, vegetation,. 
precipitation patterns 

Pesticide class, application rate 

Assessing Hydrogeologic Risk Over Large Geographic Areas 

5. Applying, Testing, Refining the System 

Once completed, the system should be applied 
to determine it's accuracy and ability to provide a 
sufficient range of scores for comparison of 
relative groundwater susceptibility between sites. 
After applying the system for a certain length of 
time (e.g., 1 year), refinements can be made. 
Adjustments to scales, weights, correction 
terms, and identifiers are expected. Factors 
may also be deleted, added, or modified at this 
time. Applying the system to areas known to be 
susceptible to contamination or testing the 
accuracy of the method (e.g., through the use of 
tracers) provide the best means of evaluating 
the system. 

In applying a rating system, it is important that 
methodology be consistently employed. It's 
particularly important to be consistent in 
assigning the scale, weight, and correction 
values. To reduce inaccuracies of 
generalizations, particularly when data is poor or 
incomplete, development and application of 
hazard ratings should occur at a centralized 
location. 

DEVELOPING SATURATED 
ZONE HAZARD RATINGS AND 
MODIFICATION OF EXISTING 
SYSTEMS 

Several existing methods evaluate unsaturated 
and saturated zones in the same analysis. 
However, the fate of a contaminant in one 
particular zone may be independent of it's fate in 
another. Assessing both zones in one analysis 
tends to smooth differences and may 
misrepresent risks. It will be more appropriate to 
evaluate each zone separately and later present 

Figure 11: Hypothetical factor distribution for sample factor analysis shown in Figure 10. 
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Indexes indicate factors, 
correction terms, and identifiers 
to be identified in each area. 
Equation 1b is required since 
factor 3 cannot be evaluated 
throughout the area. An index of 
1121314151• 1 16 indicates that all 
six factor$ can be evaluated in 
an area (see Figure 10 for factor 
descriptions). Factor 5 
(Infiltration) is corrected and 
contains an identifier as 
indicated by the subscripts. An 
identifier must be added for each 
subarea to identify the aquifer of 
concern. 
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summarized evaluations in an overall site 
assessment. 

This paper primarily focuses on evaluation of the 
unsaturated zone. Similar techniques can be 
applied to the saturated zone. As with the 
unsaturated zone, variables such as depth-to
water, recharge, infiltration/permeability, 
topography, and a variety of attenuation factors 
may be considered with the following exceptions: 

• flow is saturated; 
• flow direction is horizontal rather than vertical; 
• knowledge of recharge and discharge zones is critical 

and may be inferred from topography, wei/location 
and density, and position of surface water bodies; 

• attenuation is often minor or insignificant; 
• the rate of contaminant delivery to an aquifer may 

be more critical than the rate of water recharge. 

The analysis of flow in the saturated zone is 
eased by the application of various mathematical 
models and theories, particularly continuity of 
flow, and through the availability of good data on 
saturated hydraulic conductivities for classes of 
geologic materials. Difficulties commonly arise 
from data inadequacies on such variables as 
recharge rates, geologic characteristics of an 
aquifer (e.g., anisotropy, thickness, bedding 
angles), and the effects of recharge/discharge 
zones, particularly near flowing wells. 

The primary effect on contaminant transport for 
horizontal, saturated flow is gradient or head 
difference. This is illustrated by increased 
variance in flow rates near recharge/ discharge 
sites, in areas of large topographic relief, and in 
aquifers with large variations in thickness and 
gradient. A rating system must properly 
evaluate the influence of hydraulic gradients. 

Factors are similar for saturated and unsaturated 
systems but are measured differently. The need 
for correctors is reduced in the saturated zone 
because assumptions regarding flow are often 
relatively accurate. Comments regarding 
development of base systems, to which specific 
factors can be added or deleted, apply to 
analysis of both saturated and unsaturated 
systems. 

Existing rating systems (e.g., DRASTIC) can 
easily be modified to use the methodology 
described here. Existing systems have the 
advantage of being already developed, although 
factors should be modified to form scales with 
these modifications and to consider local 
hydrogeologic conditions. Existing systems can 
be applied to equation 1a or 1b. This will allow 
the determination of hazard ratings for 
geographic areas having large variations in 
available data. 

For assessment of existing contamination sites 
or structures, the LeGrand method (1983) 
appears to be the best currently available. It 
provides good site information, a wide range of 
contaminant considerations, and clear analysis 
of factors. It does not, however, provide a 
substitute for contaminant monitoring. 

CONCLUSIONS 

The Trojan-Perry Method of site analysis 
presented here provides a useful means of 
evaluating hazard or risk on a site. There are 
several advantages to this methodology: 

1. Analysis is flexible. Any number of factors 
can be included in the analysis; at a 
minimum, a rating score at a site can be 
produced with only one factor. Factors can 
be added as data becomes available. 
Specific factors can be added to a base 
system to make specific evaluations, allowing 
a variety of potential assessments for 
different uses. 

2. The system allows use of all available and/or 
potential data. Thus a site can be evaluated 
to the fullest and most accurate degree 
possible. In addition to factor analysis, 
correction terms and identifiers can be 
utilized to improve the accuracy of an 
assessment. 

3. The user is provided with abundant site 
information. With computer application, a 
site index with factor scores, correctors, 
identifiers, and a site score can be displayed. 
Detailed information on, or interpretation of 
site characteristics may be provided if 
required. 

4. System designers may refine the design to 
fit their needs. Existing systems may be 
modified to fit equations 1a or 1b. A base 
analysis may be done initially, and priority 
areas may be assessed first if detailed 
analysis is not desired. Specific evaluations, 
correction terms, and identifiers may be 
implemented in the future. 

5. The final analysis requires coordination of 
existing data and identifies future data needs 
and priorities. 

The reader should also recognize the existence 
of significant cautions in using this methodology. 

1. The final system is only as accurate as the 
methodology, which in turn relies on data 
inputs. Of particular concern is the 
extrapolation of data from incomplete maps 
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and the reliability of existing maps. Maps 
may be outdated or may present data at a 
very broad scale (e.g., use of 100-foot 
contour intervals for water table elevations). 

Factor scales and numerical values for 
correctors are intended to present "relative 
risk" based on highly variable natural 
processes. However, most methods of 
analysis are inexact. Support for 
development of factors and correctors is 
generally weak in the literature, particularly in 
the area of field application. It is likely that 
any susceptibility analysis will require 
refinement and iteration. 

2. System designers must maintain a clear 
view of goals. If the initial goal is to design a 
screening tool such as DRASTIC, then 
correctors and identifiers should be 
temporarily omitted. 

3. The Trojan-Perry Method is not site 
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specific. Because of the generalized nature 
of the analysis, a rating system can never 
achieve site specificity. The investment in 
design and implementation of a system must 
therefore be balanced by expected benefits. 
If computer capabilities are to be utilized, a 
highly informative analysis can be provided 
for the cost of software and costs for 
digitizing maps. 

4. A system must be consistently applied 
throughout an area, particularly with respect 
to scales, weights, and correction terms. 

5. The utilization of different data bases for 
different sites may seem to invalidate or 
weaken resulting interpretations. Data 
limitations force such a practice in many 
situations. The Trojan-Perry Method provides 
the user with indices describing quality of the 
data utilized in a site evaluation. This insight 
may reduce the problem of differing data 
bases. 
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The transport of contaminated water to 
groundwater is controlled by two processes 
which affect nearly all potential contaminants: 

1. The amount and rate of recharge through the 
unsaturated zone and into an aquifer, and 

2. Attenuation characteristics of the unsaturated 
medium. 

Recharge and attenuation are complicated 
processes. Even over small distances, point 
estimates of these parameters are impractical 
due to variations in geology, climate, soils, and 
land-use. A logical alternative is to assess these 
processes through related characteristics which 
reflect more generic relationships. Taken 
together, evaluating factors and developing 
factor indices is the process of compressing 
point estimates to integrated variables. 

This chapter discusses development of factor 
indices. The importance, methods of analysis, 
and natural variability of factors are presented. 
Correction terms and identifiers are introduced, 
developed, and when possible, presented in a 
format acceptable for incorporation into 
equations fa and 1b. General relationships are 
shown. The discussion is not exhaustive and 
numerical values and scales are not developed. 
System design teams will need to expand on this 
discussion, including the development of 
necessary scales and values, particularly as they 
relate to local conditions. 

RECHARGE 

Recharge, as used in this discussion, is the 
amount of water passed through the unsaturated 
zone and into an aquifer during a specified 
period of time. The time period is generally one 
year. Recharge may be expressed as either of 
the following: 

1. Annual recharge rates to aquifers, expressed 
as a depth across the evaluation area, or 

2. The amount of water available for recharge. 
These latter methods consist of water 

budgeting approaches. 

Either or both methods may be utilized in a 
susceptibility analysis. A summary of general 
methods for determining recharge is presented 
below, followed by a discussion of specific 

recharge potential analyses. 

Methods for Determining Recharge to 
Aquifers 

Method A 

In regions where surface streams or rivers are 
hydrologically connected to groundwater, low
flow data from reliable gaging stations may be 
assumed to represent groundwater contribution 
to flow. These measurements are often derived 
from 30-day low flow records during periods of 
insignificant precipitation (Ackroyd eta/., 1967; 
Riggs, 1972). 

However, recharge estimates derived from 
low-flow data are often significantly less than 
those calculated with other methods. Often this 
is due to aquifer-derived water being lost above 
the stream gaging station through 
evapotranspiration. 

An additional error may result when recharge 
estimates during dry periods are less than those 
from wet periods, particularly in areas where 
precipitation-derived groundwater moves 
relatively quickly to the stream or river. In 
addition, there are inherent large variations in 
low-flow data, making extrapolation to adjacent 
gaging stations difficult. 

Finally, there may be significant contributions to 
aquifers from surface water during times of low 
precipitation (Ackroyd eta/., 1967; Riggs, 1972 
and 1973; Kanivetsky, Minnesota Geological 
Survey, personal communication). Kanivetsky 
(1979) has applied this low-flow technique to 
river basins throughout Minnesota and found 
good correlation with observation well data for 
about 30 percent of the basins. 

MethodB 

Water levels in observation wells are often used 
to indicate vertical recharge rates. With this 
technique, horizontal flow is assumed to either 
be insignificant or quantifiable. Since an 
observation network must be adequate to 
determine recharge across large areas with 
diverse climate, geological, and soil 
characteristics, extrapolation between well sites 
is difficult. 
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Method C 

Estimates of recharge may be based on climatic 
data (Ackroyd et ! 967). in a study 
Steenhuis et af. (i in New Jersey, recharge 
was found to equal 75-90 or ti1e total 
precipitation between 15 and i 5, 
and 0 percent for the remainder of the year. 
Rehm eta!. (1982) found recharge equal to 2-9 
percent of annual precipitation for three different 
methods of analysis in North Dak.:Y!a. 

!n the leningrad Province crf the Soviet 
Zaltsburg (1982) presented used to 
·rorecast recl1arge based on average air 
temperatures and water levels at certain times cr1 
the year (figure 1 Recharge in Saskatchewan 
prairies was found to equal i · 7.5 percent of 
mean annual precipitation (Stephens and 

1986). 

in a similar fashion, in arid of Saudi 
Arabia, Australia, and the Higr1 Plains of 
Colorado, well defined relationships have been 
found between recllarge and storm intensity 
(Stephens and 1 The method of 
determining recharge "from climatic records 
appears to be accurate for areas with an 
adequate water level when 
climatological records are and when 
predictable recharge 

M!lthod D 

Under certain circumstances, iJ\/ater chemistry 
and tracing studies tla\!e been used to estimate 
groundwater recharge. ln limestone aquifers of 
south-central Texas, Campana and Mahin 
(1985) estimated recharge tracing tritium 
through discrete cells and into groundwater. 
Recharge in their area occurred through 
stream outflow and through precipitation 
infiltration. The results (iigure 13) show that 
recharge values determined by the tritium 
method were somewhat lower than with an 
infiltration-streamflow model. The major source 
of difference is attributed to the inability to 
differentiate between recharge from primanJ and 
secondary sinkholes with the tritium method. 

Despite the lower estimates o"f recharge, the 
tritium method was shown to yield consistent, 
relatively accurate results" limiting the method is 
the assumption that groundvilater losses due to 
evapotranspiration and outflow are zero or can 
be accounted for with the use of discrete cells. 
in deep desert aquifers unaffected by 
evapotranspiration and having low flow rates, 
these losses can be negligible. 

Allison et aJ. (1985) determined recharge in karst 

Figure 12: R~grl3issirfJJn &~eyuaffioi!UJ and their muWpl~J conelstion 
co&!!flclen~ IH!!ed in prltt~tiictlng grotmdwater 1-t~R:Iie elevation 
111 th(J; 3JS'5iR (Za!fl:sburg, 1!iUfi:2} 

Obse111ation 
Well nQ. neriod. vears F•2rfie:;asting equation 

Leningrad and Leningrad Province (Northwest of the USSR) 

2 18 y1=0.32 + 0.745x1- 0.054x2 
t 1 22 yt=O.SB + 0.573x1- 0.046x2 

160 20 y1=0.78 +· 0.516xl- 0.054x2 
251 16 y1=0.53 + O.BB7x1- 0.080x2 
170 18 yt~0.37 + 0"904x1- 0.052X2 

Nm;aa,ro~/ Province (1\Jorthwes~ of ihe USSR) 

1 
HA 
26 
27 

15 
11 
15 
14 

Average 17 

y1= 1.32 + 0.320x1- 0.040x3 
y1=0.78 + 0.373x1- 0.026x3 
yi= 1.25 + 0.1557x1- 0.012x3 
y1=1.38 + 0.377x1- 0.02Bx3 

Leningrad and Leningrad Province (Northwest of the USSR) 

1003 24 y2~6.19 + 0.574x4- 0.016x5 
1011 24 y2= 12.27 + D.199x4- 0.016x5 
1042 20 y2=12.37 -1- 0.442x4- 0.021x5 
106 16 y2=0.59 + 0.205x4- 0.003x6 
153 17 y2=0.95 4· 0.228x4- 0.005x6 
160 19 y2=1.61 + 0.257x4- 0.006x6 

Average 21J 

R muflip!e correlation coefficient 
SE standard error 
y1 pre-spring minimum ground-water !able 
y2 spring maximum ground-waler table 
x1 mean monthly ground-water iable tor December 
x2 average !em perature for December-January 
x3 average tempera.Wre for December-Februa1y 
x4 mean monthly ground-water table for February 
)(/5 precipil'ation for December-March 
x6 precipitation for December-February 

Figure 13: EsUmatl!#d recharge, in inches, from l'wo 
m®tha;;is; (Campam ami Mahin, 'UJ85) 

Stream Loss 
~ 
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0.1892 
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0.2060 
0.1985 
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0.0539 
1.4101 
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0.8517 
1.0175 
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0.7692 
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1.0914 
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0.8162 
1.1350 

13.8375 
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0.83.±0.06 
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0.72.±0.12 
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0.86.:t.0.07 
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0.82.±0.08 
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0.88.±0.05 
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and dune elements in a semi-arid location in 
Australia by using chloride, deuterium and 
oxygen-18. Below the root zone, chloride 
concentration may be linearly related to water 
content with depth. If this relation holds and the 
water table is below the root zone, then 
measuring the chloride concentration at the 
water table provides a measure of the recharge 
rate. 

De~terium and oxygen-18 are natural isotopes; 
their concentration in rainfall is a function of 
rainfall intensity. A profile of the isotopic and 
water concentrations with depth to the top of the 
water table gives an indication of rainfall 
intensities needed to cause recharge, and of 
recharge amounts. 

Allison et at. (1985) determined recharge rates of 
approximately 0.17 mm/year for the study area. 
They determined the following recharge rates for 
various landscapes: secondary sinkholes, 60 
mm:year; primary sinkholes, 0.1 mm/year; 
undisturbed dunes, 0.06 mm/year; disturbed 
dunes, 13 mm/year. The authors ascertained 
that on disturbed sites where native vegetation 
was removed, due to increased recharge, 
groundwater was more susceptible to 
contamination by salts. This increased recharge 
led to increased salt concentrations in local 
rivers. 

Gunn (1983) performed similar experiments in 
New Zealand karst areas. He correlated 
magnesium and calcium concentrations for 
different types of flow regimes. For example, 
seepage water in the vadose zone contained low 
concentrations of these ions, while water flowing 
through vadose zone joints and fissures 
contained high concentrations. By determining 
ion concentrations in groundwater, Gunn 
concluded that flow through joints and fissures 
produced more recharge than seepage. 

Dreiss (1983) concluded that water chemistry 
and tracing studies are best for determining 
recharge areas in karst topography, while 
general methods fail to determine locations of 
rapid response. 

Use of natural isotopes and water chemistry is 
suitable for areas where the necessary 
relationships can be established. These are 
generally localized areas where groundwater 
systems are somewhat simplified or are subject 
to rapid response processes. 

MethodE 

Water balance methods attempt to budget water 
over the components in the following equation: 

equatlon2 

R 

where R 
p 
I 
RO = 
ET = 
dS = 

P+I-RO-ET-dS 

recharge to groundwater 
precipitation 
irrigation 7 

runoff 
evapotranspiration 
change in soil storage 

There are a number of simplifying assumptions 
used in applying this method, including: 

1. No lateral water transport (unless it can be 
quantified); 

2. Accurate estimation of ET and RO; 
3. A well-defined, established vegetative cover; 
4. All water available for soil storage is 

consumed as storage, meaning water moves 
as a wetting front through the unsaturated 
zone; 

5. Winter precipitation is liquid or is considered 
for the month in which it melts. 

Despite these restrictions, the method is 
frequently used. Leach (1982) studied the 
response of recharge to changes in water 
budget components for aquifers in Hong Kong. 
Runoff was insignificant and irrigation was zero, 
leaving soil moisture deficit, precipitation, and 
evapotranspiration as the major factors 
influencing recharge. He found that soil moisture 
deficits of up to 150 mm had little effect on 
recharge, while varying the evapotranspiration 
coefficient by 20 percent affected recharge by 
20 percent. A strong and almost immediate 
response was found with precipitation. These 
results indicated that short duration, high 
intensity storms, where soil wetting is 
incomplete, are primarily responsible for 
groundwater recharge in Hong Kong. 

Alley (1984) studied three water balance 
methods on 10 drainage basins (29-126 square 
miles in area) in New Jersey. Alley's methods 
and results are described in figure 14. The first 
method, developed by Thornthwaite and Mather, 
identifies the dS component as a function of 
precipitation and evapotranspiration. Runoff 
coefficients were estimated based on local cover 
and slope conditions. Excess soil moisture was 
assumed to result in groundwater recharge. 
The method is easy to use but soil moisture 
showed large variability. 

The second method cited by Alley (1984) was 
developed by Palmer and is similar to 

1 Irrigation is a water Input because the recharge component 
(I.e., the amount of water passing through the unsaturated 
zone) is Increased, thus affecting contaminant transport. 
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Figure 14: Summary of Fitted Model Parameters for 
Estimating Recharge {Alley, 1984). 
Published by the American Geophysical 
Union 

Coefficient 
Parameter Mean of VariaJiQn .8.aJJim 
model T1 

I 1.4 1.3 0.003-5.4 
r1 0.68 0.15 0.50-0.77 

model T2 
I 3.5 0.92 0.34-10 
r1 0.61 0.35 0.17-0.84 
r2 0.076 0.50 0.002-0.13 

model T3 
I 7.3 1.3 0.003-25 
r1 0.46 0.77 0.001-0.77 
r3 0.46 0.93 0.014-0.99 

mode/P 
11 0.82 1.2 0.001-2.8 
12 0.44 1.4 0.001-1.6 
r3 0.68 0.14 0.50-0.78 

mode/abed 
a 0.992 0.007 0.975-0.999 
b 30. 0.35 14-50 
c 0.16 1.0 0.001-0.46 
d 0.26 1.5 0.007-1.0 

T Thornthwaite's Model 
p Palmer's Model 
abed Thomas' Model 
1(1,2) soil water capacity (layers 1 and 2) 
r1,2,3 runoff coefficients 
a saturated soil runoff coefficient 
b (ET + dS)max coefficient 
c groundwater coefficient 
d (groundwater residence time)"1 

Thornthwaite and Mather's but considered two 
layers in the unsaturated zone. It was assumed 
that water cannot enter the lower layer until the 
top layer reaches saturation. The assumption 
that excess soil moisture leads to groundwater 
recharge showed inaccuracies due to large 
variations in the dS component. These were 
particularly evident when the top layer exhibited 
a large degree of macroporosity, leading to a 
significant amount of unsaturated flow. 

The third method presented in Alley (1984) was 
an abed model developed by Thomas. This 
method modified equation 2 in developing 
coefficients for runoff, evapotranspiration, soil 
storage, and groundwater recharge. The 
groundwater component showed considerable 
variation, largely because it is affected by the 
other components in the equation. 

Freeze and Banner (1970) studied recharge to 
Canadian prairies and found that recharge 
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events were isolated in time and space. Their P, 
ET, and dS showed strong areal variations and 
could not be used to determine recharge over 
large areas. The problem of lateral soil flow was 
particularly troublesome. 

A study of groundwater recharge on eastern 
Long Island, New York (Steenhuis eta/., 1985) 
showed similar results. Precipitation varied 
significantly in duration, amount, and intensity; 
soil storage was influenced strongly by 
variations in permeability and layering; and 
runoff and evapotranspiration could not be 
adequately approximated. 

Water balance equations must be approached 
with caution. For systems in which runoff and 
evapotranspiration are insignificant or can be 
accurately determined or approximated, soils 
are relatively uniform, and precipitation events 
are well recorded, water balance methods 
appear to give reliable estimates of groundwater 
recharge. The method has been shown to be 
accurate for point estimates of recharge 
(Remson, 1986; Fenn eta/., 1975). However, in 
diffuse source areas or areas where the other 
conditions do not hold, water balance methods 
are not a good choice. 

Metbodf 

A theoretically correct method for determining 
recharge is estimating vertical water flux as a 
function of moisture content and hydraulic 
conductivity. Discussing the basis for this 
relationship is beyond the scope of this paper, 
but some applications will be presented. 
Stephens and Knowlton (1986) used two 
methods to estimate recharge. In one, moisture 
content with depth (using neutron probes) was 
correlated with the corresponding hydraulic 
conductivity. Hydraulic conductivity provides a 
measure of vertical water flux. This method 
requires accurate determination of hydraulic 
conductivity as a function of water content. This 
becomes difficult at low moisture contents, in 
non-uniform soils, or when lateral water flux is 
significant. 

Their second method estimates recharge from 
the relationship between matric potential and 
hydraulic conductivity. A potential hysteretic 
effect leads to an overestimation of recharge. 
Estimates for recharge were 0.70-3.66 em/year 
with the first method and 3. 70 em/year with the 
second. 

Rehm et al. (1982) used a Darcy flux method to 
calculate recharge in upland prairie locations in 
central North Dakota. In the study area, water 
table wells and piezometers were nested 
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between the water table and the first zone of 
strongly lateral groundwater flow. Darcy's law 
was then used to determine recharge. The 
model worked well in homogenous media, but 
showed considerable variation for anisotropic 
conditions. Despite this, estimates of average 
recharge rate were comparable to those 
obtained by hydrograph analysis and water 
budgeting for the same area. 

Wikrameratna and Reeve (1984) used a 
mathematical model designed to fit a least
squares approach to recharge of various types. 
By establishing a grid system with points or 
recharge nodes and then type of recharge 
occurring at each node, and by applying the 
model, the authors reduced variation by 50-70 
percent compared to implied recharge 
techniques. In deriving the node approach it 
was assumed that the major recharge areas and 
hydraulic processes affecting recharge at each 
node were known. 

Other authors have derived mathematical 
models of aquifer recharge based on hydrologic 
properties of the unsaturated zone. These 
include studies by Morei-Seytoux (1984), Freeze 
(1969 and 1971 ), and Freeze and Banner 
(1970). 

Mathematical models work well for one
dimensional, vertical flow problems. They 
provide good point estimates of recharge but are 
costly and limited in the extent of application. 

MetbodG 

Temperature gradients have been used to 
monitor water as it moves through the 
unsaturated zone and into groundwater. They 
can be used when well established relationships 
exist between temperature and water content 
over depth. That relationship is weak in areas 
with lateral flow. Sammis eta/. (1982) used the 
method in Arizona, but the estimate of 9 em/year 
is considerably below estimates achieved with 
Darcy's equation (18 em/year) and tritium tracers 
(40 em/year). Actual recharge is considered to 
be closest to the Darcy approximation. 

MethodH 

Rehm eta/. (1982) used a flow-partitioning 
approach. Establishing blocks with streamlines 
and equipotentials, water flux for the block was a 
function of the hydraulic conductivity, 
potentiometric gradient, and area. As with any 
mathematical model, use of this method required 
well established values for conductivity and a 
"steady-state" system. Results correlated well 

with Darcy flux and hydrograph analysis 
methods. 

Summary 

A variety of methods for determining recharge 
over large areas have been described. Several 
variations of each method exist. The choice of 
method should be a function of local hydrologic 
conditions, availability of data, and preference. 
Several states employ more than one method. 
Others employ none. Studies by Rehm eta/. 
(1982), Steenhuis eta/. (1985), and Sammis et 
a/. (1982) indicate that the choice of method is 
more critical for areas with low or highly variable 
recharge. 

WATER AVAILABLE FOR RECHARGE 

Previously discussed methods determine 
general recharge over large areas. They may 
be difficult to use and may fail to account for 
large, localized variations. An alternative or 
supplement is to determine the amount of water 
available for recharge. 

In water balance equations, precipitation and 
irrigation can be budgeted among the outputs of 
runoff, evapotranspiration, drainage and 
storage. Over large areas, runoff and lateral 
flow (a component of soil storage) can be 
ignored or generalized. Storage can be 
assessed by the thickness of the unsaturated 
zone and location of the water table. This 
leaves precipitation, irrigation, and 
evapotranspiration to describe the amount of 
water available for recharge. Precipitation can 
be well established with proper techniques and a 
sufficient network of recording stations (Harrold 
eta/., 1976). Irrigation is often well established 
but may be a critical concern where records are 
poor or non-existent. 

Evapotranspiration is a more difficult 
computation. A number of methods are 
available, most of which give point estimates of 
evapotranspiration. Thornthwaite (1948) and 
Penman conceptualized potential 
evapotranspiration (PET), defining it as "the 
evaporation from an extended surface of short 
green crop which fully shades the ground, exerts 
little or negligible resistance to the flow of water, 
and is always well supplied with water. Potential 
evapotranspiration cannot exceed free water 
evaporation under the same weather conditions." 
This concept has application for areas where 
recharge occurs under saturated conditions 
(Rosenberg, 197 4). 

Qualifications should be made when using PET. 
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The concept is useful only when water flow 
through the root zone is saturated, fulfilling the 
requirement of a free water surface. These 
conditions generally occur following snowmelt, 
during rainy seasons, or following significant 
precipitation events. 

For regions where significant unsaturated flow 
occurs through the root zone, the concept of 
PET is inadequate. These conditions are 
common in areas of intense storms or in arid 
regions, particularly if the soil is coarse textured 
or cracked. Under these circumstances, 
establishing potential recharge is difficult and it 
may be best to eliminate this term and attempt 
to make an evaluation of soil infiltration (Hillel, 
1971). 

Another qualification is the degree of cover, 
height, and type of vegetation. Leaf area index 
has been shown to correlate well with PET 
rates. Thus row crops, which do not fully shade 
the ground, show decreased PET compared to 
rates calculated under ideal situations. Taller 
crops have more effective exchange of energy 
with the ambient air and show increased rates of 
evaporation. Finally, broadleafs are shown to 
transpire more per unit of leaf area than 
grasses. Various coefficients can be used to 
adjust for these effects (Rosenberg, 197 4; 
Fritschen, 1965; Janes, 1960; Brun eta/., 1972; 
Stanhill, 1965; El Nadi and Hudson, 1965; van 
Bavel and Ehrler, 1968). 

Empirical methods can estimate PET. 
Thornthwaite's (1948) equation to determine 
PET is based on mean monthly air temperature. 
Blaney-Criddle (1950) correlate pan evaporation 
with mean monthly air temperature, relative 
humidity, and percentage of total yearly daylight 
hours for each individual month. Jensen and 
Haise (1963) determine PET from mean air 
temperature and solar radiation. These 
methods are summarized in figure 15. 

Other methods include direct measurement of 
evaporation with potential evapotranspirometers, 
weighing lysimeters, floating lysimeters, pan 
evaporimeters, and atmometers. Evaporation 
determined with these instruments can be 
related to PET with various equations or 
coefficients which Rosenberg (1974) details. 

When relating precipitation and PET to water 
available for recharge, several considerations 
must be met, including: 

1. Use of reliable data; 
2. Proper determination of precipitation, including 

contouring techniques and consideration of 
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orographic effects; 
3. Monthly computation of precipitation, PET, 

and the factors that affect these terms, 
including depth of the root zone, and crop 
height, type, and cover. 

Figure 15: Summary of Some Methods for Estimating Potential 
Evapotranspiration (Rosenberg, 1974) 

Thornthwaite Method: ETP Ct 8 

ETP potential evapotranspiration (in) 
a,C constants 

t mean monthly temperature (•C) 

Blaney-Criddle Method: Et 0.0167T(114-RH) 

Et evaporation (in) 
T mean annual temperature (•F) 

RH mean annual relative humidity 

Jensen-Haise Method: ETP (0.014T- 0.37)Rs 

ETP potential evapotranspiration (in) 
T = mean air temperature (•C) 

Rs = evaporation equivalent of the 
solar radiation (in/day) 

The amount of water potentially available for 
recharge is not linearly related to the amount of 
contaminant that may be transported. During 
initial leaching, solute concentrations are high. 
As recharge continues, concentration decreases 
until at some point the concentration in drainage 
water is less than that in the aquifer. Drainage 
water then begins to dilute the aquifer. 

The amount of recharge where hazard risk is 
maximized depends on contaminant toxicity, 
mobility, and quantity; moisture and attenuation 
characteristics of the unsaturated zone; flow 
velocity; and transport characteristics of the 
aquifer. Evaluating all these factors in a general 
rating system is impractical. When recharge 
rates are generally insufficient for aquifer 
dilution, it may be assumed that each additional, 
equal recharge increment leads to increased 
hazard risk. In equation fa, this increment 
exists in a 1 :1 relationship with hazard risk and 
can be mathematically adjusted. In equation 1b, 
it is necessary to establish a rating scale for 
available recharge. 

Development of a factor index for recharge may 
proceed as follows: 

Factor --- Recharge (R) 
Implementation --- Equation 1 a: determine (P + I -PET) 

and use this value for R; 
Equation 1b: determine (P + 1- PET) 
or recharge across an aquifer and 
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use one of th ·ese terms as a factor. 
Index score is determined from a 
rating scale. 

Correctors --- If using PET, make adjustments for 
vegetation effects if data is available. 

Identifiers --- Identify any assumptions made in 
the analysis. These may include 
methods used or recharge 
conditions considered. 

A sample rating scale was shown in Figure 9. 

PERMEABILITY OF THE VADOSE ZONE 

Permeability influences the rate of water 
movement through porous media. This in turn 
affects the rate at which a contaminant is 
transported and attenuated. Most rating 
methods assume that the layer of lowest 
permeability between the land surface and the 
top of the aquifer controls the rate of vertical 
water flux, often regardless of its thickness or 
position with respect to depth or other layers. 

Permeability is typically established as a function 
of the texture of the unsaturated zone media. 
Figure 16 lists permeabilities of various geologic 
materials. General textural classifications, 
degree of fracturing, and thickness are some 
parameters describing permeability. Differences 
in structure, texture, porosity, and moisture 
content cause significant variation in permeability 
over short distances. A number of potential 
correction terms can adjust for these effects. 

Figure 16: Permeabllltles of some geologic materials 
(Fetter, 1980; Silks and Swearingen, 1978;) 

clays 
peat 
silt 
loams 
very fine sands 
fine sands 
coarse sands 
sands with gravel 
gravels 

Consolidated materials 

Permeability (m!sec! 

10-9 - 10-8 
10-11 - 1o-7 

10-s - 10-7 

10-7 - 10--s 
10--6 - 1o-s 
10-5 - 10-4 
10-4 - 10-3 
10-3 - 10-2 

greater than 10 -2 

unfractured shale, igneous and 10 -9 
metamorphic rock 

siltstone, massive limestone and 10 -B 

dolomite 
compact sandstone, moderately 1 o -7 - 1 o -s 

fractured shale, igneous, and 
metamorphic rock 

poorly cemented sandstone, greater than 10 -s 
highly fractured shale, igneous, 
and metamorphic rock, permeable 
basalt and lavas, cavernous 
limestone and dolomite 

Hillel and Talpaz (1977) studied soil water 
dynamics in layered soils. Using combinations 
of a sand, clay, and silt with saturated hydraulic 
conductivities (Ks) of 2.5 X 1 a-s, a.2 X 1 a-s, and 
a. 7 X 1 a-s meters per second respectively, they 
determined cumulative drainage and moisture 
profile with depth. Soil columns were initially 
saturated and allowed to drain gravimetrically for 
ten days. Figure 17 illustrates their findings. 

Sublayers tend to dominate drainage due to 
increased thickness. Sand sublayers drain 
quickly compared to clay and loam layers. As 
texture of the top layer becomes finer, drainage 
decreases in a sublayer class. Figure 18 
illustrates the effects of evaporation. Cumulative 
drainage is lower for all combinations. Sand 
sublayers again have increased drainage 
compared to finer textures. The effect of top 

Figure 17: Cumulative drainage from initially 
saturated two-layer profiles. S, L, and C 
designate sand, loam, and clay, 
respectively (Hillel and Talpaz, 1977} 

TIME (DAYS> 

(Reproduced with permission, Williams and Wilkins, Publishers.) 

Figure 18: Cumulative drainage from Initially 
saturated layered profiles during 
simultaneous drainage and evaporation 
(Hillel and Talpaz, 1977) 

0.4 ,.,.. -,----,---,----,----,---~--,-----,--,-----, 

Til'[ CDAYS> 

(Reproduced w"h permission, Williams and Wilkins, Publishers.) 
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Figure 19: Water balance of layered profiles for a 10-day simulation, Including two rainstorms {first and third 
nights) totaling 144.0 mm, and two periods of evaporation {the first during the two days between 
rainstorms; the second during the eight days after the last rainstorm). Symbols S, L, C stand for 
sand, loam, and clay, respectively. SIC represents a two-layered profile of sand over clay, and other 
layered profiles are designated accordingly. Profiles with asterisk were subjected to the same 
rainfall with doubled Intensity (Hillel and Talpaz, 1977). 

Soil Total Total Total Total Storage Storage 
profile jnfiltration(mm! runofffmm/ evaporationfmm/ drainaqe(mm! jncrerneat(mm! efficienqy(mm! 

Sand 144.0 0.0 
Loam 144.0 0.0 
Clay 144.0 0.0 
SIL 144.0 0.0 
SIC 144.0 0.0 
us 144.0 0.0 
uc 144.0 0.0 
CIS 144.0 0.0 
CIL 144.0 0.0 
SIUC 144.0 0.0 
CIUS 144.0 0.0 
CISIC 144.0 0.0 
SIC IS 144.0 0.0 
CISIL 144.0 0.0 
USIC 144.0 0.0 
c1s• 119.1 25.3 
c1us· 122.1 22.3 

(Reproduced with permission, Williams and Wilkins, Publishers). 

layer texture is uncertain, though evaporation 
increases with finer textures. 

Figure 19 summarizes results from infiltration on 
soils allowed to drain gravimetrically for 10 
days. Sand layers above fine textured layers 
showed much larger storage functions than fine 
over coarse profiles. Total drainage was low 
except on the pure sand profile. Water moved 
from fine textured layers into coarse layers prior 
to saturation of the top layer. This is illustrated 
by the occurrence of drainage in the soil 
columns. 

An equation was developed by Salim 
et al., (1977) to describe the transport of 
chlorine and fluometuron (1, 1-dimethyl 1-3-
(a,a,a,-trifluoro-m-tolyl) urea) through an 
individual layer of a multilayered soil: 

equation 3 

dCi/dx = (Qi + pi(dSi/dt) + 9i(dCi/dt))/ 
(9iDi(d/dx)- q) 

where 
Ci = concentration of solute in solution in 

ug/cm 3 , for ith layer 
x = distance from soil surface 
a = sink for irreversible solute interaction 

(ug/cm 3- hr) 
p = bulk density (g/cm 3 ) 

S = amount of solute adsorbed by soil (ug/g) 
t = time (hr) 

Station Bulletin 585-1988 

66.3 
78.7 
87.3 
51.2 
49.8 
93.4 
70.7 
97.4 
94.4 
47.5 

104.7 
89.6 
60.9 
90.3 
85.3 
91.4 
92.7 

1.2 76.9 53.3 
0.0 65.7 45.5 
0.0 57.1 39.5 
0.5 92.7 64.2 
0.02 94.6 65.5 
0.0 51.0 35.3 
0.02 73.7 51.0 
0.02 47.0 32.5 
0.01 50.0 34.6 
0.03 96.9 67.1 
0.0 39.7 27.5 
0.2 54.8 38.0 
0.0 83.4 57.8 
0.04 54.1 37.5 
0.02 59.1 40.9 
0.0 28.7 19.9 
0.0 29.4 20.4 

9 = moisture content (em 3/cm 3) 

D = solute dispersion coefficient (em 2/hr) 
q = Darcy soil-water flow velocity (cm/hr) 

As (dCi/dx) increases, less solute is transported. 
Increasing a, p, and S results in decreased 
solute transport. Transport rate increases as D, 
q, and 0 increase with depth. 

Studies were performed on two soils, a fine sand 
and a loam. Combinations of layering were 
examined, varying in thickness and position. 
Experimental results indicated that layers did not 
act as independent units but as a single 
homogenous unit which could best be described 
as intermediate between the two layers. 
Principal factors affecting effluent volume and 
solute concentration were found to be thickness 
and retardation factor for each layer. 

Moisture profiles were studied as a function of 
layering and water table position. Results (figure 
20) indicate that the fine textured layer 
dominates the moisture profile, but that a water 
table near the surface is more likely to induce 
unsaturated flow and that this flow into a sand 
layer occurs prior to the saturation of a clay 
layer. 

Hillel and Gardner (1970) studied the effect of a 
surface impeding crust on vertical water flux. 
They developed the following equation to fit this 
situation: 

21 
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{Aj x""~IJV-cm riepth a.IM1 (EJ) @!!I?ICJ~dt!pffii infinity) {SI!ifflm ll'l'f &0,, 1'!J'l7) 

, .. 2Ku( cJH/c/0}!} - Kufic 

J ,~ lntf!iralfon 
0 ·= wafer com,en? increr11eni of wel1ed zom~ in 

.in#§~ratlnf'f so1l 
Ku = tJnsatuoated hyclraulic conductivi!y 
FJc = tJ.r,/drautic resistance of the crust 
H = ell'ectfve lH9ad drop bel!iveen 

wetting front (em} 
t= 1fme (h1) 

2'! summarizes Hille! ancl Gz:J.rclln'Bi''s 
results. it K. is held constant fc:;r tl1rEt crust, 
i~r~rA~1010\inn the crust resistance decreases 

e;md Gardnen· {1 to a 
-0.3 mm 

A sand nea1· the sur1ace 
doGreased irrtiltra,,tioll ra'l®, bllt the 

of !his cJ~1cmased wltl1 It is 

main e1fHc'l on downward movement 
'Ji·ont was the dl'fYerence ir1 int•9rlayer ptxe 
diarnEJter 

BJ1d J~ohnson (1 
IUDViE!rm-ilnt o'l nuc!E!ai' wastes in 
that whet~ a coarse textur~ed 
1147 overlaid a 1!ne textlm~d 
"' 0.036 mm), thin (J! 
.,,.,,,,.._,,."""rl in tirnes less than H1ose 

\Iilith fine over coarse 
sequences !here was large lateral of the 

\/Vater Suction h ~ 

:1 .2 .3 A .5 
lvVater Content e, cm'3tcm'l 

0 .1 .2 .3 .4 .5 
Water Content e. cm3,;~ 

Fig!.liwe 2·1 : ! for Ui~~~ronn am:i crust®d ""n"""'""'· 

18 

16 

em 
Ill 

12 

10 

'lm!'ll I di&~~a !i!r~ ©if.lii'Ulcled for ~h~ 
quau1mlf @[ Wlll~®F w~:~rb®d blf !;he cmsts 

l!lli,ldl Ga~lilm'lr, 

No crust 

4 'ft,\ilours1 112 

(Reproduced 1Nh~rn permis$ion, ~PJminrns and lJIJi!kins, PubHshors.) 

wastes over but individual !hreads or 
in!litra1ion Into t11s coarse material were 
obser!led. Tl1e diffenence in area o~ 
fronts '.'Vas 'I !JO:i for ct>arsc::H:Jver-'lirHil and 'line
oveH:oarse seqwl!I1Ces, r,aspectlveiJ/. This 
illustrated a eh'ec'! of on lateral 



Al!lsassing Hydrogeoaog!c Risk Over LE~gl1l GI'Hllg~·iiiipi"l!c Areas 
~.~~~~~~-~~~-~~--~~~-~~~~=•~H!Ifl!~•~mw,-nrn;!I!J!I9!ll'i!jl'i!'l'll'J'IWlW!"1HVI~~~ 

Figure 22: Effect ol distam::e from qfle water source 
on fimra between wellting front f!IN3chill'lt;J 
and crossing soil-sand interlace and e:Jll'! 

rate of decrease off Infiltration ratffi due to 
tit-u~ interlace (Miiffer t!!fid Ge!!!dner, 1962) 

Distance 
from 

water source 
source to 

sand laver'· 

Time required for 
water to cross 

soil-sand 
interface 

Average rate of 
decrease of 

infiltration rate 
after wetting front 

reached sand# 

downward upward downward upward 
we rona wer1ing weWng we rona 

(em) (sec) (sec} mllsec/sec X to -s 

4.0 105 195 13.7 14.1 
8.0 180 550 2.1 1.3 

12.0 390 1860 0.9 0.3 

• o. 1 to 0.3 mm sand. 
# Based on time interval from when wetting front reached 
sand until observance o11he minimum infil1ration rate due to 
the sand 

(Reproduced wii:h permission. Soil Science Society of America, !nco) 

Figure 23: Summary of pore-size distribution in 
quartz materials used ffm·layers* and t!1eir 
effec~ upon water movement ffnlo :he !ayer 
(Miller and Gawdner, 1962} 

Diameter 
of 

se{2af!il1fZ 

(mm) 

<0.05 
0.05-0.1 
0.1-0.3 
0.3-0.5 
0.5-1.0 

Diameter 
range of 

mostaor@S 

(mm) 

<0.04 
<0.04 

0.06-0.12 
0.08-0.20 
0.20-0.60 

Proportion !ntervaf 
of pores in between 
indicated times water 
diameter reached and 

ranae !liJ.tfl.reQ. Sifi.Oli 

downward upward 

(%) 

93 
97 
82 
79 
77 

Jf!flJ:!1!:J.g welting 
(sec) (sec) 

180 550 
260 4120 
303 (did not 

enter 
sand#) 

• Sand-soil interface was 8 em. from soil-water contact 
# Time period of 15 hours 

(Reproduced w~h permission, Soil Science Socieiy of America, Inc.) 

flow of contaminants. Layers which cause 
lateral water transport increase contaminant and 
recharge capabilities of adjacent sites. 

It is apparent that the assumption of a fine
textured layer dominating the flow regime of an 
unsaturated profile holds true, but with 
qualifications. An accurate assessment of tl1e 
true permeability should consider the thickness, 
sequence, and position of the various layers, 
pore-size distribution between layers, and the 
effects of horizontal flow" 

!t may be desirable to separate the analysis of 
unsaturated zone permeability into infiltration 
through the root zone and permeability-of-the
vadose-zone" The mot zone is eliminated from 
this factor analysis and incorporated into a 
separate analytical step (discussed later as 
Infiltration)" 

Development of an index ior permeability-of-the
vadose-zone may proceed as follows: 

Factor --- l-'eJrm1~at,lllnt-o.r-rn·,~-1'81CJOs<~-z,one 

(P) 

lrnpiementation --- Factor scores are determined from 
rating scales which consider 
average permeability rales of 
geologic materials. The layer of 
lowest permeability is evaluated 
unless overriding conditions, such 
as the occurrence of karst 
aquifers, exist Permeability may 
be determined from the land surface 
or some desired depth (ex. bottom 
of root zone) to the top of confined 
aquifers or the seasonally high 
water table. 

Correctors --- 1. il'lickness:as the assessed layer 
becomes thicker, i1 reduces 
permeability. 

2. Pore Size Distribuiion:as the 
average pore-size distr~bufion 
between the impeding layer and 
adjacent/ayers increases, 
permeability is reduced. 

3. Number of Layers:permeabifity is 
reduced as layering increases" 

4. Position of Impeding 
Layer:impeding layers near the 
surface greatly restricf l'otaf 
infiltration, which reduces the 
amount of water available for 
recharge. If infiltration is a factor 
being analyzed, this con·ec!or may 
be deleted. 

Identifiers --- 1. Presence of impermeable layers 
restrict venical flow and may lead fo 
perched conditions or e>.1ensive 
lateral flow. 

2. Numerous discontinuous clay 
lenses across the evalual'ion area 
cause large localized variations in 
venica! and lateral flux 

3. Discontinuous confining layer or 
occurrence of karst conditions 
across the evaluation area rnay lead 
to extensive, localized variations in 

venical flux. 

A factor scale for permeability was illustrated In 
figure 3, Correction terms are developed in 

24, Examples of indices are presented in 
figure 25. 
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Figure 24: Correction terms for permeability 

Correction term 

1. Thickness of 
of/ayers 

2. Pore-size 
distribution 

3. Number of 
layers 

4. Position of an 
impeding layer 

24 

Effect on perroeabiljtv 

As the thickness of an 
individual layer in a 
layered profile increases, 
it exerts a greater effect 
on the overall overall 
permeability of the profile. 
This effect is more 
pronounced for layers of 
low permeability. 

As the difference in 
pore-size between 
adjacent layers 
increases, permeability 
is reduced. 

As layering increases, 
permeability is reduced. 

Impeding layers near the 
land surface greatly 
restrict vertical flow. 

DEPTH-TO-WATER 

Comments 

Literature indicates that 
two layers of differing 
texture act as a 
single layer, with 
permeability related to 
the thickness of the 
respective layers. 

The reduction in 
permeability is 
related to soil pressure 
difference between wet 
and dry layers. The effect 
is difficult to quantify but 
is illustrated by the 
difference in 
permeabilities for poorly 
sorted and well sorted 
glacial outwash. 

This relates directly to 
pore-size distribution. 
Vertical wetting is 
controlled by pressure 
distribution with depth. 
This distribution becomes 
more variable as layering 
increases. 

This effect increases 
as unsaturated flow 
increases in the soil 
water zone. This is 
likely on soils with 
macroporosity. 

Thickness of the unsaturated zone or depth-to
water is the distance from the land surface or 
the bottom of a contaminant layer to the top of a 
confined aquifer or seasonally high water table. 
It affects the amount of potential recharge water 
that can be stored and the moisture profile (due 
to redistribution processes) above the water 
table. Most attenuation processes occur in the 
soil zone, but thickness may have an influence 
below this as a result of specific chemical or 
physical environments, such as pH or clay type 
and content. 

The influence of thickness on saturated flow is 
described relatively easily if depth-to-water and 
relative porosities of geologic media with depth 
are known. These variations influence the 
quantity of infiltrating water that may be stored. 
Regions with shallow depth-to-water are often 
well described. Deeper unsaturated profiles are 

Figure 25: Example Indices for permeability 

5·5t,4;2 

Description .. 

Site score of 5.5 indicates a permeability of 
approximately 10 -5·7 meters per second. The 
geologic material may be a poorly-cemented 
sandstone or fractured shale, igneous, or 
metamorphic rock. The infiltration rate has 
been mathematically adjusted to consider the 
effects of layer thickness and position. The 
site is located in an area with numerous clay 
lenses. 

Site score of 9.8 indicates a permeability of 
approximately 10 ·2 meters per second. The 
geologic materials may include basalt or 
fractured and cavernous limestone. The site 
is located in an area with discontinuous 
confining layers or karst aquifers. 

Site score of 1. 7 indicates a permeability of 
approximately 10 ·8·2 meters per second. The 
geologic materials may include siltstone or 
unfractured shale, igneous, or metamorphic 
rock. The site is located in an area with 
numerous layers in the vertical profile and has 
been mathematically adjusted for this effect. 

• Index consists of a site score for permeability with 
correction terms and identifiers. Correctors appear 
before the semi-colon and identifiers after it in the 
index. This format is arbitrary. 

•• Site scores are applied to a rating scale developed in 
this paper. The mathematical values of correctors 
vary locally and should be derived accordingly. These 
values are not discussed here, although the general 
effect of a correction term is discussed in the paper. 
Correction term and identifier numbers correspond 
with those discussed in this section. 

often poorly described, but the effect of 
thickness may diminish rapidly beyond the soil 
zone or below confining layers. 

Unsaturated flow is difficult to describe 
mathematically but may be important to overall 
recharge, particularly in arid regions, areas with 
intense storms, and regions with deep water 
table aquifers. The effect of distance to water on 
unsaturated flow is described by Salim et al. 
(1977). Establishment of a moisture profile is 
necessary to predict accurately the amount of 
recharge as a function of depth-to-water, 
although the amount of unsaturated flow 
decreases rapidly as depth increases. 

Development of an index for depth-to-water may 
proceed as follows: 

Factor--- Thickness or Depth-to-Water (D) 

Implementation--- Scores are determined from scales 
which evaluate distance from the 

Minnesota Agricultural Experiment Station 



land surface or some specified depth 
to the top of the seasonalfy high 
water table or the top of confined 
aquifers. 

Correclors --- Depth-to-Bedrock: If t!;e uppermost 
bedrock deposit strongly influences 
recharge processes, it may be used 
as an adjustment or alternative factor 
for depth-to-water. 

Identifiers--- 1. Karst: evaluation area has 
undergone extensive karstification, 
which may lead to large variations in 
thickness over relatively small areas 
due to the presence of primary or 
secondary sinkholes. These are not 
found in available maps. 

2. Discontinuous confining layers: 
numerous discontinuities in confining 
layers occur over artesian aquifers 
and may lead to large, localized 
variations in depth-to-water. These 
discontinuities are not found in 
available maps. 

3. Buried Drift Aquifers: numerous 
buried drift aquifers occur in lhe 
evaluation area, leading to large, 
localized variations in depth-to
water. These aquifers are not 
described in available maps. 

4. Clay Lenses: numerous clay 
lenses are present in the evaluation 
area, leading to localized perched 
conditions. Depth-to-water may 
therefore be depth to a perched 
aquifer. 

A rating scale for depth-to-water was illustrated 
in figure 8. Figure 26 illustrates example indices 
for depth-to-water. 

Figure 26: Example indices for depth to water 

10.0 

Description• 

Site score of 7.0 indicates a depth-to-water of 
15.3 feet. The site is located in an area with 
discontinuous confining layers and numerous 
clay lenses. These increase the variability in 
depth-to-water and may lead to perched 
conditions. 

Water table or aquifer is at or near the 
surface. 

Site score of 3.4 indicates a depth to water of 
approximately 47 feet. This has been 
corrected to include the effect of depth-to
bedrock, which implies that the uppermost 
bedrock layer influences ffow processes. 
The site is located in areas of karst aquifers, 
indicating the potential for rapid response 
systems. 

"see comments at bottom of Figure 25 

INFiLTRATION 

Infiltration is generally evaluated as the 
permeability of the root zone, a depth ranging 
from 2-4 feet for most locations. The evaluation 
is based on average permeabilities of soil 
materials, as shown earlier (figure i 
Infiltration influences the amount and rate of 
water flow through the root zone, into underlying 
material. Once water reaches this point, it is 
below the zone of maximum potential for 
evapotranspiration. It is then largely influenced 
by redistribution processes in the unsaturated 
zone. This leads to aquifer recharge at some 
point in time and space, provided the water is 
not chemically altered. Thus, as infiltration 
increases, recharge at some point is likely to 
increase. infiltration rate also affects attenuation 
of contaminants, but this may best be evaluated 
as a correction term for an attenuation factor. 

Data availability aside, infiltration is the most 
difficult parameter to assess in a groundwater 
sensitivity analysis. Infiltration is a function of 
soil texture and structure, soil wetness, land 
slope, meteorological conditions, vegetation, 
degree of soil surface crusting, and degree of 
macroporosity. Some of these parameters are 
in tum affected by other processes. Because of 
this complexity, there is a tremendous spatial 
variability in hydrologic properties of field soils" 

Nielson et al. (1973) studied steady-state 
infiltration rate at 20 locations in a 150 hectare 
field. The locations, with infiltration rates, are 
shown in figure 27. There was considerable 

Figur~J ::m Dffagram of the field site showing locations of the plots (1 
through 20). The number by each plot indicates the 
measured valutJ of the steady-state infiltration rate (em/day). 
Textures at the soil surface of Uhe Panache soil are also 
lndic!!Jted (Nielson.et ai., 1973} 

[5] @] [31 
11.7 3.05 0.54 

LOAM 

@ [§] 
5.21 y 

ill 
12.0 

[ill 
12.7 

SILTY CLAY LOAM 

~8 756 

LOAM 

1.96 1m 

(Reproduosd w~h permission, Agricultural Sciences Publications.) 
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variation among sites on the same soil and within 
short distances of each other. Infiltration rate 
showed a log normal distribution and was poorly 
correlated with texture (figure 28). Correlation 
coefficients improved with depth in the upper 60-
90 em of soil, then showed no further 
relationship with depth. 

Figure 28: Correlation of steady-state Infiltration 
and hydraulic conductivity with soil 
properties (Nielson et al., 1973) 

Soil ---------------------- r 2 -------------------

depth % % 9 
1MJ). D. ~ §gl1f1 Y.RJ.Q 

30.5 20 -0.447 0.468 -0.2431 
61.0 20 -0.416 0.408 
91.4 20 -0.501 0.470 

121.0 20 -0.524 0.492 
152.4 20 -0.366 0.233 
182.9 20 -0.367 0.172 

r 2 = simple correlation coefficient 
9 =soil moisture content (em 3/cm 3) 

Jo = initial soil infiltration capacity 

0.1099 
0.1553 
0.0997 
0.1282 
0.0153 

9vs. 
/.aJQ 

-0.1887 
0.2357 
0.4067 
0.4094 
0.3723 
0.2479 

(Reproduced w~h permission, Agricultural Sciences Publications.) 

The poor correlation near the surface was 
probably due to soil macroporosity, which led to 
variations in infiltration rate other than those 
predicted by pore-size alone. The low 
correlation between water content and infiltration 
rate at time zero support this assumption, 
although laboratory experiments with 
homogenous, isotropic soils show a strong 
negative correlation between the two. The 
authors claim that three hydrologic units exist, 
based on infiltration properties. These are: 

1 - plots 5, 7,8,20 :moderate to high infiltration rates, 
moderate hydraulic conductivity (K) at high soil water 
content (-9), and low Kva/ues at low values of9. 

2 - plots 1 ,3,4,6, 9, 10, 11, 12, 15 : low infiltration rates, 
low K values at high values of9, and variable K values 
at low values of -a. 

3 - plots 13, 14, 16, 17, 18 :high infiltration rates, high K 
values at low and high values of -a. 

The units correlate poorly with soil type. 

Lux moore et al. (1981) is a study of infiltration 
rates into weathered shale at a site adjacent to 
low-level radioactive waste. Their results for 48 
plots on a 250 square meter field are shown in 
figure 29. They indicate both a wide range and 
large variability in infiltration rate, with no 
significant distributional pattern. Up to one-half 
of the field variation occurs in any square meter 
block. The soil, an ultisol, was considered 
uniform in textural distribution. 

Sisson and Wierenga (1981) obtained similar 
results (figure 30). No significant distribution 
pattern of steady-state infiltration rate or 
variance was found for 25 plots in a 1 000 square 
meter field. A large amount of water infiltrated in 
a relatively small area. The soil was an entisol 
with 70 em of silty clay loam over fine to medium 
sands. No correlations of profile characteristics 
with infiltration rate were made. 

Sharma et al. (1980) studied infiltration in a 9.6 
hectare watershed in Oklahoma. Three silt loam 
soils were identified in upland, flat, and alluvial 
locations. Average slope was approximately 3 
percent with native grass cover. They found no 
pattern of infiltration with soil type or position in 
the watershed. An arithmetic mean1 of 
infiltration rate was established for the 
watershed, with a relatively small standard error 

Figure29: Steady-state infiltration rates for 48 
plots. Total area is 250m 2 on a Typic 
Hapludult soil (Luxmoore et al., 1981) 

u ~ II. Q Q E. E 
1 2.4 0.6 0.7 0.3 1.1 2.3 
2 7.9 0.4 6.8 3.1 0.7 3.7 
3 1.9 9.8 2.2 1.8 1.8 4.1 
4 9.2 0.9 1.4 4.6 3.1 0.6 
5 0.9 4.1 1.5 0.3 0.7 0.8 
6 4.7 1.3 1.4 2.6 3.2 1.8 
7 3.5 17.1 1.8 0.4 3.9 3.0 
8 3.2 6.0 5.3 2.1 1.9 1.1 

(Reproduced w~h permission, Soil Science Society of America, Inc.) 

Figure 3D: Distribution and variance of steady-state 
infiltration rate for 25 plots on a Typic 
Torrifluvent sol/ (Sisson and Wierenga, 
1981) 

Row or 
column Row Column 
.D!!I11bJ1[ !!. §...2 !!. §...2 

1 8.48 1.76 0.95 5.60 
2 8.45 1.85 7.69 2.57 
3 8.25 5.17 7.50 0.20 
4 8.96 6.34 8.79 1.18 
5 7.76 8.91 

1* 0.92 0.0045 0.95 0.013 
2* 0.92 0.0010 0.88 0.0094 
3* 0.91 0.012 0.87 0.00068 
4* 0.95 0.0028 0.94 0.0028 
5* 0.89 0.025 0.95 0.015 

u - average steady-state infiltration rate in cm/hr 
s 2 = variance 
• = log transformation 

(Reproduced w~h permission, Soil Science Society of America, Inc.) 

1 Several authors have found that use of geometric or harmonic 
means are more accurate field hydraulic property indicators. 
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Figure 31: Arithm®l:ic m~&8ns rfJf 11!1fiJB£Mrod ff (!nfiUra~ion in em), ui, iiJJffldl stSJI!IdSJr!fi <j!rff'IJiJ"&, SE, at B13il~ct~<~d t!m11!1s 
for t!hiCSJ whoff® watershed r,md afg;o; 113"'f:i~MrB!~f'lty for ~!J~ tlm~e so!ff5J ¢Jf tf"Dili' R-5 tw~iemslwfl!d (Sfaarms r;>~ $!/,, 
198/J) 

Whole watershed Soiff 1 
(min) ul(cml 2S.E Jd.!jg]]J 

2 0,849 0.1:34 0.776 
5 1.471 0.258 1.35.'3 

10 2.215 OAW 2.033 
15 2.818 0.534 2.800 
30 4.271 0.840 l/..054 
60 6.624 1.377 6.514 

(Reproduced iNii:h permission, Elsvier Science Publishers 8.V.) 

(figure 31 }. Despite the three soils were 
often significantly different in average cumulative 
infiltration versus time, and sho1Jved 
individual standard errors. The major fac!o1· 
influencing infiltration rate was pore~size 
distribution both with depth and laterally. 

Several authors use scaling factors to correlate 
infiltration rates for soils with similar porosities 
(Peck et al., 1 977; Warrick et 1 
Willzinson and 1 Klute and 1millnr1~n 
1958). The concept suggests that two soils 
have similar conductive propeu1ies If multiplying 
certain characteristic microscopic parameters lor 
one soil by a constant gives the same values for 
the other soil. For vertical infiltration this charac-
teristic is pore lengt!l. The scaling 
factor is used to statistically relate and compare 
soils and is established by the relationship: 

where a = scaling fac1or 
I = pore !englh (em) 

= avemge pore fengt!7 (em) 

Pore length can ba related to hydraulic 
conductivity the equation: 

equation 6 

where K = f1ydraulic conc!uclivit'y (em/sec} 
r = reference soil 

Use of scaling factors has given excellent results 
in comparing Infiltration betvveen similar media. 
The method is not practical for use in a broad 
analysis of groundwater susceptibility, but 
establishes the importance O'f pore-size 
distribution on infiltration in the unsaturated 
profile. Macroporosity or crusting of the soil 
surface, layering in the vertical profile, and 
textural distribution are major !actors to consider 
in addition to average permeabilities associated 
with textural classifications, 

Soi/2 SoH 3 
.2.fiii ulfcm) 2!;iE ui(J;.ml ~ 
0.168 1.055 0.216 .o.S:72 0.305 
0.332 1.856 0.412 0.920 0.534 
(),!534 2.792 0.648 /,335 0.85fT 
0.708 3.535 0.828 U384 1.136 
1.216 5.176 1.198 2.552 1.828 
2.110 7.654 1.832 4.1)50 3.152 

Dixon and Peterson (1971) studied tile effect of 
pore-size on volume of flow in tl1e surface 
and established the relationship: 

where V = !low volume (em 3) 

G = a constant 
P = ff)Ofi9-SI"~e 

The results of their indicate that 
connected at 

increases infiltration 
rate. The eHects become mm"e pronounced as 
channel size and number increase, the surface 
becomes rougher, and crusting is reduced. The 
results of a by Edwards et al. (1 
supporlt these findings (figure indicating thai 
lnfilt~·ation rate and cumulative infiltration are 
higher on soils with macropores. 

Ehlers (1 975) studied the effect of earthworrn 
channels on tilled and untilled loess soils. The 
volume of channels was two times 

on no-till with cumulative water 
intake to pore-diameter to the 3.8 
power. Ritchie eli al. (1 found hydraulic 

to be U1ree t!mss higher on 
undisturbed versus disturbed cores ~or Houston 
black. clay, an extensively soiL 

Bouma and Del\kel" (1 studied tl1e effects of 
rate and amount of we.ter to swelling 
soils. Their results 34) illustrated the 
increase in ~<vetting due to macropores as a 
function or application rate. The effect of 
amount was not as dramatic as for rate, though 
in1iltrated "iifater tends to move veliicalllf as a 
1\f\let!ing front 

Bouma et al. (1978) compared two soils for the 
effect of structure on infiltration and outflow rates 
through 100 em of soil at various wa'!er 
application rates. Their results (figure 
indicated that soil !i, with very strong structure, 
11ad increased infiltration and outflow rates, a 
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(Reproduood with pecmission, Soil Scieno~ Society of America, Inc.) 

Figure 3d!: f.lppllca;Urr;n rll!a@'i >:~i'feo~ @if! r9Jepl:h of w~~Cilr 
JPifNn!ltgrt.Ju/rfJn (IFJ©cumt!J and DG!Kker, 1fCIB) 
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shor!er time to ancl decreased """'"·nnn 
companad to soil !, wl1ich had a more mod101rata 
slructure. After tlm'le infil
tration became higher in soil I as a result of a 
wetting ·1ront moving the profile. 

Hillel and Gardner (1 conducted an 
of infiltrr-ation crust-

36 and 37). A dramatic 



Figure 35: Physical data, calculated to document the 
effects of different flow regimes through 
large undisturbed cores from upper 20cm 
of two dry clay soils with contrasting 
macrostructure (Bouma et at., 1978) 

Initial Period Steady 
moisture Inflow to first adsorption 

Soil condition rate outflow rate 
core ~ fmmlhr! .iiD1Dl fmmlh(! 

dry soil, low application rate (8mmlhr) 
Ia 41 8.0 45 0.9 
lb 41 8.6 70 1.1 
/Ia 36 9.7 45 1.1 
1/b 38 8.0 28 1.1 

dry soil, high application rate (28mrnlhr) 
lc 38 26.0 14 9.8 
lb 38 26.0 14 10.7 
/Ia 36 28.5 18 1.0 
1/b 39 29.5 10 2.4 

moist soil, high application rate (28mmlhr) 
lc 52 27.5 5 0.5 
/Ia 46 34.0 15 0.9 
1/b 48 32.0 5 1.5 

Steady 
outflow 

rate 
iaJ.aJfl1J:l 

7.1 
7.5 
8.6 
6.9 

16.2 
15.3 
27.5 
27.1 

27.0 
33.1 
30.5 

Soil/ - moderate to strong structure throughout profile 
Soil /I- very strong structure throughout profile 

(Reproduced w~h permission, Elsvier Science Publishers B.V.) 

Figure 36: Effect of surface condition on soil 
hydraulic properties (Hillel and Gardner, 
1969) 

----------Surface condition----------
Soil stable slaked puddled cemented 

characteristics aggregates ~ ~ ~ 

Toplayer 
thickness (em) 1.0 
porosity(%) 49.0 
hydraulic conductivity 

(em/day) 22. 1 
resistance (days) 0.5 

Sub/ayer 

1.0 
45.0 

0.7 
1.4 

porosity(%) 48.0 48.0 
a value 4900 4900 
n value 2.0 2.0 
saturated hydraulic conductivity 

(em/day) 16.0 16.0 

Results 
water flux (em/day) 

predicted 13.0 
measured 16.8 13.4 

suction head of subcrust (em) 
predicted 19.0 
measured 5.0 64.0 

a,n = soil constants 

1.0 
38.0 

0.3 
3.2 

48.0 
4900 

2.0 

16.0 

8.0 
9.5 

25.0 
88.0 

1.0 
30.0 

0.1 
9.1 

48.0 
4900 

2.0 

16.0 

4.0 
5.0 

36.0 
102.0 

(Reproduced with permission, Williams and Wilkins, Publishers.) 

decrease in steady-state infiltration was 
observed with decreased porosity in the upper 
1 em of soil. This effect became more 
pronounced as the difference in pore-size 
between the crust and sublayer increased. 
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Figure 37: Effect of aggregate size on soil hydraulic 
properties (Hillel and Gardner, 1969) 

Cru~t f2rof2f111ifl!2. 

Toplayer 
thickness (em) 1.0 1.0 1.0 
porosity(%) 29.0 29.0 28.3 
hydraulic conductivity 

(em/day) 0.081 0.079 0.078 
resistance (days) 12.4 12.6 12.7 

Sublayer 
aggregate size (mm) 0-0.2 0.25-0.5 2-5 
porosity (%) 49.8 61.7 65.0 
a value 4900 63000 2.5X 109 

n value 2.0 4.4 8.0 
saturated hydraulic 

conductivity(cmlday) 16.0 22.0 30.0 

Results 
water flux (em/day) 
predicted 3.2 1.5 1.2 
measured 6.1 2.1 2.0 
suction head of subcrust (em) 
predicted 39.0 19.0 15.0 
measured 50.0 50.0 26.0 

a,n = soil constants 
(Reproduced with permission, Williams and Wilkins, Publishers.) 

Figure 38: Effect of freeze-thaw cycles on drainage 
(Benoit and Bornstein, 1970) 

relative change (initial/final) 
Aggr{lqat{l saturation 0.5 bar pressure 
sjze fmm! ==1..B.!.Q ~ ~~~ 

bulk density (glem 3) 

0.00-2.00 0.86 
2.oo-4.80 0.75 
4.80-19.1 0.73 

water content (em 3/em 3) 

0.86 
0.77 
0.77 

0.93 
0.83 
0.79 

0.94 
0.85 
0.80 

0.90 
0.80 
0.77 

o.oo-2.00 o.90 o.87 o.85 o.86 
2.oo-4.80 0.67 0.67 0.81 0.93 0.88 
4.80-19. 1 0.59 0.60 0.84 0.86 0.73 

hydraulic conductivity (mmlh) 
o.oo-2.00 8.14 9.40 
2.00-4.80 289.87 170.91 
4.80-19.1 177.83 21.50 

1.11 0.87 0.76 
4.93 15.56 120.30 
6.62 16.51 55.62 

(Reproduced w~h permission, Soil Science Society of America, Inc.) 

Another structural effect is the influence of 
freeze and thaw cycles. Figure 38 summarizes 
the findings of a study by Benoit and Bornstein 
(1970) in which freeze-thaw cycles led to a 
destruction of soil aggregate structure, reduced 
conductivities, and decreased drainage. A 
similar study by Benoit (1973) shows no effect of 
freeze-thaw cycles for small aggregates. 

Wood (1977) studied the hydrologic differences 
between selected forested and agricultural soils 
in Hawaii (figure 39). Infiltration rates on forested 
soils were significantly higher than on agricultural 
soils, even for the same soil order. Although 

29 



pore·-siza ar1d Wif:lf'E:1 on the 
for.ssted !here 'Mas low correlation of tl1es® 
·lactJJrs IN!'ih inrnltration rate. 'f!lrs author did no! 

the diU1;wencas in inliltration rate, 
witl'l in 

F~q]IJII"<'J 29~ ComparrffsorD ol' itrlfff!Eratffrr;pn rl\lilil8lF tow flim§il'llf 
tloffuil3 wlah diiferlrr!§J la!1f:f-i1Jse (W'o©lfi, 1977) 

ffnfillra~ion rate (cm/!111 
§>Jlil ~ c'-2rJ.$JW.:§l .I?JL~ !Ji11f&J!2i2kz 

hUstosois 
soii I 35.0 UJ 
soli 2 4.0 0.1 

Oxisols 
soil 1 29.3 UJ 
soH2 30A 1.7 
soi! 3 2.8 2.2 
soil 4 2J;J 1.2 

Uftlsofs 
soiJ 1 .'3!13 9.1 
soll2 23.9 4.7 U5 

Jnceptiso!s 
soff 1 7.4 1105 0.08 
soi/2 ff7.1 OJ) u 
soif 3 0.:3 0.03 
soil 4 2.5 OJJi 
soi/5 14.7 O.tX1 
soft 13 2(12 .:1,;9 

so!! 7 < 3.7 I. 

·"'.'"'''"nrr~ !a,ctors are dlfncult to il'lc"nrnnr·:::.t'" 

into a general rating met11od. There are many 
cY•,r•C!'lf,I,;>Viii·ir.0<2 and adjiJstments 10f 

infil!raticm, Estim<rles o1 inmtrai!ion 
on textural classification provide a 

and do not 
varii:l.tion. Ar-aas considened to have low 

to tr:on!am!na~ion ~-s e, result o,f 
texl:ural pro'filss would be mom 
described as the for 

sites suitable lor some ·waste disposal purpose, 
Furtl1er may tr1en be done :;,;nrnnR1'"'"'' 

the in U·11s discu<>slon. Quali1iars may bs 
!o dascribi!l the types of condilions 'iNhich 

are desirable fer in !hese 

" Loam soils totm !arge s?ab!e a1ggrsgares and are 
infiuencec! significantly tiflage, freeze-1'11aw cycles, 
bJrtd ioc.al comii1ions. 
Soils high in 2:1 clays, parl!cu!ar!y monfmorif!onite, are 

!'!Jubject to egtensitte shrinking t:t1rtd swe!!ing, leading to 
tN'ide varialions in irdi!rralion rale. 

o Tilled agr!cu!turaf soils lJE:!!fe lower infiltran'ion 
rafes than untJ!fed soils rnacroporosiiy, wnless 
Wiage reduces the effects of soii 

• Forested sc!i!s more pore-size 
dis~rliJulirm lftith depth agricultural soils of the 
same soil order, due to !and management 
practices effecKs. 

• Localized high intensity, long-duration prtlGIJ:1f!Cllfc)i"/ 
events can leacf ro sfgnificanl deep on 
cracked soils (iecreased infiltra(fon on crusted or 
smooth soils. 

• Soils wilh high sill ccmlent lend to 
rcrusls, particularly as precipiia!ion 

uar.ValoclmJ'Jirrt of an indeJC score for infiltration 
nrrrr''"''"'"''.-:1 as follows: 

Fact;;;r -·· !nfiltr.~tion (I) 

lmpiementaiion ·-· Determined as a/ rali'e, in per 
unie time, based on average permea 
bililies of soils and geologic 
materials. Factor .scores are 
determined from rafing scales. 

Correctors --- L Degree of macroporosity: as 
macroporosity increases, infiltration 
rate increases. This effect may be 
assess:e(t:J or as se,:/erab' 
smaller ~~~e 

inffluence of shrinfH>we!l, Freeze
thaw, soil aggregation, earthworms, 
ti!I;:Jge, land-use, and vegetation 

2. Pore-size dislribuiion: as !\'le 
range in pore-size increases, 
Infiltration decreases ;m."'"''n.nnr.rl.<m·v 
eFfects excluded!) 
variable. 

3. Crusting: soil surface crusting 
ieards to significant reduciir:m in 

infiltration rateo 

4. Precipifatfon patiems.o 
pr.~c~olt:.lticr;•n e11ents lead lo 

rapid into or below 
?iKJ roof zone, parl!cular!yt on soils 
witt; m;;,crr>.aorar;:ti:!J. 

5. Total infi!tra1'icm: of the 
thickness of rhe root :zone and lf?e 
lopograr.pf1ic slope! gives an eslfmate 
of th!fi! amoun,f 
potential Jn tfle root zonG'. can 
be adjusted to consider !his effect. 

identifiers --- Any of the above correcf!on 1enm> 
may be use::! as an identifier if 
canrPot P:;e qu;s;n~ified but 
toi'Ui!WJ a sigt?ifii;;;;;Jnt impact on 
infil1ration or of im'iltratior~o 

Figure 40 shows the of correction 
ierms atld Identifiers for in!iltratiort Jl.4 
lilustrates example indices., A rating scale ·ror 
inliltration was shown in 9, 
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Figure 40: Correction terms for Infiltration 

Correction teems 

1. Degree of 
macroporosity 

2. Pore-size 
distribution 

3. Soil surface 
crusting 

4. Precipitation 
patterns 

5. Total 
infiltration 

As macroporosity increases, 
infiltration increases 

As the range in pore size 
increases, infiltration 
decreases. 

Surface crusting reduces 
infiltration. 

High intensity, long duration 
precipitation increases 
infiltration rate initially and 
total infiltration. 

Figure 41: Example indices for Infiltration 

Description• 

eomments 

Macroporosity includes effects of soil shrinking, root channels, 
and biological activity (e.g. earthworm activity). The effect is 
larger as a soil initially wets, as a pore increases in diameter, 
and as a pore increases in depth of penetration. 

As a soil becomes more poorly-sorted, the pressure 
differences between adjacent pores increase and lead to 
reduced water flux. Examples include glacial till, which is 
generally poorly sorted and has low infiltration rates, and 
outwash plains, which are often well sorted and permeable. 

Crusting creates an impermeable layer at the soil surface and 
reduces infiltration by up to two orders of magnitude. 

A difficult parameter to adjust for quantitatively unless data 
exists on the infiltration rates of soils as they relate to 
precipitation intensity. 

This may apply more to recharge but may be used as a 
separate factor or in a matrix with infiltration rate. 

Site score of 3.9 indicates an infiltration rate of 
10 -6.s meters per second. It is likely to be a 
silt-loam unless the correction for pore-size 
distribution significantly alters the initial 
infiltration rate. Some pattern of precipitation is 
described by use of an identifier. 

of topographic relief, it is difficult to establish a 
definite hydrologic risk due to topography. Use of 
identifiers which indicate the topographic position 
of sites or coding (e.g., use of color codes) to 
indicate slope position may be more useful, 
practical, and provide more information to the 
system user. 

An example of coding using colored maps is 
shown in figure 42 (In Color Appendix). Once a 
rating evaluation has been completed for an 
area, coding establishes topographic position. 
Inferences may then be made regarding runoff, 
lateral flow, and position of the water table. 
Coding may be done at any scale if adequate 
topographic maps exist, allowing inferences for 
the influence of natural features such as river 
courses. 

Site score of 1. 1 indicates an infiltration rate of 
10 -9 meters per second. Soil is crusted as 
shown by the use of a correction term. 

Site score of 9. 1 indicates an infiltration rate of 
10 -4 meters per second. The soil exhibits 
macroporosity, which in turn may be related to 
texture. The identifier describes some other 
potential influence of macroporosity which can 
not be quantified (ex. variability of spatial 
distribution of macroporosity). 

• See comments at bottom of figure 25. Correction 
term and identifier numbers correspond with those 
shown in Figure 40. 

TOPOGRAPHY 

Upland sites are generally at lower risk than 
lowland sites, other factors being equal. As 
slope increases, this effect becomes more 
pronounced. 

Topography affects surface runoff and 
subsurface flow. It may have a further effect on 
the position of unconfined water tables. These 
are difficult parameters to assess. Combined 
with the site specific nature and large variability 

Station Bulletin 585-1988 

A general sequence of increasing risk based on 
topography would be: 

1. Upland sites with strong relief, 
2. Upland sites with low to moderate relief, 
3. Lowland sites with strong relief, 
4. Lowland sites with low to moderate relief. 

Figure 43 shows this sequence schematically. 

Topography may also be used as a correction 
term for other factors, particularly if runoff 
coefficients are well established. Rating scales 
can be developed as necessary. 

Development of an index for topography may 
proceed as follows: 
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fmp!emenlat!on ~-- f::valtJalion is based on percent 
as il affects runoff and 

'"'''' wil""'·" flow. Factor analysis is 
not recommended, bui· a raling 
scale may be used ~o determine 
faclor scores if desired. 

Correctors --- t Slope, as percentas siope 
increases, tess water is retained on
site and risk decreases. 

2. Slope position:eva!uation sites 
located a1 downslope positions are 
a!' greater hydrologic risk than 
upland sites due to increased 
quanli?ies of water delivered from 
upslope sites. 

These correctors 
anoffJer factor 
infiltration. 

1. Slope position 

such as 

21. Presence of natura! features such 
as /Yoodpfains, sur/ace caichmems, 
etc. 

of co rrec1 i o 11 

A scale is shown in 
45 illustrates elCample indices 

A 1 - fiat uplands, low risk 
B - moderately-sloping uplands, !ow risk 

- flat uplands, moderate risk 
C - to steep uplands, low to moderate risk 
D risk 

~ 
1'!2rm Effqr;J. 

1. Percem' lls slope Slope relates to the amount 
of water !hal runs off or is 
transl)Offted to an area. 
CCifJfJFiGi,enirs exist to 
descritlJe runofl' as a function 
of pen:Jeni slope and cover 
!ype. 

slope increases, 

2. Slope 
position 

risk 
decreases 

Upland sUes 
are at lower 
risk than 
lowland sites, 
other tacfors 
being equaL 

Description" 

Greater quan1ities of wa!·er 
are delivered to sites 
locaied downslope, thus 
increasing wafer available 
for rec/1arge and increasing 
risk to Runoff 
co,C!cffi,c;ie,nfs can be used to 
calcula?e ihe amount of 
water delivered 1o or leaving 
a site with a known slope 

At 

Site score of 4Jli indicales a slope of 16%. Tile 
identifier describes some speclalle<Uure such 
as a floodplain. 

Sire score of 1000 indicates a slope of near 
0%0 The correctors indicate water Inputs from 
upland si1es. The identifier rnay describe 1he 
site as a floodplain or a!!uvialva.f/ey, 

Si1e score of f. 0 indicates .a slope of .50%. Tile 
slope 11as been correc1·ed to consider the 
affec2s of wafer lost' due to r.unotf. 

• See comments at boff:om 25. Correction 
term and iden!'ifier numbers correspond ?o ~~Jose shown 
in figure 44 or are arb!!rari!y described here, 

it iS Mt D!JSSIDie 

hydrogeologic 
contaminaiTis witho)ut ll""ie for 
cor~taminant ati<5~11Uation in the 1..msaiurated 
zone. n·1ei·e are several bro<~O: classe's o1 
potential each af!ected 
dl'flemnt aHenuaHon processes. Within ,aac1·1 
class !here may be furtl1er classifications, unless 
a worst case situation is assumed. This 

is 

zones of contaminan~ attenuation are the 
upper soil horizons. Unless stated 



the following discussion considers these zones. 

Frost and Griffin (1 977) studied arsenic and 
selenium adsorption by clay minerals at landfill 

Figure 46: The amount of As(!!) or Se(IV) removed 
from DuPage leawhate soiUfions by 
kaolinite and montmorillonire all25ac 
plotted as BJ function of pH. Initial solution 
concentratiorw are given in ppm. Tot£!! 
sofufion volume was 52.5 ml (Frost and 
Griffin, 1977). 
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(Reproduced with permission, Soil Science Society of America, Inc.) 

sites. Their results (figure 46), indicated that 
montmorillonite adsorbs approximately twice the 
arsenic and more than twice the selenium that 
kaolinite does. Surface area and cation 
exchange capacity (CEC) were 2.5 and 5.3 
times l1igher for the montmorillonite. Adsorption 
was strongly influenced by pH, with maximum 
sorption at pH 5 for arsenic and pH 2-3 for 
selenium. They indicated that montmorillonite 
had a high degree of interlayer metal sorption, 
highly resistant to desorption. Total quantity of 
metal ions did not significantly affect the ratio of 
montmorillonite to kaolinite metal sorption, but 
sorption decreased as a percent of total metal. 

McBride et al. (1981) correlated cadmium 
sorption and plant uptaf\e with soil properties for 
nine soils from five soil orders. Their results are 
shown in figure 47. Total bases, percent 
exchangeable calcium, CEC, and pH were 
significantly (p<00001) related to cadmium 
retention capacity. Clay and organic matter 
were significant at the 0.05 level; plant uptake 
was significant at the 0.001 level for percent 
exchangeable calcium, CEC, and cadmium 
retention. Clay and organic matter had a weak 
effect on cadmium uptake, primarily because 
they relate more to strength of sorption. 

Harter (1979) studied lead and copper 
adsorption in Ap and 82 horizons of 15 

Figure 47: Correlation of cadmium retention with soii 
properties. Nine soils from fiv~~J soil 
m·d*'rs ere ex&mlned (McBride IJllt aff., 1981) 
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(Reproduced with permission, Soil Science Society of America, Inc.) 



nor1heastem U.S. soils. Five soil orders were 
All soil factors wer~J a:l 

the (),05 level, with rnost factors 
o.o·1 level ('figure Percent sand was 

correlated with me!'(al retention. Total 
bas,es and calcium 

were !he most highly co!Yel:a.!ed soil pnJperties. 
an 2:·1 adsmt'led 

more metal tl1aJ1 clay. 

Street et aL ("i 977) studied cadmium 
In 4 soils amended with sewa1.ga sludge 
49 and As CEG metal 
incrsased. Soil D, ll'!lilh and similar 

Fig;ure 48: Corrrt£!atf~:nJ CG([t!J'f!t:iem~W! ~Jf ffe<lci BJmJJ 
scoff! pr@p!iltles {21/.'ii!t®>' ·g§37!rJ) 
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Fffg,!mll 49: Cadmium <i!dsmp~lcm ffn soils as di! ti1Jlrw2ff,~m @f p!:rff (Street et aff., 
1fi'l7} 
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compared to tl1e 2:1 However, total 
sorption is higher on the 2:1 clays. The results 
are averages of i 0 values for i 0-90 percent 
metal saturation. Increasing saturation l1as little 
effect on selectivity coefficients. 

Mehta et aL (1984) studied zinc adsorption in 
calcium and sodium saturated soils in India. 
There was no significant difference in zinc 
sorption for the two systems across a range of 
metal concentration. Zinc sorption was 
approximately equal to the soil CEC. 

The pH dependence of zinc and cobalt sorption 
to hydrous manganese oxides is illustrated in 

52, based on a study by loganathan at al. 
(1977). Sorption increases with particularly 

above 6.5. 

Soil factors influence the fate of metals. 
Conclusions may be drawn with regard to 
developing a rating system designed to evaluate 
the potential for contamination from wastes 
containing high concentrations of heavy metals 

sewage sludge). 

i. If CEC data is available, it gives an indication 
of the potential sorption of heavy metals in 
soils. Percent of total metal sorbed decreases 
as total metal concentration increases. 

Mal(imum potential metal concentrations In 
waste should be used to determine the 
amount, as a of total, that may be 
adsorbed soil as a function o1 CEC. 
Scales may then be developed relating CEC 
to hazard risk scores, 

2. Calcareous soils may retard metal sorption 
up to 50 percent as a result of calcium 
competition with metals. 

3. Soil strongly influences metal sorption, but 
the varies for each metal. Mercury and 
selenium are two metals with maximum 
sorption at low pH, while most metals exhibit 
maximum sorption above pH 6. The use of 
pH as an indicator of contamination 

metals is a waste-specific analysis, best 
used as an indicator. If it is used in 
determining a factor score, a worst-case 
situation is produced. 

4. type and content can be used to give an 
indication ot metal sorption wllen CEC is 
unknown" Textural classification gives a 
m1n1mum content Clay type often 
exhibits strong regional distribution and can 
be approximated by correlating this 
distribution with soil data and input from 
experienced field personnel. Figure 53 

Flf}ure 52: Elecfft·ophrt:<retic mob!Gify of a-Mn02 as JJ funct!of!l off pH Jllf diifler~n~ c&quil!brffum ~:oncrrtntratffon8J of Zn +2, 

Co +2, t2nd 1 ]( 10 -S M NaN03 (Logt?Jnaeh9lfll!a al., 1~77) 
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Figurre 5:1: Summary @f S(!lffc&c~e.d prrtlJ!fi!~DDiNe3 IJ!f solid ph$1!1!~ compOP]~fflii!J 
(!Sotm e~ till., 1979} 

Componnent 

kaoiini1e 
montmorilloni1e 
vermicufne 
mica 
cl'l!ori!e 
allophane 
organic mai:ter 

mineral layer 
1lCJ;2§ charfl€ 

1:1 nearo 
2:1 0.25-0.6 
2:1 0.6-0.9 
2:1 1.0 

2:1:1 UJ 

CEC surface Expan- Co/!oidai 
lllf!91UJOg §1!~2/Q.l §illl@ .Act!JdJJ.C, 

HO 10-20 no low 
/80-120 600-800 ye~s very-high 
120-150 600-800 yes high 
20-40 70-120 no mectium 
20-40 l(J-150 no f7JfJCJiUn1 

10-150 70-300 medium 
100-300 80tHJOO m1'iidium 

"pH dependency of charge is :.nw>mlrim'"'"'·'•.rlmtersely relaJed 1o co!§oidal 
activity 

(Reprinted wiih permission, John Wiley and Sons, Inc .• © '1!179) 
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F·'igure 54: Fat~ ci radicvactive $ilir@i!!fffum in soil lfi!JYSU!!I fimf!J (Lag~I~nuerlf 
and K®mp19<D~ 1~75) 

Application rate Deptfl --% 
(ml Srlcm 2fl:1Il fQm1 26hours 

0.32 4.7 1.6 
2 4.2 1.6 

0.16 2U 2.5 
2 21.5 
3 

(Reproduced wflh permission. Soil Science Society of America, Inc.) 

rapid in111tra!iol1 rate::s 
and large of water may reduce the 
amount of metal adsorbed. section on 

rapidly sorbed 
wi'/11 exlensive 
infiltration rates high 
sorption in tile soil zone. 

Metal is reversible only 1NI1en 
another metal is pnerrerred ai an site. 
Me~al may be reduced in 
saturated or wet soils diJe ~o steri·c hindrance 
soil e.dsor'oed water molecules. 

Ra.dic:mctive wasie covers a broad of 
contaminants. Plutrmiurn anc! strontium have 

been studied and are "~'"'''"'"''''"'"','"'''~"''"'"' 
of the emvironmental fate or many radioactive 
wastes. 

conducted a literature revi•avv 'u'l 
in soils anolupta.ke by plants. 

Plutonium was considered immobile in with 
ratios of concentrations in plant tissue to soil 
equal to 1 o-4 lo 1 Q-6. Plutonium in a crib 
was prredicted to move less til an 1 0 ern after 
24,000 years, with a ma:<imum of 0.1 percent 
leached infiltrating wateL Nine meters of 
water were to leach this amount 
Plutonium at detonation sites moved little 
at vert concentrations. Soil 
44 rnicmns diameter were strongly norr"'f"'•r,.,,rl 

Plutonium ls pH dependent, with 
near 100 percent a1 2 and 80 

percent a"! pH 8-12. Plutonium from fallout in 
Denver is located in the top 20 em except in 
parks, where liming and ferlilizing enhanced 
movement. Below 2, 
dominates the fate of plutonium. Above pH 2, 

is adsorbed as 
The presence of organic salts thus 

enhances plutonium movement. Organic salt to 
ratios of 1 :i decreases sorption from 

percent ~o 58.9 percent to a salt-
free system. 
have been ·laund at 
along soil macropores. 
extensive lreeze-ihaw cycles may also show 
vertical movement due to 

Oti1S~r raclionucleides were iow~d to be more 
mobila than with 
concentrations !n 
Americanum 241 had 

than plutonium. 

and Kemper (1 cJid extensive 
studies on radioactive strontium sorpiion in three 
soils, all added strontium was removed 
from solution and immobilized in soil 54). 

infiltration k11d to less leaching than 
inWtralimL Even with large infiltration 

amounts, was small, with 1.5 of 
the origina! strontium fouUJd at a of 4 em. 

Jua and Barber ("I 970) studied the eff,act o1 
organic matler, pH, and cations on 
strontium movemerr! for four soils 

ma:tlet", 

mle in total 
matter forming stable 

A further· h1clication of ~his was the 
sorption of strontium berr1o11 ite 

matter= though all the strontium was 
remov~FJd with NH,CL The e"lfect of 
exchangeable cation iollowed ti1e o~l-rJE!oe 

11\fith liUie o'! •nw•ICCAP'O 



Figure 55: The sorption of strontium by soils and 
bentonite from 3 X 10 '3 M SrCI2 solution 
as a function of pH (Juo and Barber, 1970) 
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(Reproduced with permission, Williams and Wilkins, Publishers.) 

pH) and large exchange of sodium (high pH). 

As with metals, radionucleides show a strong 
contaminant specificity. Radioactive wastes are 
easier to assess for content and their fate in the 
environment is easier to describe because they 
are generally strongly adsorbed. The most 
important factor in assessing radionucleide fate 
appears to be soil pH, though CEC and particle 
size may affect movement. 

Nitrates, Phosphorus 

In a study of unsaturated flow in England, 
Wei lings and Bell (1980) found that the rate of 
downward nitrate movement was approximately 
0. 7 and 0.6 times that of water for clay-loams 
and sands respectively. These rates were a 
function of the soil-water pressure profile and 
vegetation. Kissel et al. (1977) found that 
carbon:nitrogen ratios of 20 or higher increased 
nitrogen immobilization as a result of nitrate 
being converted to organic nitrogen. 
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Figure 56: The percentage of sorbed strontium 
remaining In non-exchangeable form in 
soils as a function of pH (Juo and Barber, 
1970) 
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(Reproduced with permission, Williams and Wilkins, Publishers.) 

Liming increased nitrogen mobility by raising pH 
and decreasing the number of positive 
adsorption sites. Plysier and Juo (1981) found 
no affect of liming, as nitrate concentrations in 
drainage water exceeded 90 percent of added 
nitrogen for limed and unlimed plots. Sidle and 
Kardos (1979) found that nitrate leached in 
greater concentration and to greater depth than 
predicted by modeling water flux. Nitrogen was 
apparently weakly held and easily removed from 
adsorption sites, and nitrate tended to travel with 
water molecules through macropores. Kissel et 
al. (1976) found maximum nitrate concentrations 
of 2.4 ppm in spring drainage water for a 
Houston black clay. Concentrations were 0 ppm 
on soils with actively growing crops. 

Nitrates would be expected to be a 
contamination problem on soils with a large 
water flux, rapid infiltration below the root zone, 
where fertilizer applications have been heavy or 
poorly timed, where specific contamination 
sources exist (e.g., feedlots, septic tanks), or 
where mineralization rates of organic nitrogen 
are high because of cultivation. 

Other inorganic ions leach in proportion to their 
concentration in soil, and with water flux. The 
following order is expected for decreasing risk of 
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leaching: CI-SO 4-Na-Mg/Ca-K-PO 4• Phosphorus 
is strongly associated with iron, aluminum, and 
calcium in soil. It is rarely leached more than 10 
em at concentrations exceeding 5 ug-P/g-soil, 
except when application rates exceed 120 kg-P/ 
hectare or on heavily leached soils such as 
Oxisols (Logan and Mclean, 1973). 

Organics 

Organic contaminants vary widely in mobility due 
to chemical structure. Sax (1979) has 
established relative ratings for mobility of a large 
number of organic substances. Most organics 
tend to form neutral, negatively, or positively 
charged species in soil. For broad application, 
most organics can be separated into one of 
these three classes. 

Organics which behave as acids (that form 
anionic species) are weakly sorbed in soils. 
Examples include Dicamba (2-Methoxy-3,6-
Dichlorobenzoic acid), Fenac ((2,3,6-
Trichlorophenyl) acetic acid), Picloram (4-Amino-
3,5,6-Trichloropicolinic acid), and 2,4-D ((2,4-
Dichlorophenoxy) acetic acid). Neutral organics 
(do not form charged species) are affected 
strongly by soil organic matter. The bulk of 
organic compounds fall into this category. 
Positively charged species are strongly retained 
in the soil. An example is the pesticide diquat 
(1, 1 '-Ethylene-2,2'Bipyridylium ion). 

In applying a rating system, classes of organic 
contaminants can be evaluated. Knowledge of 
pesticides used in an area, composition of landfill 
waste, or composition of hazardous waste then 
allows contaminant classifications. For each 

Figure 57: Correlation of log K with log K for chlorobenzenes and 
sorbing materials ofvarlous organic contents (Dzomback 
and Luthy, 1984) 
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class evaluation, a system designer should 
assume a worst case analysis unless specific 
contaminant data is known. 

Dzomback and Luthy (1984) develop a model for 
adsorption of polyaromatic hydrocarbons (PAH). 
These are neutral, non-polar organics. They 
compete effectively with water molecules for 
hydrophobic surfaces such as waxes, fats, 
resins, aliphatic side chains, humic and fulvic 
acids, and lignins. The model is described by 
the following equation: 

equationS 

K = 0.482(K0 .,)(0C) 

where , 
K = adsorption coefficient 

K0 = octanol-water separation coefficient 
OC = soil organic carbon content (gig) 

The model was applied to geologic materials of 
differing organic carbon content. Results are 
shown in figure 57. They indicate a high degree 
of correlation (r=0.95) for the variables used in 
the model. 

Helling (1971) did an extensive study on the 
influence of soil properties on pesticide mobility 
(figure 58). Thirteen pesticides and 14 soils 
were examined. Mobility was correlated with 
several properties. Nonionic or weak-acid 
pesticide mobility was proportional to water flux 
and inversely proportional to organic matter 
content, clay content, and the amount of other 
pesticides adsorbed. Anionic pesticide mobility 
was positively correlated with pH and water flux. 
Cationic pesticide mobility was positively 
correlated with water flux. Relative mobilities 
were 0.72-0.95, 0.17-0.54, and 0.00-0.03 for 
anionic, neutral, and positive species, 
respectively. 

Water flux and field capacity, inversely related to 
each other, had the most consistent effects on 
pesticide mobility, particularly for nonionic 
species. Clay type was shown to have a 
significant effect, with sorption enhanced by 
kaolinite and vermiculite for anionic and nonionic 
species and reduced for cationic species. 

Helling's results are shown in figure 59. Multiple 
regressions are developed for each pesticide, as 
shown in figure 60. Correlation coefficients are 
higher(~ 0.85) for nonionic species than for 
charged species (s 0. 75). 

Wilson and Cheng (1978) observed that 60-70 
percent of applied 2,4-D was adsorbed within 
three weeks in a silt-loam soil. Less than 20 
percent of 2,4-D adsorbed after 48 hours could 

Minnesota Agricultural Experiment Station 



Figure 58: Simple ii:t~rreffation co(f!fficienrs bef~we12111 rorJ!atllf(j molbllffty off ltiillfJive tp!iJsl'lcldiiJs and solff prop!li'Rties for 
fourteen soils (Heffiffng, 

Pesticidfl. 

Dicamba 
Pic!oram 
Fenac 
2,4-D 
Manu ron 

O.M. 

0.15 
-0.25 
-0.08 
-0.26 
-0.73 

-0.01 
-0.23 
0.08 

-0.11 
-0.71 

AtrBuine -0.66 -0.61 
Diphena.mid -0.49 -0.57 
Simazine -0.54 -0.53 
Diuron -0.72 -0.72 
Chforpropham -0.61 -0.65 
Azinphosmelfwt -0.56 -0.62 
Diquat -0. 17 -0.34 
Trif1uralin is omilted due to immobilii.Jf 

F. C. _J11:J. 

-0.19 0.62 
-0.47 0.48 
-0.25 0.76 
-0.44 0.62 
-0.92 -0.12 
-0.88 0. 11 
-0.77 -0.08 
-0.85 0.15 
-0.93 -0.15 
-0.91 -0.01 
-0.85 -0.20 
-0.51 0.12 

water pic!oram diu ron 
QJ;Q i1Y1f. §)~ ~ 

0.30 0.50 -0.21 -0.22 
0.02 0.65 -0.41 -0.19 
0.30 0.60 -0.56 -0.07 
0.15 0.68 -O.ti,B -0.13 

-0.70 0.67 -0.24 -0.73 
-0.56 0.75 -0.31 ·0.62 
-0.85 0.72 -0.29 ·0.50 
-0.52 0.74 -0.32 -0.51 
-0.88 0.66 -0.21 -0.72 
-0.52 0.80 -0.34 -0.57 
-0.61 0.46 -0.1 t -0.57 
-0.34 0.81 -0.48 -0.16 

O.M. =organic matter CEC =cation exchange capacity in rneq/100g 
clay = clay as a weight percent in soil 
F. C. =field capacity moisture content 

r 2 greater than.± 0.67 is significant at the 0.01 !eve! 
r 2 Jess than.± 0.67 but greater than.± 0.52 is significant at the 0.05/evel 

Dicamba --- 2-Methoxy-3,6-dichlorobenzoic acid 
Pic!oram --- acid 

Fenac --- (2,3,6-Trichlorophenyl) acetic acid 
2,4-D --- (2.4-Dichlorophenoxy) acetic acid 

Monuron --- 3-(p-Ch!orophenyf)-1, 1-dimeihy!urea 
Atrazine --- 2-Chloro-4-ethylamfno-6-

isopropy!amino-S-triazine 
Diphenamid --- N,N-Dimethyl-2,2-dipheny!acetamide 

(Reproduood w~h permission, Soil Science Society of America, Inc.) 

Simazine --- 2-Ctlloro-4,6-bis(ethyfamino)-s-triazine 
Diuron --- 3-(3,4-Dich!orophenyl)-1, 1-dimethylurea 

Cfllorpropham --- fsopropyl-m-c!J!orocarbani!ate 
Azinphosmethy! --- 0,0-Dimethy/ S-((4-oxo-1,2,3-

benzotriazin-3(4H)-yf)methy!) phosphorodithioate 
Diquat --- 1,1'-Ethy!ene-2,2'-bipyridyiium ion 

Triffuralin --- a,:a,a-Trifluoro-2,6-diniiro-f\I,N-dipropyf-

Figure 59: Correlation coefffffcffrmts f@r f:IJIJefve pesUcidCJs on flliurlefNfi fJOiff£ ss B furu::tion of clay type effect on 
mob!!lty. The firs~ set of ~w®!'ll® pes~icldies i~S i@f montmormonite lftrMls, ilve second ser lor non;-
montmorliion!ie soils {UeU!Ing, 191i) 

clay 11e!d water diu ron 
Pesticide QM amo(lnt J&l~itl .Jll:i C,EQ :fiJJ.K ;adsQrbf!.!f 

Dicamba -0.07 0.72 -OAB 0.95 0.48 0.27 0.40 -0.01 
Picloram -0.78 0.39 -0.80 0.57 -0.10 0.48 0.92 -0.72 
Fenac -0.61 0.52 -0.75 0.71 0.06 0.47 0.83 -0.57 
2,4-D -0.84 0.24 -0.81 0.48 -0.24 0.49 0.94 -0.81 
Monuron -0.80 -0.09 -0.80 0.53 -0.41 0.38 -0.76 -0.77 
Atrazine -0.63 0.06 -0.77 0.74 -0.28 0.34 -CJ.fi6 -0.57 
Diphenamid -0.24 -0"32 -0. 17 0.52 -0.28 0.46 -0.05 -0.21 
Sima.zine -0.31 -0.02 -0.52 0.84 -0.14 0.29 -0.31 -0.25 
Diuron -0.87 -0.12 -0.78 0.43 ·0.52 0.42 -0.80 -0.84 
C!orpropham -0.93 0.11 -0.87 0.31 -0.41 0.34 -0.98 -0.91 
Azinphosmethy! -0.52 -0.02 ·0.52 0.70 -0.23 0.55 -0.48 -0.48 
Diquat -0.28 -0.86 -0.42 -0.42 -0.47 -0.36 0.65 0.26 

Dicamba 0.19 -0.12 Cc0.27 0.45 -0.13 0.57 -0.21 0.23 
Picloram -0.12 -0.36 -0.55 0.39 0.14 0.72 -0.28 -0.09 
Fenac -0.01 0.01 -0.35 0.78 0.18 0.66 -0.62 -0.14 
2,4-D -0.18 -0.20 -0.58 0.62 0.02 0.77 -0.46 -0.06 
Monuron -0.73 -0.83 -0.94 -0.14 -0.68 0.78 -0.02 -0.70 
Atrazine -0.66 -0.71 -0.89 0.06 -0.56 0.86 -0.16 -0.60 
Diphenamid -0.59 -0.68 -0.86 0.11 -0.54 0.94 -0.33 -0.53 
Simazine -0.61 -0.65 -0.90 0.17 -0.49 0.88 -0.30 -0.54 
Diuron -0.69 -0.82 -0.95 -0.17 -0.65 0.74 0.01 -0.67 
Chforpropham -0.58 -0.70 -0.92 0.06 -0.51 0.86 -0.22 -0.52 
Azinphosmethy! -0.62 -0.68 -0.88 -0.17 -0.55 0.50 0.01 -0.57 
Diqua! -0.19 -0.31 -0.53 0.45 -0.17 0.93 -0.65 -0.1 f 

correlation coefficients grea1er than.± 0.82 are significant at the 0.01 level 
correlation coefficients less than.± 0.82 but greater than.± 0.66 are significant at the 0.05 !eve/ 

(Reproduosd wtth permission, Soil Science Society of 1-\marica, Inc.) 
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be recovered dilution with distilled water, 
ilulir-,~t;,," that malter was the primary 

medium. Correlation oi sorption witr1 
matter was found to be 0.988. 

Figure 60: Cl/tiJJitffpuri'l rtflgressiom3 al1!d c;a;w·efaiffon coefffficlefrli'S ffor mohiiil]l 
of twelve pesticides on fow1eerJ sroffls (Hel!in@], 1971} 

Pesiicide 

Dicam!oa 
Picloram 
Fenac 
2,4-D 
Monuron 
Atrazine 
Diphenamid 
Simazine 
Diu ron 

Diquat 

'{=0.80 + 0.035pH -0.0021C 
'l=CiJJO + 0.0073F 
Y=OJJl + 0. + 0.01io'3F 
Y=0.21 + + 0£J99pl-l + 0.0075 
Y=0.88- 0.012FC -0.0045-1- 0.005F 
Y=0.70- 0.007FC ·· O.OOGS + 0.005F 
Y=O. 10- 0.0094FC + 0.02P- 0.004S 
Y=0.65- CJ.0107S + 0.012F 
Y=0]2- O.!JI83FC 
'f=0,046- 0.0134FC + 0.0082F 
Y=OA3- 0.01 U3FC 
Y·~-0.02 + CW0575F 

0)525 
0.416 
0.768 
0.864 
0.920 
0.935 
0.988 
0.918 
0.865 
0.938 
0.724 
0.654 

Y = pesticide mobili1y 
F = waler flux 

C = clay amount 
P:C = field capacNy rnoJsture ccmtenf' 
P = Pic!oram adsorbed S = Simazine adsorl.1ed 

r 2 = correlalion coefFicient 

!Fig;IJir~ 61: !!IJ!!u~s !/J!f &@Off I'!Ctive f!!'t:ilCt.ffiJms (0) ""l.ll c!l! funr:Uon 
r!Jff BfJiff Df!J!il'iit: ml!!fhler (F"ro.mlbl£!rt, JffiP68J. 
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sandy foam 
c!ay 

loam 
sift loam 
c/a_vloam 

loam 
loamy canri 
silt loam 
Armix A 
Armix B 
ArmixC 
#1 
#2 
#3 
#4 
;!;15 

!16 
:Jf7 

0= 

m~~ 

standard 
Ca!ifomia 
California 
California 
Oregon 
CBJ!ifom!a 
Minnesota 
Nebraska 
Caiii'omia 
California 
California 
California 
Washington 
composife soil 
composii'e soil 
composite soil 
N0111l Carolina 
Norlh Carolina 
North Carolina 
11/orth Carolina 
l~lorth Car off na 
North Carolina 
North Carolina 

,QrgiJ.tliQ nmtl§!l:(J.f~.l Q 

1.0 1.0 
2.4 2.3 
3. t 2.6 

10.8 5.4 
0.59 0.73 
2.2 1.9 
3.8 2.5 
2.9 2.6 
1.2 1.4 
2.1 1.9 
5.3' €U 
0.52 0.51 
1.0 1. d 

15J5 12.9 
23.9 17.2 
30.8 23.3 
2.1 0.66 
O.fl9 0.:31 
301 2.3 
5.5 5.7 

tllO 6.6 
313.8 29.8 

0.52 0.45 

where Ce = equilibrium concc~ntration of chemica! in so!u1ion 
K = distribution coefficient 
X = amaunl of chemica! sorbed to soil 

lrom Journal ol Ptgriculiural and Food Chemis!llf, 
Amerk~Bon Chemk:ai Society.) 

Koskinen et al. (1979), studying 2,4,5·-T, 
observed valu(~S ol ii5 and 0.9'1 for the 
Freurudlich ccmstant K indicator of 

soil in silt-loam and soils, 
matter was 3 percent for 

~he silt-loam and 0.8 percent for the 
There was considerable in tl1e silt~ 

degree of matter-

Radosevich a11d Wintsrlin (I 977) found 45-60 
o! 2,4-D and 2,4,5-T 

in litter at 
chaparral sites. These percentages remained 
consistent for the entil·e study year. 

Ful1remann et al. {1 
parathion 
phosphorothioate) was 3-7 times for a 
loam soil with 4.7 matter than for 

bog with an organic matter content of 
This indicated adsorption 

associateclwitll matter su riaces. 

lambert (1968) studied soil adsorption of three 
non!onic pesticides: Planavin 

lantirin (3,4,5-ancl isomers of 
lrimethylphenyl methylcarbamate), and Supona 

~(2,'-i--dlc:hlorophenyl)vinyl diethyl 
phosphate). It was 1ound that !t1e distribution of 
o. chemical betwre(f;)n soil matter and 
water was to soil organic matter 
content o¥ soil and other soil 
properties. of an "'active ¥raction" of 
the soil was and expressed as: 

where 

K = X/(0/Co) 

K ~ dis1ribution coefficient (uglml} 
X = cl1emical sorbed lo soil 
0 ~ active fraction of 1he 

Co = equilibrium concellfralion of c:ilemical in 
r.;o!u!ion (uglmf) 

Fig1.ue 61 indicates that determining soil active 
ft·ac~ion as a ·junction of matter content 
wo11\s well for non ionic 'The model is 
not eJct,ended to polar or 

is a of the movemEmt 
·lor ¥our soils ol 

matter conlent Tile r,esults (figure 
show a correlation behveen organic 
matter content and chemical adsorption, 

i(arlckhof! et al. (1 correlation 
coefficients of 0.85 or higher for adsorption of 
l1ydrophobic versus organic carbon 



content of natural sediments. Means et al. 
(1 982) computed correlation coefficients of 0.9 
and higher for substituted PAH sorption on soils 
with organic carbon content of up to 2.38 
percent. Correlation coefficients decreased 
slightly as solubility increased, though the 
significance of solubility was not tested. 

A secondary effect of organic content is on 
biological degradation of organic contaminants. 
Studies by Gerst! et al. (1979), Abdelmaqid and 
Tabatabai (1982), Boyd and King (i 984), 
Holstun Jr. and Loomis (1956), Konrad and 
Chesters (i 969), and lavy et al. (1973) illustrate 
the importance of microorganisms in attenuating 
and degrading organic contaminants. 
Organisms must have a food source prior to 
introducing a contaminant. Consequently, many 
studies indicate that there is no threshold value 
for mineral soil at which increasing organic 
carbon content results in no further attenuation 
of a contaminant 

Varon (1975) refutes the findings of no threshold 
for organic content in a study illustrated in figure 
63. Biodegradation is reduced as a result of 
pesticide immobilization by soil organic matter. 
Attenuation does appear to occur at a much 
lower rate above organic carbon contents of 4-5 
percent, although total attenuation is not 
reduced. 

Figure 62: lll!obi!ity and adsorption of ffive herbicides 
in soil (Rhodes et al", 1970). 

Rf 
muck 0.15 0.15 0.13 0.00 0.00 
Muscatine 0.60 0.55 0.28 0.16 0.00 
Keyport 0.61 0.58 0.43 0.24 0.00 
Cecil 0.89 0.85 0.68 0.42 0.00 

Rb 
muck 0.00 0.00 0.00 0.00 0.00 
Muscatine 0.25 0.08 0.00 0.00 0.00 
Keyport 0.40 0.24 0.00 0.00 0.00 
Cecil 0.42 0.34 0.00 0.00 0.00 

Rf = 1/(K + 0.15) where K is a sorption coefficient 
Rb = distance moved by labeled herbicide/distance 

traveled by water 

muck : pH=6.7; O.M.=83.5%; 
average particle size=B. 7u 

Muscatine : pH=6.4; O.M.= 6.0%; 
average particle size=8.6u 

Keyport : pH=5.4; O.M.= 2. 1%; 
average particle size=5.6u 

Cecil : pH=5.8; O.M.= 0.7%; 
average particle size= 10.5u 

(Reprinted with permission !rom Journal of Agricu~ural and Food 
Chemistry. Copyright© 1970 American Chemical Society.) 

Many organic materials act as weak acids and 
are pH dependent This is shown in the study 
Helling (1971 ). Saltzman and Variv (1975) 
discuss the pH dependence of phenol 
adsorption. At low pH, phenols act as proton 
donors and can be adsorbed into clay interlayers 
or on deprotonated sites of organic matter and 
clays. Maximum sorption would be expected 
near the pK value for an organic material, but 
this must be balanced by the effect of pH on 
other soil parameters such as bioactivity. A pH 
of 5-6 might be expected to maximize adsorption 
and degradation for organics that behave as 
wea~( acids. 

Clay type, as shown by Helling (1971 ), is 
important in contaminant attenuation. Mingelgrin 
(1977) found that organophosphate pesticide 
adsorption and degradation were enhanced by 
kaolinite when compared to montmorillonite. 
Degradation was several orders of magnitude 
greater for the kaolinite, with illite and gibbsite 
intermediate, The effect of saturating cations on 
sorption was Fe > Ca > Mg > K > AI > Na. 
Similar results were reported by Varon (1975). 

Figur01 63: Effect of soil organic matter on parBthion immobilization 
('f8f!'l{}fl, 1975) 

%parathion 
clay O.M. remaining 

Soilfl!J2!i1 dominfa.at e,<lfil'i 00 00 J2fi f1rJL wet 

sandy regoso! montmorillonite 2.9 0.45 8.2 96.8 79.0 
loessial light brown kaolinite 16.9 0.66 8.2 88.0 84.0 
grumusolic brown montmorillonite 40.0 0.08 7.9 83.0 90.7 
red terra rossa kaolinite 75.5 1.07 6.8 77.0 87.0 
red-brown grumusol montmorillonite 57.6 1.50 7.6 82.9 90.8 
red terra rossa kaolinite 76.6 1.89 6.9 81.1 99.0 
basaltic brown kaolinite 22.4 2.47 6.4 92.0 97.5 
hamma kaolinite 9.7 2.75 6.8 92.0 97.5 
basaltic brown kaolinite 32.0 3.61 6.5 84.0 97.4 
calcareous brown montmorillonite 42.9 3.94 7.5 91.7 98.8 
red-brown terra rossa montmorillonite 65.3 4.10 7.7 96.5 98.0 
red-brown terra rossa montmorillonite 71.1 4.94 7.5 96.0 99.7 
red terra rossa kaolinite 68.5 4.98 7.5 80.7 97.8 
brown rendzina montmorillonite 46.5 12.10 7.3 95.7 99.8 

O.M. =organic matter 
dry = air-dried soils 

wet = 50% moisture content by weight 

(Reproduced with permission, Soil Science Society of America, Inc.) 

Figure 64: Relative retention capacity of soils 
contaminated wiifh dense, non-aqueous 
phase liquids {Villaume, 1985) 

Medium 
stone, coarse gravel 
gravel, coarse sand 
coarse-medium sand 
medium-fine sand 
fine sand, silt 

R value 
5 
8 

15 
25 
40 

R = relative retention capacity 
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Figure 65: Experimental and calculated picloram 
concentration distributions from Norge 
loam (1.55g/cm 3 bulk density, less than 
0.42 mm aggregates) for two average 
pore-water velocities (Davidson and 
Chang, 1972) 

(Reproduced w•h permission, Soil Science Society of America, Inc.) 

Soil grain size may influence the fate of 
organics. van Genutchen et al. (1977) indicate 

""-7.::--.....o=.-~------::~----'""':::':;--;f-~:U0.:'--;;';;-----:::'2.s' that bulk density and aggregate size do not a: 0 . 
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affect the relative location of adsorption sites, 
though aggregate size may affect the number of 
sites by influencing surface area. This is 
illustrated by Davidson and Chang (1972), who 
report sorption 30 percent higher for aggregate 
size less than 0.42 mm versus a soil with an 
average aggregate size less than 2 mm. 

Villaume (1985) studied the movement of dense, 
nonaqueous phase liquids as a function of soil 
texture. Figure 64 illustrates relative retention 
capacities of different soil media for oils used in 
the study. Grain size was an important factor 
determining contaminant mobility. 

The Villaurne study suggests that hydrologic 
factors also influence organic contaminant 
mobility. Helling (1971) shows that flux was 
significantly correlated with pesticide mobility for 
10 of 12 pesticides studied. Figure 65 illustrates 
the results of a study by Davidson and Chang 
(1972) correlating pore-water velocity with 
picloram mobility. Figure 66 illustrates a study 
by Davidson and McDougal (1973) showing the 
effect of pore-water velocity on parathion 
mobility. Increasing velocity increases mobility, 
although the indicated velocities are high. These 
velocities may be encountered with intense 
storms on unsaturated soils. 

If an organic contaminant has had sufficient time 
to react with soil and organic matter, the effect of 
velocity is significantly reduced due to strong 
contaminant adsorption. On nearly saturated 
soils, pore-water velocity is reduced, although 
water adsorbed to exchange sites would repel 
organic contaminants and reduce attenuation 
(Varon and Saltzman, 1972). This effect is 
shown in figure 67, where saturated soils have 
virtually no parathion adsorption. 

A final variable affecting attenuation is 
temperature. Varon and Saltzman (1972) show 
the adsorption of parathion in three soils as a 
function of temperature (figure 68). Their results 
indicate that increasing temperature leads to 

'6'=.5-...,C£::........,~--~~---=0"=_5=---=--""'~,0o----~--~2.o water desorption from soil particles and a 
VOLUME, VIVo consequent increase in pesticide adsorption. 
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Figure 66: Experimental and calculated relative a) picloram and b) fluometuron effluent distributions from Norge loam soil 
(Davidson and McDougal, 1973) 

u NORGE LOAM u 
' ' u u NORGE LOAM 

v; • !5.51 cm/hr VO= 5.61 cm/hr 

10 0 v; • 0.59 cm/hr cJ 1.0 
cJ z 

CALCULATED 0 z u 
0 9.3 u 0.8 z 0.8 

o v; = 0.56 cm/hr 

0 
:E a: 
;2 0.6 ~0.6 
0 LIJ 
...J :E 
u a: 0.4 

0 3 0.4 
u. 

~ 0.2 ko ~ 0.2 
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...J 

't>.5 
<l 0 

LIJ 2.0 2.5 ...J 
a: LIJ 1.0 a: 1.5 2.0 2.5 3.0 

PORE VOLUME, VIVo PORE VOLUME, V/Vo 

(Reproduced whh permission, American Society of Agronomy, Inc., Crop Science Society of America, Inc., and Soil Science Society of America, Inc..) 

Lavy et al. (1973) finds that increasing 
temperature increases degradation and 
therefore increases contaminant attenuation up 
to 25-30°C. The composite effect of 
temperature and soil moisture on parathion 
adsorption is illustrated in figure 69. Adsorption 
is maximized in warm, dry soils. Biological 
degradation is likely to be low in such systems. 

When incorporating an attenuation factor for 
organics into a rating analysis, the following 
conclusions may be drawn: 

1. As soil organic matter increases, to about 5 
percent, attenuation increases. The effect 
varies with different organic classes. Organic 
content generally decreases across the 
following textural sequence: learns> silt 
loams > clay loams > sandy loams > sands. 
Forests generally have thick organic litters but 
low organic content in the soil horizons; 
deciduous forests generally have greater 
organic matter concentrations than 
coniferous. Agricultural soils have moderate 
to high organic contents; soil type, location 
(geographic and topographic), fertilization 
practices, crops grown, and tillage practices 
affect concentrations. Native prairie soils 
have thick organic layers; 

2. A soil pH of 5-6 maximizes attenuation for 
most organics, particularly those degraded 
biologically; 

3. Soil temperatures of 25-30°C maximize 
attenuation for most organics; 

4. The effect of clay type (e.g. kaolinite 
montmorillonite, etc.) on attenuation varies 
with contaminants; 

Station Bulletin 585-1988 

Figure 67: Adsorpllon isotherms of parathion from hexane on partially 
hydrated soils (3D"C) (Yaron and Saltzman, 1972) 

0 4 6 8 10 12 
C }Jg/ml 

R.H.(%) 
• 15 

e:, 32 

0 50 

• 98 

(Reproduced whh permission, Soil Science Society of America, Inc .. ) 

5. Infiltration rate may have an effect on organic 
adsorption depending on pesticide 
concentration, initial soil moisture, and degree 
of pesticide sorption prior to infiltration; 

6. Attenuation should be considered only over 
the thickness of the attenuating layer. For 
organic matter, this is generally the upper soil 
horizons. The pH level is important throughout 
the unsaturated zone, but should only be 
considered when significant variations occur 
with depth. The influence of clays, 
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Figure 68: Normal adsorption Isotherms of parathion from water at 10", 
30", and 50"C (Yaron and Saltzman, 1972) 

0 10°C 
• 30oC 
1>500C 

(Reproduced w~h permission, Soil Science Scciety of America, Inc.) 

Figure 69: Composite effect of water and temperature on soil parathion 
adsorption from hexane solutions (Yaron and Saltzman, 
1972) 

z 
0 

& 
0 

~ 
<( 

(Reproduosd w~h permission, Soil Science Scciety of America, Inc.) 
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particularly kaolinite, may be important below 
the upper soil horizons where organic matter 
content is highest. Temperature is important 
in the upper soil horizons where it influences 
bioactivity and rates of chemical reactions; 

7. The composition of organic matter affects 
contaminant attenuation. Separating the 
various fractions (humic and fulvic acids, etc.) 
is difficult however, and is too specific to be 
very useful in a rating analysis. 

Incorporating attenuation into a factor analysis 
provides increased practicality and accuracy. 
Because of the tremendous variation in potential 
contaminants, it is a difficult factor to assess. 
This discussion, despite the limited scope of 
contaminants considered, implies that broad 
contaminant classes exist. These classes can 
be utilized to simplify the analysis. Attenuation 
factors were not placed in usable form for 
equation fa or 1b due to the limited availability 
of background literature and the importance of 
local characteristics which influence attenuation. 
Figure 70 illustrates the potential utilization of an 
attenuation analysis . 

SUMMARY 

Figure 71 illustrates example site indices. The 
format is arbitrary. Hazard index is the first value 
given in the site index, followed by factor indices. 
Factor indices are separated by slashes, though 
semi-colons or other separation marks may be 
substituted. Correction terms and identifiers are 
included in a factor index, with numbers 
corresponding to those presented in the 
preceding discussion. Actual numbers are not 
included but can be envisioned. Site description 
would be given as a computer printout explaining 
the terms in the site index. These descriptions 
are derived from computer files. A site location 
would be included for an actual situation. An 
identifier must be used to identify the aquifer of 
concern. 

Nielson et al. (1973) states that the low 
correlation between particle-size distribution and 
soil-water parameters implies that traditional soil 
survey data are inadequate for describing soil
water movement and retention. Establishment 
of hydraulic conductivity/soil moisture content 
relationships and steady state infiltration rates 
are necessary to adequately describe water flux 
in the unsaturated zone. Freeze and Banner 
(1970) offer the same conclusion, stating that 
the areal variation in meteorological factors, 
moisture profiles, and soil hydrologic properties 
can only be described with knowledge of 
conductivity/moisture relationships and storage 
functions. 

Biggar and Nielson (1976) reinforce their earlier 
conclusion with a study of the leaching 
characteristics of a 150-hectare field soil (figure 
72). Variations for diffusivity and pore-velocity 
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Figure 70: Development of indices for attenuation factors 

Analysis - rating scale of risk versus soil cation 
exchange capacity; concentration of metal is 
included if data exists; hydrogeologic risk is 
based on an analysis of the most likely 
contaminant to reach groundwater. 

Qraanjcs 

can be justified only when these contaminants are 
a special concern. 

Correction terms - 1. pH--for the majority of metals a pH of 6-8 
maximizes adsorption; 

Analysis - There are classes of organic compounds, each 
affected by different soil properties and 
processes. Anionic species are influenced 
strongly by soil moisture content and pore-water 
velocity; organic matter has a moderate effect as 
does clay type, with kaolinite leading to increased 
adsorption over other clay types. A rating matrix 
of soil moisture and organic matter/clay contents 
may provide a suitable method for determining 
score for a factor. Neutral species are strongly 
influenced by soil organic matter. Cationic 
species are influenced by cation exchange 
capacity and organic matter content. For each 
class of organic contaminant, assess the most 
mobile compound unless specific data on 
composition exists. 

2. clay type-montmorillonites adsorb more 
metal than kaolinites, although much of this 
effect is due to the higher cation exchange 
capacity of montmorillonite; 

3. calcium content of soils--calcareous soils 
may have reduced metal adsorption due to 
competition with calcium, other factors being 
equal. 

Radioactive Wastes Correction terms - 1. pH--pH is most important for anionic species; 
Analysis - contaminant specific but the content of most 

radioactive wastes should be well described, 
allowing specific factor analysis. Organic 
matter concentrations, soil pH, and clay 
content (type and amount) are possible 
factors. 

2. moisture content--moisture content becomes 
important for all organic compounds above field 
capacity, particularly reducing adsorption of polar 
contaminants; 

Correction terms - 1. volume of infiltration water or water 
available for recharge; 

3. temperature--temperatures of 25-3CJ'C appear 
to maximize attenuation of organic materials due 
to a combined effect of increased bioactivity and 
chemica/reaction; 

2. velocity of infiltrating water. 

Solutes 
Analysis - Quantity and volume of infiltrating water 

have the largest effect on solutes such as 
nitrate and chloride. Others such as 
phosphorus require specific analysis which 

4. flow velocity--organics are often slowly 
adsorbed in the soil and are thus subject to 
vertical movement at high pore-water velocities. 
These velocities are most common in soils with 
macroporosity, but the effect of macroporosity on 
movement of organic materials is uncertain. 

Figure 71: Example indices for contamination susceptibility of sites contaminated by neutral pesticide species 

41.7817.491 
4.191;31 
7.4 ;2/6.3/ 
3.82/6.2 

70.2919.9/ 
-1-17.91 
8.7;314.7 

Descrjption 

Site score is 41.78. Recharge potential is 7.49 inches. Permeability score is 4.19 and has 
been corrected for layer thickness, with a final permeability of 10 ~A meters per second. 
Discontinuous layers in the confining beds may lead to localized areas of high permeability. 
Depth-to-water score is 7.4 and corresponds to a depth of 13 feet. Discontinuous layers in 
confining beds may lead to varied depth-to-water. Infiltration score is 6.3, corresponding to an 
infiltration rate of 10-5.3 meters per second and a sandy-loam soil. Topography score is 3.8 
and has been corrected for runoff as a function of slope position. Attenuation score is 6.2, 
corresponding to a soil organic matter content of 1.5%. Six factors out of six possible factors 
have been analyzed. 

Site score is 70.29. Recharge potential is 9.9 inches. Insufficient data exists to evaluate 
permeability. Insufficient data exists to evaluate depth-to-water. Infiltration score is 7.9, 
corresponding to an infiltration rate of 10 -4.5 meters per second and a fine sand soil. 
Topography score is 8.7 corresponding to a slope of 2.7%. The site is located on a 100-year 
floodplain. Attenuation score is 4. 7, corresponding to a soil organic matter content of 
3.1%. Four factors out of six possible factors have been analyzed. 

• Factors are prompted from computer files in the following order: Recharge potential, permeability, depth-to-water, 
infiltration, topography, and attenuation of neutral pesticide species. An identifier must be included in each index 
identifying the aquifer of concern. Values expressed here are derived from previously displayed figures or are 
arbitrarily set. 
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Figure 72: Spatial distribution of the Infiltration parameters S and A 
across a 150-hectare watershed (Sharma eta/., 1980) 

• 0.365 • 1.373 
(0.833) (4.39) 

• 0.515 
(1.60) 

• 0.827 • 0.611 
(2.65) (2.15) 

• 0.751 • 0.523 
(2.39) (1.68) 

• 0.420 • 0.488 • 0.676 
(1.82) (1.44) (4.57) 

• 0.551 • 0.949 
(2.74) (2.55) 

• 0.346 • 0.430 • 0.606 
(1.35) (1.63") (2.39) 

• 0.516 • 0.572 .1.153 
(2.51) (2.92) (2.25) 

S em min- 0 ·5 • 
(A X 10-2 em min-1) 

(Reproduced w~h permission, Elsvier Science Publishers B. V •• ) 
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are so large that detailed studies would be 
necessary to predict leaching losses. 

The question of concern to the developer of a 
rating system is: "Can the variation in soil
hydrologic properties be evaluated to a degree 
where broad generalizations about recharge 
processes accurately describe groundwater 
susceptibility?" The preceding discussion 
presents a far-reaching method to accomplish 
this, incorporating localized conditions into an 
informative, practical, and accessible 
methodology. Application of this methodology 
presents the best chance to answer this 
question in the affirmative . 
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CHJ~PTER m: COMPUTEB APPLIC.A:T~ON 

Vlfitl1 a designed computer progt"arn and 
available digitized maps, the 
desci·ibed here can be 
a and rw<>f'til""ll 

across an area. 
to allow 

o1' local ·reatures that influence 
groundwater The program would 
an extensive number of files including scales 
factors and correction terms; lists o1 
correction terms, and Identifiers; and 

of these features. 

analysis. 
9l(emplat·y litei·ature sources 

for expert An "lor a 
program designed to apply the described 

is illustrated in figuns 7Lt 

Davis, JJl, 1986. PossiiJi!iiies ibr experi 
agrfcufturev Acfa Horliculturze~ no. 175~ 

in 
1986. 

Davis, .JR., EllA. 1'./anninga, K.D. Cocks, 1985. The 
usefulness of computer aids that capture 
knowledge abou~ !and management, 
oF !illater and Land Resources, P. 0. Box 1666, 
Canberra, Ausiralia. 

Davis, J.R., and P.M. 1rvr~"'''inn:;, 

Towards a geographic 
management, Journal 

1985. GEOMYCfi\1: 
system for resource 

F'cJvirnnmloYJn'<>l Managemem, 
Vol. 21, p. 377-300. 

Denning, P.J., 1986. The science of computing: Expert 
systems, American Scieniisr, Jan.-Feb. 1986. 

Fersko-Weiss, Henry, 1985. EXPERT SYSTEivlS"· 
Decision-making power, F'ersr:maf Computing, 
November 1985, p. 97. 

Giboney, Vance, 1986. Conventional Prograrnming and 
expert systems, Computer Language, Val. 3, no. 8, 
August 1986, p. 53. 

Larry F., John R. Barrett, and Don D. ,Iones, 
Expert syseems: Concepts ancl opportunities, 

Agricultural Engineering, Vof. 67, noo 1, Jan.-Feb. 
1986, p. 21-23. 

Lecot, f<oenraad, and D. Stoll Parker, 19860 Control 
over inexact reasoning, AI Expert, Prernier Issue, 
1986, p. 32-43. 

Fffgurlf! ':"1; I!.I!Jfi!titilm for !i>!''"~'·7niM'TI lie~igf!ert 

f© s:s.®CS'S3 groundvtrafer Jo 

Choose 
of)jectlve 

Cfloose 
factors 

C&'n the 
oi:Jjec<'ives 
be accom
plished? 

Choose 
SCJU'Ci't/On 

(;IJ!ntarnfnatlofl 

File YVith· list of 
objectives dispiayed 
to user. 

is 
displayed to user. 
User maybe 
prornpled for 
coniaminant c!ass. 

Conr--}'{JUf'fJt ptrJgwm 
inclusion 

oi' at feast one factor 
and a!! necessary 
!'actors a 1 eacl1 site. 

EquatJo~ns 1a _and tb 
are displayed with 
lsrm descriptions. 

Enter site Enter x andy 
coordinates coordinates. 

Compw'er 
translates these to 
proper posiifons 
on final map. 

Enter factor Original factor 
data Faiues are entered. 

1-ielp commands 
display factor scale 
explanations. Prompis 
ask for specific 1orms 
for h1pi..tt. 

Sensitivity of 
groundlflia!er to 
coniam!nation by 
pes~icides. 

/?lase f"actors include 
recharge, ro,(J0.(/ra:pi1'V 
infiltration, iDS'ffn!eeilbilii'V· 

of-the-vadose--zone, 
and depth-to-water. 
Specific attenuation 
factor is matter 
content 
Corn"'an1inant class is 
anionic pesticides (e.g. 
2,4-D}. 

Each site must ha~'e 
data on organic ma11er 
ccmtent Lack of data 
resul!s in an 'insufficient 
data tor evaluation' 
mes,sagf3. 

Jf recharge can be 
evalualeci ihroughout 
ihe area, equaiion Ia is 
use do 

Enter recJ?arr;;e potential 
in inches Help 
command lfle 
equa?ion used in the 
cafcu!arion (P .,. I- ET}. 
Scale from Figure 9 may 
be displayed. User 
enters a 1:1alue of 7.0. 
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Figure 74 continued 

Function 

Enter 
correctors 

Enter 
Identifiers 

Data is 
processed 

Next factor 

File/lnouts 

Prompt for correction 
terms with corre-
sponding values is 
given. Correction 
terms are numbered 
and exist as scales 
or mathematical 
values in files. 
These files can be 
retrieved and 
displayed. 

Potential identifiers 
are displayed for the 
factor being 
considered. The 
procedure is similar 
to that for correction 
terms. 

Site results See Figures 25, 26, 
41, 45, and 70 for 
example factor 
indices, and Figure 
71 for example site 
indices. 

Example 

For recharge the 
following correctors may 
be displayed: 

1.cover type; 
2.cover height. 

User responds with 1, 
indicating type of 
vegetative cover will 
affect the factor value. 
Another prompt displays 
possible cover types and 
asks for the appropriate 
type and percent cover. 
User enters deciduous 
forest with 100% cover. 
Correction term is 
determined from scales 
or numerical 
relationships on file and 
is given as 0.9. 

List of identifiers may 
include: 

1. No summer recharge 
is assumed; 

2. No winter recharge 
is assumed. 

User answers the 
prompt with 2. 

Factor value (7.0 inches) 
is multiplied by the 
correction term to give a 
new factor value. Index 
for factor is compiled and 
. stored until site is 
completed. 

The index for recharge is 
given as 6.31.2 • 6.3 is 
the factor value, 1 is the 
correction term used, 
and 2 the identifier. The 
user may ask for a site 
description, which is 
displayed. 

NEW SITE OR END EVALUATION? 
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C~'iAPTER IV: APPL~CATiON EXAMPlE : GROUND\VATER 
SENS!T~V~TY ANAlYSIS FOR W~NONA COUNTY~ MINNESOTA 

The methodology of Chapter I was applied to a 
susceptibility analysis for Winona County in 
southeast Minnesota, shown in figure 75. The 
county is bordered on the east by the Mississippi 
River, along with numerous small 
streams, has diss·acted deeply into the geologic 
profile over the eastern one-third of the county. 
Aquifers are found in bedrock deposits, which 
consist of layers of sandstone, shale, and 
limestone or dolomite deposited from late 
Cambrian (525 million years ago) to Middle 
Ordovician time. The geologic sequence is 
described in figure 76. 

[[[]] Region i, Prailie du Chien Aquii'er 

j i Region !!, Galesville-ironton Aquifer 

The Prairie du Chien Group and !ronton and 
Galesville Sandstones are the two primary 
aquifers in the county. Figure 75 indicates 
location of the important aquifers. The Prairie 
du Chien Group consists of dolomites which 
have undergone significant dissolution and 
l<arstification. The lower aquifers become 
important near the Mississippi River where steep 
valleys have cut into the upland formations. 
These aquifers consist primarily of sandstones 
which are separated from the upper aquifers by 
confining layers. Near the Mississippi River 
these sandstones have been dewatered. 

111 Region Ill, Mississippi River Valley, water-table aquifer 1 inch= 6.5 mites (approximate) 
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Figure 76: Geologic Sequence for Winona County, Minnesota (Minnesota Geological Survey, 1984) 

GROUP OR 
FORMATION 

NAME 

SYM
BOL 

THICK
LITHOLOGY NESS 

(feet) 
DESCRIPTION 

FOGR~~~foN og ~~~r~:~ 60 ~~~f~g~~~~~;~~si~~~~u~d~2ol~oe~e. Many 

p,~,= .1~ 1---:-::--+-' Shale and thin interbeds of limestone. 
DECORAH SHALE - __ -~c:r-I·~ 45 Commonly fossiliferous 
PLATTEVILLE Fm Od - 1 - r- :-:c-:-: 20 Fine-grained fossiliferous limestone 
GLENWOOD Fm · L ~ 1 _.:r:- · L - 4 Sandy shale 

!-==:::...:..:...:...:::::...=~..:....:.;:.:......j--·+·-,-· -___,~e,:..P.::.h....,-;;,;..:.::.h....,-.:;:J· 1----+-------"-------------

ST. PETER 
SANDSTONE 

Os 
90 
to 

100 

Fine- to medium-grained, poorly 
cemented, quartwse sandstone: basal 
contact minor erosional surface. Upper 
surface commonly iron crusted. Generally 
massive and unbedded 

--lf-::-o...--r-----t---ti'~7~2z Thin-bedded and medium-bedded 
::J '!~iii\/ 7 ,;> 7 ·· /1 90 dolomite with thin sandstone and shale 

~ 
u 
> 
0 
0 
0:: 
0 

ffi 
~ 
0 
...:I 

0 SHAKOPEE Ops ./ / // L'- to beds. Basal 20 to 30 feet is fine-grained 
(3 FORMATION IL~L'/)'_/~ 115 quarl2ose sandstone. Local red iron 
z ~~':2>~/:.-~·.:;,;;;;z staining. Basal contact minor erosional 
~ ~--------+--~~-~-~-~~~-~-~~%q~~-----j'L~su~rEfu~c~e ________________________ _ 

~ / /~}P/ /en Thick-bedded to massive dolomite. Some 
::J / 6 /CD / 6 ;r sandy dolomite in basal 10 to 20 feet. 
0 ONEOTA Opo / / ' / /- 160 Vugs filled with coarse calcite in upper 
~ DOLOMITE / / / / / to part. Minor chert nodules. Upper part 
0:: / / / / // -· 180 near contact with Shakopee commonly 
~ L'r -; /L/ { ,..-b_re_c_ci_a_te_d __ :::---::-:--:----------------

--t-'o..-'--..___-----1f-----ei/~Q"t:--:-~-'-7•""":'Se:,. t----+-'1 Sandstone. Top 30 feet is thin bedded 
·+·;· '; ·.; .-·~ and well cemented by calcite. Middle part 

JORDAN 
SANDSTONE £j 

~~~~-'"'iX?i:df.f/ 100 is medium- to coarse-grained quartzose 

~{t-~_ix~;i 1~0 ~fa~~!~?~: o~~~~~llyB~~~e3se~~e~Oaf~e{r~n 
-. ·i ·-:~ ·.··;t \ very fine to fine-grained sandstone 

r--------~--~-~7-~~~~ 

£s /-:~)<:::;;} ST. LAWRENCE1 

FORMATION 

FRANCONIA1 

FORMATION 

IRONTON & 
GALESVILLE 

SANDSTONES 

EAU CLAIRE2 

FORMATION 

MT. SIMON2 

SANDSTONE 

50 
to 
75 

Thin-bedded dolomitic siltstone. Minor 
shale partings 

f_ :_ i.?.-/ f---t------
GmfrG~; 
• G . ( G ·. r . Thin-bedded, dolomite-cemented 
~- ~ 140 glauconitic sandstone. Very fine to fine 

£f ; I· · G 1~0 grained. Contains minor dolomite beds 
G G near base and shale partings throughout 

£ig 

£m 

1----+-'J Ironton: Poorly sorted, silty, fine- to 
medium-grained quartzose sandstone with 
minor glauconite 

G G 

.... - -------
. . . ' .. 
:_-;__:_-:-_=-:.:...:--_...:._:_..,.-.:_.:, 
-------

·:otf.: o.J00/; 

90 
to 

120 

90 
to 

125 

290 
to 

350 

Galesville: Fine- to medium-grained, well
sorted quartzose sandstone 

Very fine to fine-grained sandstone and 
siltstone. Some is glauconitic. Interbedded 
shale 

Fine- to very coarse grained, poorly 
cemented sandstone. Contains pebbles in 
basal 20 to 40 feet. Sandstone generally 
moderately to well sorted. Greenish-gray 
shale mottled with grayish-red in basal 
third of formation. Basal contact major 
erosional surface 

---'L....-.---------::----+-"'"'---t./0~ / /_.-;~r)..f-;/; /.-;._
0 ~ s;;~ ./~;r:h/~7r,._,'T_;p../. /_,.: /n-:r. ·+------+-_J/ Biotitic granite gneiss in eastern part. 

PRECAMBRIAN3 ~~ / /.-'/ //11/ f 1/, Poorly known in west 

1 St. Lawrence and Franconia Formations undivided on map. Symbol: £sf 
2 Eau Claire Formation and Mt. Simon Sandstone undivided on map. Symbol: £.em 
3 Precambrian shown only on sections 

~ r .. ::r_ 

:.· .. 

.... ..... 

'/I .I 

CD 

0 

G 

Fe 

Ph 

1 

LIMESTONE 

DOLOMITE 

sandy 

SANDSTONE 

fine to very fine 

medium to 
coarse 

shaly 

SILTSTONE 

SHALE 

GNEISS 

Vugs (filled with 
coarse calcite) 

Chert 

Oolites 

Glauconite 

Iron stain 

Phosphate 
pellets 

Algal 
stromatolites 

Fossiliferous 

Worm bored 

Pebbles 

Flat-pebble 
conglomerate 

Cross-bedded 

Ripple cross
laminations 

Dolomitic 

Calcareous 
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Bedrock are overlain 
less than t·:en teet thick in the ·west 
east the thick11ess o'1 these 
with '""''"·"'"""'"''/"I and 

reaching a 
!rilckness of over ·150 feet H·1e 
River, of alluvium are over 100 ieet 
thick. Soils follow similar patiams o"l thic:!mess 
and are generally siit~ioam in ~exture. Utere are 
numerous bedrock el(posures and sinkJ10Ies 

the areas. 

to assess relative n"''''1'~~··"'~ 

the Specific areas 
could !i1en be further evaluated for o·f 
"'"'·l2~"~''1C'"" aquifGrs io pesticide contamination. 

Tile countjf was divided into t~m>e areas <JJS 
shmlJn in 75. l) 
were evaluated for to the 
Prairie du Chien 
and 

Rivc;r a water-table aquifer 
sui·face was eva.lua!ed (Region m). 
This division accounted for th·a water 

of-the-vadose-zone Jor i; 
and perme,ability for Region U; and 

infiltration and fo~· ~~L 

Equation ·1 a •,vas utilized and water avsJiable for 
rsci1arge was assessed the 

was color coded and used as a 
corrector for ln!iltra!ion. !danti!iers included: karst 
aquifer (K); sinkholes common 
site presence oi sand terracss 
bed rod{ at or near t11e surface 

Depti1-to~•.ryater was deteiTnlneci as ths 
rrom the land surfaoe !o the water tabl1e. 

was considered in 
because tile bedrock is dlssolvecl and has 
the to transmit water. This 
created a check on depth-to-water. Sources of 
data included and 

ET INas 
mErihocl. 

recon:ls of 
\fl!eall"i!EW slations in or near Vlfinona 

O·Jational Oceanic and 
i 

occur under SBltura.ted 
snowmelt The 

in the vadose zone 1Nas used to 
determine tile secrEt Carrecdons 
were made i1 the bot!om of this layer was 
located 'NiHliru i 5 feet of the !and surface. "'fhis 

was assumed as ti'Ha ma::imum of 
saturated soil in the Data was derived 
frorn rT1aps. ~nmtration was based on 

of soil materials. A mol: zone or 3 
t.r~et ,,vas assumed. Soi!s ·wiih deeper root zo11es 
wema corrected based on increased 

for while U1!n soils 

The classes for color 
includeol: 

2. Bottomland with 

4. 
5. 

A portion of the county, colc.Jr-co.aed ~or 
1111as sr1own in 42. !c!en!ifiers 

wer<E> based 0~1 
Fi~;una 77 summarized !he 

Rating scales used forillis 
'<'Ilene c!ev0ioped ea.r!i·ar S and 

Correctors and identiliers, described in 
were derived fr·om soil tex'ts and 

in I~ ot this paper. 

,it!, rnap derived from this is 
shown 111 78 Colo;· Appendi)(), 'J11iH1 

selec·ierd Indices shov:m in 79. Areas of 
extneme sensitivitJf are located along tl1e 

River, wr11ere inputs of runoff 
water and on upland sites witl1 little 
surficial cover tfllfi !\arst . Araas 

are pt"irnarily !lle result of 
The indicat,g::l 
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Figure 77: Factor analysis for Winona County, Minnesota 

Objective : Develop a base system designed to assess relative recharge 
potential throughout Winona County (located in southeastern 
Minnesota). 

Factors : Recharge potential, depth-to-water, depth-to-bedrock, 
permeability-of-the-vadose-zone, and infiltration for Region I; 
recharge potential, depth-to-water, permeability-of-the
vadose-zone, and infiltration for Region II; and recharge 
potential, permeability-of-the-vadose-zone, and infiltration for 
Region Ill. 

Methodology : Recharge potential in inches, as precipitation minus 
evapotranspiration. Precipitation was determined at eight 
weather stations in or near the county. Evapotranspiration 
was computed using the Blaney-Criddle method. Depth-to
water and depth-to-bedrock, in feet, were computed as the 
difference in elevation between the land surface and the top 
of bedrock or the underlying aquifer. Sources of data were 
Minnesota Geological Survey maps and USGS topographic 
maps. Permeabilities, in meters per second, were 
determined from tabled values containing average 
permeabilities of geologic materials. Sources of data 
included geologic maps and texts. Infiltration was computed 
in a manner similar to permeability but was applied to the 
root zone (2-4 feet below the land surface). Sources of data 
were soil atlases. Topography was color coded into slope 
classes using topographic maps. Classes included red (flat 
bottomland with slopes less than 2"/o), blue (lowlands with 
slopes of 2-12'>/o), green (slopes of 12'>/o and greater), orange 
(uplands with slopes of 6-12"/o), and brown (uplands with 
slopes of 0-6"/o). 
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Equation : Equation 1a was utilized. 

Scales : Scales developed in Figures 3 and 8 were utilized. 

Correctors : Infiltration was corrected for topographic position. Infiltration 
values were multiplied by the following values for each 
particular color class: 

Red 1.61 
Blue 1.11 
Green 0.65 
Orange - 0.92 
Brown - 1.00 

These were adapted from runoff coefficients for silt-loam 
soils (Beasley, 1972), which are the predominant soil 
textures found in the county. 

Identifiers : K- karst aquifer 
S - sinkholes common 
F- floodplain site 
T- presence of sand terraces 
B - bedrock at or near the surface 
1 - Prairie du Chien Aquifer 
2 - Ironton-Galesville Aquifer 
3 - Alluvial water-table aquifer 

Final index : Site coordinates I hazard index I recharge potential I depth
to- water I depth-to-bedrock I permeability-of-the-vadose
zone I infiltration I topographic code I identifiers. Correction 
terms are displayed as subscripts. The format used here is 
different than that used in figure 71 (example indices), 
although the format offigure 71 could be adapted for this 
evaluation. 

Figure 78: Hydrogeologic sensitivity In Winona 
County, Minnesota 

(See Color Appendix) 

classes (e.g. extreme, high, etc.) are relative 
and have not been tested for accuracy. 

With a computer program, a site index and 
description can be readily displayed. Examples 
are shown in figure 80 for three sites located 
within three miles of each other. Using the 
sensitivity classes from figure 78, these three 
sites are at extreme, moderate, and low risk. 
The descriptions displayed in figure 80 indicate 
that the site of low risk is located over the 
Ironton-Galesville aquifer. The other two sites, 
located over the Prairie du Chien aquifer, differ 
in the degree and type of surficial coverage. 
Site descriptions such as those in figure 80 
provide a resource planner with a great deal of 
information for use in land-use decisions or for 
general information. 

An updated soil survey of the county is currently 
being completed; maps are unavailable but soil 
descriptions exist. Resource managers wishing 
to evaluate the relative sensitivity of groundwater 
to pesticide contamination must incorporate an 
attenuation factor into their analysis. 

Considering 2,4-D, a widely used herbicide in 
Winona County, attenuation scales were 
developed and are shown in figure 81. 
Descriptions for some selected soils in the 
county are shown in figure 82 (United States Soil 
Conservation Service, 1987). In figure 83, 
attenuation scores are shown for these soils 
based on organic matter content. From figure 
82, clay content, pH, and infiltration rate may be 
used as correction terms or identifiers if the 
necessary relationships can be established. 
Once soil survey maps are digitized, values from 
figure 83 can be incorporated into the existing 
sensitivity analysis to give an assessment of 
relative groundwater susceptibility to 2,4-D 
contamination. This is accomplished by 
including the attenuation score into equation 1a 
and developing the proper factor index. 

The analysis described here is not yet a useful 
management tool due to inaccuracies in the 
methodology. These include the small number 
of data points (a grid of 81 x 49 would provide a 
more useful analysis); minimal support for 
correction terms, factor scales, and identifiers; 
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Figure 79: Selected Indices from a sensitivity analysis for Winona County, Minnesota 

coordinates 
.K X .d B. J2 .1212 .E .£ I Hi 112 

15 0 2 10.48 0.0 3.4 4.0 0 25.85 K 
15 1 2 10.53 0.0 3.4 3.4 G 23.87 K 
15 2 2 10.57 0.0 3.4 4.0 BR 26.07 
15 3 2 10.59 0.0 3.4 3.4 G 24.00 K 
15 4 1 10.64 0.3 6.20 8.65 4.0 BR 50.94 s 
15 5 2 10.75 0.0 3.4 3.1 0 23.29 S,B 
15 6 1 10.84 0.4 9.30 9.5 4.0 BR 62.87 s 
15 7 1 10.92 0.5 10.00 10.0 10.0 BR 83.27 s 
15 8 1 10.99 0.3 6.00 9.0 3.1 0 50.55 s 
15 9 1 11.04 0.1 6.60 9.3 3.1 0 52.44 K 
15 10 2 10.60 0.0 3.4 3.4 G 25.07 K,B 
15 11 2 10.80 0.0 3.4 4.0 BR 27.33 K 
15 12 2 11.10 5.0 3.4 3.4 G 25.16 
15 13 2 11.12 0.0 3.4 3.4 G 25.21 8 
15 14 2 11.13 0.0 3.4 10.0 G 49.71 K,B 
15 15 2 11.13 0.0 3.4 3.1 0 24.12 K,B 
15 16 2 11.10 0.0 3.4 3.1 0 24.05 K,B 
15 17 3 11.02 6.0 6.0 R 66.12 F 

A aquifer number corresponding DB depth-to-bedrock score T topographic color code 
to regions of analysis p permeability score HI hazard index 

R recharge potential in inches I infiltration score ID identifiers 
D depth-to-water score 

• infiltration was corrected for topographic position as it relates to water retention (see figure 77) 

Figure 80: Sample descriptions of hydrogeologic sensitivity for selected sites In Winona County, Minnesota 

.si1!l. J.ns!M Description ~ .iJ1s!J1.K Description 

15,5 15,5123.29/ site coordinates X= 15, Y=5; infiltration exceeds 10-2 meters per second 
10.7510.01 hazard index is 23.29, low risk; and has been corrected for topographic 
-13.413.111 recharge potential is 10.75 inches; position; 
0/S/812 depth-to-water is over 260 feet; topographic code is brown, an upland site 

depth-to-bedrock is deleted; with slopes less than 6%; 
permeability is 10 -6.B meters per second; sinkholes are common in the area; 
infiltration is 10 -6.9 meters per second and site considers the Prairie du Chien Aquifer; 

has been corrected for topographic 
position; 15,8 15,8/50.551 site coordinates X= 15, Y=8; 

topographic code is orange, an upland site 10.99/0.3/ hazard index is 50.55, moderate risk; 
with 6-12% slope; 6.019.01 recharge potential is 10.99 inches; 

sinkholes are common in the area; 3.1110/S/1 depth-to-water is 220 feet; 
bedrock may be at or near the surface; depth-to-bedrock is 22.5 feet; 
site considers the Ironton-Galesville Aquifer; permeability is 10-4 meters per second; 

infiltration is 10 -l meters per second and 
15,7 15,7183.271 site coordinates X= 15, Y= 7; has been corrected for topographic 

10.9210.51 hazard index is 83.27, extreme risk; position; 
10.0110.0/ recharge potential is 10.92 inches; topographic code is orange, an upland site 
10.0/BRI depth-to-water is 180 feet; with slopes of 6-1 20/o; 
S/1 depth-to-bedrock is 0 feet; sinkholes are common in the area; 

permeability exceeds 10 -2 meters per site considers the Prairie du Chien Aquifer; 
second; 

Figure 81: Attenuation scale used for analysis of groundwater sensitivity to 2,4-D contamination 

Score 
0 2 3 4 5 6 7 8 9 10 

7.0 6.7 6.2 5.6 4.9 3.7 3.1 2.6 2.0 1.0 0 
Organic matter content(%) 
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Figure 82: Characteristics of selected soils from Winona County, Minnesota (United States Soil Conservation Service, 1987) 

Clay J I Permeability 
:tros1on Wlnd 

Soil name and Depth Moist Available Soil Shrink-swell factors erodi- Organic 
map SYlllbol bulk water reaction potential bility matter 

densitv capacity_ K T 'qroup 

.!!! I ~ !11.~ .!."!L.EF .!_O.LE:!. .£!! 

I 
~ 

198C, 1980------- 0-5 12··2511.30-1.45 0.6-2.0 0.22-0.24 5.6-7.3 Low---------- 0.43 3 6 1-3 
Rollingstone 5-10 15-27,1.35-1.50 0.6-2.0 0.22-0.24 5.1-6.5 Low--------- 0.43 

lQ-60 60-80 1.45-1.65 0.06-0.2 0.09-0.14 4.5-5.5 Moderate----- 0.28 

215B, 215C, 2150- 0-9 8-17 1.40-1.50 0.6-2.0 0.22-0.24 5.6-7.3 Low-------- 0.43 3 5 2.-3 
Southridge 9-29 lQ-30 1.45-1.55 0.6-2.0 0.20-0.22 4.5-6.5 Low--------- 0.43 

29-60 55-80 1.50-1.65 0.06-0.2 0.09-D.l3 4.5-6.0 Moderate---- 0.28 

262B------------- 0-9 15-27 1.35-1.60 0.6-2.0 0.22-0.24 5.1-6.5 Low----- 0.37 3 5 1-2 
Medary 9-13 25-40 1.55-1.65 0.2-0.6 0.18-0.22 4.5-6.0 Moderate---- 0.37 

13-56 35-60 1.55-1.70 0.06-0.2 0.11-0.20 4.5-6.0 High------ 0.37 
56-60 40-60 1.80-1.90 o.o6-o.2 0.09-0.13 5.1-7.3 High------ 0.37 

271-------------- o-8 5-18 1.35-1.50 2.0-6.0 0.15-0.18 7.4-8.4 Low------- 0.20 5 3 2-5 
Mlnneisll:a 8-46 5-1811.4Q-1.60 2.0-6.0 0.13-D.lS 7.4-8.4 Low------- 0.28 

46-60 2-5 1.5D-1.65 6.0-20 o.o5-o.o8 7.4-8.4 Low------,0.10 

283B, 283C, 283D, 
ll.5D-1.65 0.04-D.0915.1-7.3 283E---------- o-8 2-5 6.Q-20 Low---- 0.15 5 1 .5-2 

Plainfield 8-31 0-4 1.SD-1.65 6.Q-20 0.04-0.07 4.5-6.5 Low------ 0.15 
31-60 0-4 1.So-1.70 6.0-20 0.03-0.07 4.5-6.5 Low------ 0.15 

285A, 285B, 285C- 0-16 18-27 1.1o-1.20 0.6-2.0 0.22-D.24 5.1-8.4 Low-------- 0.32 5-4 6 2-4 ~ 
Port Byron 16-42 18-27 1.15-1.30 0.6-2.0 0.20-D.22 5.6-7.3 Low------- 0.43 

42-60 18-27 1.2o-1.40 0.6-2.0 0.2o-0.22 5.6-8.4 Low------- 0.43 

299B------------- 0-9 18-28 1.30-1.40 0.6-2.0 0.2o-0.22 5.1-6.5 r.ow------- 0.28 4 6 2-6 
Rockton 9-22 25-35 1.40-1.55 0.6-2.0 0.17-0.19 5.1-6.5 Moderate----- 0.28 

22-27 35-60 1.35-1.45 0.6-2.0 0.1Q-0.14 5.6-7.3 High------- 0.28 
27 -- --- --- --- --- ---------- ---

301A, 301G, 3010- Q-9 1Q-20 1.20-1.30 0.6-2.0 0.20-0.22 5.6-7.3 Low------- 0.28 5 5 3-5 
Lindstrom 9-36 18-24 1.2o-1.30 0.6-2.0 0.22-0.26 5.6-7.3 Lo--------- 0.28 

36-60 18-24 1.3o-1.40 0.6-2.0 0.20-0.22 5.6-7.3 Low--------- 0.43 

322C2, 32202, 
322E2, 322F----- Q-32 1Q-18 1.3D-1.60 0.6-2.0 ,0.2<>-0.24 6.1-7.8 Low--------- 0.37 5-4 5 1-2 
Timula 32-60 10-18 1.40-1.60 0.6-2.0 0.18-0.20 7.4-8.4 Low---------,0.37 

331-------------- 0-16 28-32 1.40-1.45 0.6-2.0 ,0.19-0.2116.1-7.3 Moderate----10.24 5 6 6-7 
Tripoli 16-26 22-28 1.45-1.70 0.6-2.0 O.l7-D.l9 6.6-7.8 Low----------,0.321 

26-60 20-28 1.70-1.80 0.6-2.0 0.17-0.19 7.4-8.4 Low--------- 0.321 

369B, 369C------- Q-9 19-24 1.25-1.30 0.6-2.0 0.21-0.2315.6-7.3 Moderate----- 0.32 5-4 6 2-3 
Waubeell: 9-26,25-34 1.25-1.35 0.6-2.0 0.18-0.2015.1-6.0 Moderate---- 0.43 

26-60 2Q-2B 1.65-1.80 0.6-2.0 0.17-0.19 5.1-7.3 Low--------- 0.43 

388C, 3880, 388E- o-8,1!>-22 1.10-1.45 0.6-2.0 0.22-D.24 5.6-7.3 Low---------10.37 5 6 1-3 
Seaton 8-46 18-27 1.2D-1.60 0.6-2.0 0.2o-0.22 5.1-7.3 Low---------- 0.37 

46-60 10-25 1.20-1.50 0.6-2.0 0.20-0.22,5.6-8.4 Low-------- 0.37 

0-8 ,15-22 401B, 401C, 4010- 1.10-1.20 0.6-2.0 0.22-0.24 5.6-7.3 Low--------- 0.32 5-4 6 2-3 
Mt. Carroll 8-40 18-27 r-15-1.30 0.6-2.0 0.2o-0.22 5.1-7.3 Low------- 0.43 

40-60 16-24 1.20-1.40 0.6-2.0 0.20-0.22 5.6-8.4 Low------ 0.43 

455A, 455B----- o-n 18-2411.3D-1.35 0.6-2.0 0.22-0.24 5.6-7.3 Low-------- 0.32 5 6 2-3 
Festina 11-53 24-29 1.35-1.40 0.6-2.0 0.2o-0.22 5.1-6.0 Moderate--- 0.43 

53-60 22-26 1.40-1.45 0.6-2.0 0.2o-o.22 S.l-6.5 Moder•te-----,0.43 
457E------------- o-8 18-3311.25-1.40 0.6-2.0 0.15-0.22 6.6-7.3 Low--------- 0.24 2 8 3-5 
Lacrescent 8-15 8-23,1.30-1.50 0.6-6.0 0.06-0.09 6.6-7.3 Low----- 0.24 

15-481 8-2011.30-1.50 2.0-6.0 o.o5-o.o8 7.4-7.8 Low-------~0.24 
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the preparation of maps by hand from base 
maps of differing scales; and contouring and 
extrapolation of incomplete data. Despite these 
inaccuracies, the final map provides a general 
description of recharge sensitivity in Winona 
County. 

Figure 83: Ranges of attenueffion scores for selected 
soils from Winona County, Minnesota 
(see Figure 82 for attenuation scale) 

Soil name Qr1Janic matter (%1 Attenuation score 

Rollingstone 1-3 5.8-9.0 
Southridge 2-3 5.8-8.0 
Medary 1-2 8.0-9.0 
Minneiska 2-5 3.8-8.0 
Plainfield 0.5-2 8.0-9.6 
Port Byron 2-4 4.8-8.0 
Rockton 2-6 2.3-8.0 
Lindstrom 3-5 3.8-5.8 
Timula 1-2 8.0-9.0 
Tripoli 6-7 0.0-2.3 
Waubeek 2-3 5.8-8.0 
Seaton 1-3 5.8-9.0 
fvlt. Carroll 2-3 5.8-8.0 
Fes1ina 2-3 5.8-8.0 
Lacrescent 3-5 3.8-5.8 
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5(i 

Standardized !lave loee11 
aeiJGI!)D/2<0\ and as a means of 
assessing relative gm1Jndwater susceptibility to 
contamination across areas. Relative site 
indices or scores are usually as the 
sum o1 faci:or scores. These scores are used to 
develop sensltivny contours across an are<t 
f"aciors are considered important natural 

contaminant 
Elcamples Include depth-tcHIIIater, recharge, 

arud 

Existing rating systems are o!teru Inflexible due to 
data restrictions or failure lo account for higl11y 
diverse, localized environmenl:s. 

utilize all data and cannot be 
sxpanded or altered for a variety o1 

A meti1CJdology ~1as been , .. ,,,.,,"""'"'""n 
these limitations. The m<H,'I'hr>n,,Inn 

for any wishing to 
facto~· analysis. U!ilizal:ion o~ maden1 compllter 

add tremendous fleKibilily to the 

The !um:lamental aqiJation used In a 

or: 

sy;st,sm is e!U,er: 

l-11 = R((Wal'lab.,.n i" 111/bBalo ... n + ... WnNab ... n)l 
+ Wb + ... Wn}} 

~- WaAab ... n ~- ... WnNab ... n)l 
+ Wa+.,. Wn)} 

These equations allow the system designer to 
evaluate any number of available factors at a 
site and obtain a final site score which can be 
compared ~o other sites utilizing different data 
inputs. The concepl o~ correction terms and 
identifiers increase the accuracy and information 
given In a site Index. 

h1 developing a rating system, a five-step 
approach is applied, using ithe rut!~Arlinln 

These include defining specific 
factors to be 

identifying data available for use in the analysis; 
scales, correction ~erms, and 

"~"''m11ra:n"· and testing and relining t!1e 
system. This may be applied 'io 
the Lmsaturated zone, saturated zc:me, or to 
existing corr!amination sites. of a 
bas-s system lilllulch e;valuatl8s potential 
across an area provides 

specific factors to assess di·narenl 

The ol this include 
tremendous flexibility In design, fac'ior 
evaluation, dala utilization, and future 

e~:cellerrt sl!e !ntorma!ion and 
evaluation; and accuracy over 
tre;ditional system evaluations. 

As an exemplary 
was applied to a rscharge ""''~"i'nui'i''''' 
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CONCLUSIONS 

The methodology described in this paper is 
intended to provide a tool which system 
designers can utilize in developing a local 
susceptibility analysis that is accurate and 
informative. The discussion provides insight into 
available evaluation options and processes that 
influence groundwater recharge and 
contamination. No system based on factor 
analysis can replace site-specific evaluations, 
but the described methodology allows a means 
to maximize existing and future data in a 
practical analysis of diverse, extensive 
geographical areas. 

Station Bulletin 585-1988 
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Development of a groundwater susceptibility 
system requires fiscal expenditures and is 
intended to accomplish an intended objective. 
This objective should be the creation of a tool 
useful in land-use decisions and as a source of 
general information. Using modern computer 
techniques, a tremendously informative, 
accurate, and flexible analysis can be made at 
relatively little cost. Most important, this analysis 
can be continually modified to meet new 
objectives, correct inaccuracies, and incorporate 
new data, eventually leading to an analysis 
capable of aiding site-specific evaluations. 
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COlOR APPEND~X 

iF.igwrl!!i 42: Example oil ao!or «:odirr;g f«lir topography_ Thls are~ Is loo:::Et®d in Wif!JJona C<'JIJJIJ7ity, f!liirmesotll (fo!l::ation in ca:»unliy 
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t 

B ~ bot/om/and slopes less ihan 2% 

- steep slopes of greater than 12'>/o 

Ulill -lowlands wifh slopes of 2-12% 

- uplands wilh slopes ol' 8- f 2% inct1 = 1. 7.5 miles (approximate) 
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Figure 78: Susceptibility analysis for Winona County, Minnesota 

N 

RISK (site scores) 

• -low (less than 30) 

• -/ow-moderate (30-50) 

• -moderate-high (50-Sa) 

• -high (6o-80) 

• -extreme (greater than 80) 1 inch= 6.25 miles (approximate) 
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GLOSSARY 

Adsorption The attraction and adhesion rate at which water can 
of a layer of ions from an move through a permeable 
aqueous solution to the solid medium. The density and 
mineral surfaces with which kinematic viscosity of the 
it is in contact. water must be considered in 

determining hydraulic 
Anisotropy The condition under which conductivity. 

one or more of the hydraulic 
properties of an aquifer vary Identifier An unquantifiable parameter 
according to the direction of used in a groundwater 
flow. sensitivity index to 

acknowledge the presence 
Confining Bed A body of material of low of processes or features that 

hydraulic conductivity that is may affect a site's sensitivity 
stratigraphically adjacent to to contamination or 
one or more aquifers. It recharge. 
may lie above or below the 
aquifer. Infiltration The flow of water downward 

from the land surface into 
Correction term A mathematical value which, and through the upper soil 

when multiplied by a factor layers. 
value, gives an adjusted 
factor value. Isotropy The condition in which 

hydraulic properties of an 
DRASTIC An acronym for a aquifer are equal in all 

hydrogeologic sensitivity directions. 
analysis designed by the 
U.S. Environmental Perched The water in an isolated, 
Protection Agency. The Groundwater saturated zone located in 
acronym consists of the the zone of aeration. It is 
following terms: the result of the presence of 

D - depth-to-water a layer of material of low 
R - recharge hydraulic conductivity, called 
A - aquifer media a perching bed. Perched 
s - soil media groundwater will have a 
T - topography perched water table. 
I - influence of the 

vadose zone Root Zone The zone from the land 
c - conductivity of the surface to the depth 

aquifer penetrated by plant roots. It 
may also be considered as 

Factor A parameter used in the zone of maximum 
assessing groundwater evapotranspiration, usually 
sensitivity to contamination taken to be a depth of 2-4 
or recharge. feet. 

Hydraulic A coefficient of Vadose Zone Water in the zone of 
Conductivity proportionality describing the aeration. 

60 Minnesota Agricultural Experiment Station 



BIBLIOGRAPHY 

Abdelmaqid, H. M., and M.A. Tabatabai, 1982. 
Decomposition of Acrylamide in Soils, Journal of 
Environmental Quality, Vol. 11, no. 4, p. 701-704. 

Ackroyd, E. A., W. C. Walton, and D. L. Hills, 1967. 
Groundwater Contribution to Streamflow and its 
Relation to Basin Characteristics in Minnesota, 
Minnesota Geological Survey, Report of Investigations 
6, 36p. 

Alley, W. M., 1984. On the Treatment of ET, Soil 
Moisture Accounting, and Aquifer Recharge in 
Monthly Water Balance Methods, Water Resources 
Research, Vol. 20, no. 8, p. 1137-1149. 

Allison, G. B., W. J. Stone, and M. W. Hughes, 1985. 
Recharge in Karst and Dune Elements of a Semi-Arid 
Landscape as Indicated by Natural Isotopes and 
Chloride, Journal of Hydrology, Vol. 76, no. 1/2, 
p. 1-25. 

Beasley, R. P., 1972. ErosionandSedimentPollution 
Control, Iowa State University Press, 320 p. 

Benoit, G. R., and J. Bornstein, 1970. Freezing and 
Thawing Effects on Drainage, Soil SCience Society of 
America Proceedings, Vol. 34, no. 4, p. 551-557. 

Benoit, George R., 1973. Effect of Freeze-Thaw Cycles 
on Aggregate Stability and Hydraulic Conductivity of 
Three Soil Aggregate Sizes, Soil SCience Society of 
America Proceedings, Vol. 37, no. 1, p. 3-5. 

Biggar, J. W., and D. R. Nielson, 1976. Spatial 
Variability of the Leaching Characteristics of a Field 
Soil, Water Resources Research, Vol. 12, no. 1, 
p. 78-84. 

Bittel!, J. E., and R. J. Miller, 1974. Lead, Cadmium, and 
Calcium Selectivity Coefficients on a Montmorillonite, 
Illite, and Kaolinite, Journal of Environmental Quality, 
Vol. 3, no. 3, p. 250-253. 

Blaney, H. F. and W. D. Criddle 1950. Determining 
Water Requirements in Irrigated Areas from 
Climatological and Irrigation Data, USDA Soil 
Conservation Service Technical Paper No. 96, 48 p. 

Bohn, H., B. McNeal, and G. O'Connor, 1979. Soil 
Chemistry, Wiley-lnterscience, 329 p. 

Bouma, J., and L. W. Dekker, 1978. A Case Study on 
Infiltration into Dry Clay Soil: I. Morphological 
Observations, Geoderma, Vol. 20, no. 1, p. 27-40. 

Bouma, J., L. W. Dekker, and J. H. M. Westen, 1978. 
A Case Study on Infiltration into a Dry Clay Soil: II. 
Physical Measurements, Geoderma, Vol. 20, no. 1, 
p. 41-51. 

Station Bulletin 585-1988 

Assessing Hydrogeologic Risk Over Large Geographic Areas 

Boyd, S. A., and R. King, 1984. Adsorption of Labile 
Organic Compounds by Soil, Soil Science, Vol. 137, 
no. 2, p. 115-119. 

Brun, L. J., E. T. Kanemasu, and W. L. Powers, 1972. 
Evapotranspiration from Soybean and Sorghum 
Fields, Agronomy Journal, Vol. 64, no. 2, p. 145-148. 

Campana, M. E., and D.A. Mahin, 1985. Model-Derived 
Estimates of Groundwater Mean Ages, Recharge 
Rates, Effective Porosities, and Storage in a 
Umestone Aquifer, Journal of Hydrology, Vol. 76, no. 
314, p. 247-264. 

Davidson, J. M., and R. K. Chang, 1972. Transport of 
Picloram in Relation to Soil Physical Conditions and 
Pore-Water Velocity, Soil SCience Society of America 
Proceedings, Vol. 36, no. 2, p. 257-261. 

Davidson, J. M., and J. R. McDougal, 1973. 
Experimental and Predicted Movement of Three 
Herbicides in a Water-Saturated Soil, Journal of 
Environmental Quality, Vol. 2, no. 4, p. 428-433. 

Dixon, R. M., and A. E. Peterson, 1971. Water 
Infiltration Control: A Channel System Concept, Soil 
Science Society of America Proceedings, Vol. 35, 
no. 6, p. 968-973. 

Dreiss, S. J., 1983. Unear Unit-Response Functions as 
Indicators of Recharge Areas for Large Karst Springs, 
Journal of Hydrology, Vol. 61, no. 1/3, p. 31-44. 

Dzomback, D. A., and R. G. Luthy, 1984. Estimating 
Adsorption of Polycyclic Aromatic Hydrocarbons on 
Soils, Soil Science, Vol. 137, no. 5, p. 292-308. 

Edwards, W.M., R.R. van der Ploeg, and W. Ehlers, 
1979. A Numerical Study of the Effects of Noncapil
lary-5ized Pores Upon Infiltration, Soil Science Soci
ety of America Journal, Vol. 43, no. 4, p. 851-856. 

Ehlers, W., 1975. Observations on Earthworm Channels 
and Infiltration on Tilled and Untilled Loess Soil, Soil 
Science, Vol. 119, no. 3, p. 242-249. 

El Nadi, A. H., and J. P. Hudson, 1965. Effect of Crop 
Height of Evaporation from Lucerne and Wheat Grown 
in Lysimeters under Advective Conditions in the 
Sudan, Experimental Agriculture, Vol. 1, no. 4, p. 289-
298. 

Fenn, D. G., K. J. Hanley, and T.V. DeGeare, 1975. 
Use of the Water Balance Method for Predicting 
Leachate Generation from Solid Waste Disposal Sites, 
U.S. EPA Solid Waste Report No. 168, Cincinnati, 
Ohio, 40 p. 

61 



Fetter, C. W. Jr., 1980. Applied Hydrogeology, Charles 
E Merrill Publishing Company, 488 p. 

Francis, C. W., ·u973. Plut:mium Mobility in Soil ancl 
Uptake in Plants:.~ Review, Journal of Environmental 
Quality, Vol. 2, no. 1, p. 67-70. 

Freeze, A. R., 1969. The Mechanism o~ Nalural 
Groundwa!ei Recharge and Discharge ·1. One
dimensional, Verlical, Unsteady, Uns&.tiJrated Flow 
above a Recharging or Discharging Grouncl'wa~er 
Flow System, Water Resources Re·search, Vol. 15, 
no. 1, p. 153-171. 

Freeze, A. R, and,!. B<'lnner, 1970. Tile Mechanism of 
1\lalural Groundwater Recharge and Discharge: 2. 
laboratorJI Column and Field 
Measuremenl:s, Water Research, Vol. 6, 
1'10. 1, p. 138-155. 

Fn•eze, Allan R., Hr?l. Three Dimensional, Transien~. 
Sa!ura!ed-Unsat1.1rated Flow in a Groundwater Basin, 
Wa?er Resources Research, Vol. 7, no. 2, p. 347-366. 

Fritschen, L J., 1965. Evapotranspiration Rates of Field 
Crops Determined by the Bowen Fla!io Method, 
Agronomy Joumal, Vol. 58, p. 339-342. 

Frost, R R., and R fA. Griffin, 1977. Etled ol pH on 
Adsorption of Arsenic and Sele11ium from Landiill 
Leachate blf Clay Minerals, Soil Science Socierty of 
America Journal, Vol. 41, no. 1, p. 53-57. 

Fuhremann, T.W., J. Kalan, and E.P. Licl1'1enstein, 1976. 
Binding of Parai:llion in Soil: Jl\ ['ieassessment of 
Pesticide Pens!slence, Science, Vol. 193, no. 4256, 
p. 391-894. 

F1.1ller, Wallace 1-1., 1986. Sile Seleclion Fundamen·~a:ls 
ffor land Treatment: Water Resources Symposium 
l\lo. i3, lam:!l Treatment, Ill Hazardous Waste 
M~lnl'lJ(jfl,mimt Alternative, Loehr and Malina, eds. p. 

Gers~l. Z., B. Yamn, and P. H. Nye, !979. Ditlusion o! a 
Rir'-''l'""''""rl"hll<> Pesticide: i. In a Inactive 

of America Vol. 43, 

Gunn, J., 1983. Point Recharge o! Limestone Aqui~ers
A Model from New Zealand Kars~. Joumal of 
Hydrology, Vol. 61, no. 1/3, p. 19-29. 

Hahne, H. C. H., and W. Kmonlje, '1973. Sij;jni!ic;:mce ol 
pH a11d Chloride Concentration on Behavior of Heavy 
I!Jiatal Pollutanls: Cadmi1Jm Zinc 

Harmlc!, L. L, G. 0. SciTilllii!.b, il!UOd Ei. L BH:md1Jra111, 
1976. and Forest ,fl;gric•JIIUral 
!".nnir"'"'~''"''''n DepartmerH, Ohio 
Colu.m~~1s, Ohio, 273 p. 

2, 

Har~er, R D., 1979. Adsorption of Copper and lead by 
Ap and 82 Horizons of Several Northeastem United 
Siates Soils, Soil Science Society of America Journal, 
Vol. 43, no. ~~. p. 679-683. 

Helling, C. S., 19'?·1. Pesticide 
ln!luenoo o~ Soil Properties, Soil Society of 
America Procccedings, Vol. 35, no. 5, p. 743-748. 

Hillel, D., and W. R. Gardner, 1969. 
in~o Crus! Topped Profiles, Soil Science, 
no. 2, p. ·1 37-142. 

Hillel, D., and W.R. G8lrdner, 1970. t,Jleasurement of 
Unsaturated Conductivity and Dif!usivity lnfiltralion 
Thmugll an Layer, Soil Science, 109, 
no. 3, p. 149-153. 

Hillel, D., 1971. Soil and Wa!'er, Physical Principles and 
Processes, Academic Press, London, 288 p. 

Hillel, D., and H. Talpaz, 1977. Sirnula!ion of Soil Water 
Dynamics in Layered Soils, Soil Science, Vol. 123, 
110. ~, p. 54-62. 

Holstun, J. T .. .!r., and W. E. loomis, Hl56. Leaching 
and Decomposiiicm of 2,2-Dichlompmpionic Acid in 
Several Iowa Soils, Weed Science, Vol. I!., 110. 3, 
p. 205-217. 

Illinois Environmental Protection Agency, 1986. A Plan 
lor Protecting Illinois Groundwater, 165p. 

Janes, 8. E., ~000. Estimalion o¥ Potential 
Evapolranspiration (P.E.) !rom Vegetable Crops and 
!rom Net Sc1lar Radiation, Proceeclings of ti?e 
American Socie1y of l'-1onicu!tura! Science, Vol. 76, 
p. 582-589. 

Jenser1, M. E., eo:l R HCJ.ise, 1963. Eslimaling 
Evapoimanspiraiion from Solar Radiation, oloumal o¥ 
Irrigation Drainage Division, American Society of Civil 
Engineers, VoL 93, p. 25<3l:L 

Juo, A. S. R., and S. A. Barber, 1970. The Retentior~ o! 
S!rc1ntium Soils as ln!IIJenoad by pH, Organic 
tlllatler, Cations, Soil Sciencf7, Vol. 109, 
no. 3, p. 143-148. 

Kanivetsl'\y, FL, Hl?9. RegiOi1S!I Anmr'""r.:n 

the Ground \f\/aler Resources 
Minnesota GeoiO£Jical Sun~ey, Report oi 
Investigations 22, 13 p. 

Karicl~hotl, S. IN., D. S. Brown, an!ll T. Pl. Scot!, 1979. 
Sorption ol Pollutants on Natural 
Sediments, V1ol. 13, no. 3, p. 24~-
248. 

Kissel, D. E., S. J. Smilh, and D. W. Dillow, 1976. 
Disposition o~ Fertilizer Nitrate lo a Swelling 
Clet)f So!i in tif~e Fie~ctj ~Jt:H.Jtnal 
Quality, Vol. 5, no. 1, p. 66-71. 

i'<:issel, D. E., S. ,J. Smith, '!/J. L Hargrove, and D. W. 
Dillow, i977. lmmobilizatkln oi Fertilizer Nitrate 
fllppf,ioo to a S'Nelling Clay Soil in [he Fir3ld, Soii 
.Science of America J1oumaJ, Vol. 41 , no. 2, 
j:). 346-349 0 

Klute, A., and G. E. Wilkinson, 1958. Some Tesls o~ the 
Similar llfledia Concept of Capillary Flow: L Reduced 

and! Moisture Cl1aracleristic 
of America Proceedings, 



Konrad, J. G., and G. Chesters, 1969. Degradation in 
Soils of Ciodrin, an Organophosphate Insecticide, 
Journal of Agricultural and Food Chemistry, Vol. 17, 
no. 2, p. 226-230. 

Koskinen, W. C., G. A. O'Connor, and H. H. Cheng, 
1979.Characterization of Hysteresis in the Desorption 
of 2,4,5-T from Soils, Soil Science Society of America 
Journal, Vol. 43, no. 4, p. 871-874. 

Lagerwerff, J. V., and W. D. Kemper, 1975. Reclamation 
of Soils Contaminated with Radioactive Strontium, Soil 
Science Society of America Proceedings, Vol. 39, 
no.6,p. 1077-1080. 

Lambert, S. M., 1968. Omega (0), a Useful Index of Soil 
Sorption Equilibria, Journal of Agricultural and Food 
Chemistry, Vol. 16, no. 2, p. 340-343. 

Lavy, T. L., F. W. Roeth, and C. R. Fenster, 1973. 
Degradation of 2,4-D and Atrazine at Three Soil 
Depths in the Field, Journal of Environmental Quality, 
Vol. 2, no. 1, p. 132-137. 

Leach, B., 1982. The Development of a Groundwater 
Recharge Model for Hong Kong, Hydrological 
Sciences Journal, Vol. 27, no. 4, p. 469-491. 

LeGrand, H. E., 1964. System for Evaluation of 
Contamination Potential of some Waste Disposal 
Sites, Journal of the American Water Works 
Association, Vol. 56, no. 7, p. 959-974. 

LeGrand, H. E., 1983. A Standardized System for 
Evaluating WasteDisposa/ Sites, National Water Well 
Association, Worthington, Ohio, 49 p. 

Logan, T. J., and E. 0. McLean, 1973. Nature of 
Phosphorus Retention and Adsorption with Depth in 
Soil Columns, Soil Science Society of America 
Proceedings, Vol. 37, no. 3, p. 351-355. 

Loganathan, P., R. G. Burau, and D. W. Fuerstenau, 
1977. Influence of pH on the Sorption of Co2+, Zn2+, 

and Ca2+ by a Hydrous Manganese Oxide, Soil 
Science Society of America Journal, Vol. 41, no. 1, 
p. 57-62. 

Luxmoore, R. J., B. P. Spalding, and I. M. Munro, 
1981. Areal Variation and Chemical Modification of 
Weathered Shale Infiltration Characteristics, Soil 
Science Society of America Journal, Vol. 45, no. 4, 
p. 687-691. 

McBride, M. B., L. D. Tyler, and D. A. Hovde, 1981. 
Cadmium Adsorption by Soils and Uptake by Plants 
as Affected by Soil Chemical Properties, Soil Science 
Society of America Journal, Vol. 45, no. 4, p.739-744. 

Means, J.C., S.G. Wood, J.J. Hassett, and 
W.L. Banwart, 1982. Sorption of Amino- and Carboxy
Substituted Polynuclear Aromatic Hydrocarbons by 
Sediments and Soils, Environmental Science and 
Technology, Vol. 16, no. 2, p. 93-98. 

Mehta, S. C., S. R. Paonia, and Raj Pal, 1984. 
Adsorption and Immobilization of Zinc in Calcium- and 
Sodium-Saturated Soils from a Semiarid Region, 
India, Soil Science, Vol. 137, no. 2, p. 108-114. 

Station Bulletin 585-1988 

Assessing Hydrogeologic Risk Over Large Geographic Areas 

Mingelgrin, U., S. Saltzman, and B. Varon, 1977. A 
Possible Model for the Surface-Induced Hydrolysis of 
Organophosphorus Pesticides on Kaolinite Clays, Soil 
Science Society of America Journal, Vol. 41, no. 2, 
p. 519-523. 

Miller, D. E., and Gardner, W. H., 1962. Water Infiltration 
into Stratified Soil, Soil Science Society of America 
Proceedings, Vol. 26, no. 1, p. 115-119. 

Minnesota Geological Survey, 1984. Geologic Atlas of 
Winona County, County Atlas Series, B.M. Olsen and 
N. H. Balaban (ed.), 8 maps. 

Morei-Seytoux, H.J., 1984. From Excess Infiltration to 
Aquifer Recharge: A Derivation Based on the Theory 
of Flow of Water in Unsaturated Soils, Water 
Resources Research, Vol. 20, no. 9, p. 1230-1240. 

National Oceanic and Atmospheric Administration, 1987. 
Climatological Data, Minnesota, United States 
Environmental Data Service, Vol. 93, no. 1. 

New Jersey Geological Survey, 1983. A Groundwater 
Pollution Priority System, New Jersey Geological 
Survey, Open File Report, no. 83-4,32 p. 

Nielson, D. R., J. W. Biggar, and K. T. Erb, 1973. 
Spatial Variability of Field-Measured Soil-Water 
Properties, Hilgardia, Vol. 42, no. 7, p. 215-259. 

Palmquist, W. N. Jr., and A. I. Johnson, 1962. Vadose 
Flow in Layered and Nonlayered Materials, United 
States Geological Survey Professional Papers, 
No. 450-C, Article 119, p. 142-143. 

Peck, A. J., R. J. Luxmoore, and J.L. Stolzy, 1977. 
Effects of Spatial Variability of Soil Hydraulic 
Properties in Water Budget Modeling, Water 
Resources Research, Vol. 13, no. 2, p. 348-354. 

Perry, J.A, D.J. Schaeffer, H.W. Kerster, and D. Cox, 
1985. The Environmental Audit, I. Concepts, 
Environmental Management, Vol. 9, no. 3, p. 191-198. 

Perry, J.A., D.J. Schaeffer, and E.E. Herricks, 1987. 
Innovative Designs for Water Quality Monitoring: Are 
We Asking the Questions Before Data are Collected? 
Special Technical Publication No. 940, American 
Society for Testing and Materials, 39 p. 

Pleysier, J. L., and A. S. R. Juo, 1981. Leaching of 
Fertilizer Ions in a Ultisol from the High Rainfall 
Tropics: Leaching Through Undisturbed Soil 
Columns, Soil Science Society of America Journal, 
Vol. 45, no. 4, p. 754-760. 

Radosevich, S. R., and W. L. Winterlin, 1977. 
Persistence of 2,4-D and 2,4,5-T in Chaparral 
Vegetation and Soil, Weed Science, Vol. 25, no. 5, 
p. 423-425. 

Rehm, B. W., S. R. Moran, and G. H. Groenewold, 
1982. Natural Groundwater Recharge in an Upland 
Area of Central North Dakota, U.S.A., Journal of 
Hydrology, Vol. 59, no. 3/4, p. 293-314. 

63 



Remson, 1., A.A. Fungaroli, and A.W. Lawrence, 1968. 
Wa~er Movement in an Unsaturated Sanitauy landfill, 
Journal of i'lle Sanitary Engineering Division ASCE, 
SA2 No. 5904, Vol. 94, p. 307-317. 

Rhcde:s, R.C., I.J. Belasco, ancl H.L. Pease, 1970. 
Determinai:lon of !Vl.obili!y and Adlso~plion of 
Agrichemicals on Soils, Journal of Agricufturat and 
Food Cffu:;mistry, Vo!. 18, no. 3, p. 524-528. 

Riggs, H. C., 1972. TechniqiJes of Wateo Rsso1.1roes 
Investigations ofthe United Stat<Ss Geologica! SuiVey, 
Low-Flow lnvesti!~ations, Book 4, Chapter 81, 18 p. 

rt C., 1973. Techniques of Water Resources 
!nves·tig<~ticlns o1 the United States Geological Survey, 
Regional Analysis of Streamflow Characteristics, 
Book4, Chapter 83, 15 p. 

Ritchie, J. T., D. E. Kissel, and E. Bumetl, i972. Water 
Movement in Undisturbed Swelling C!ay Sot!, Soil 
Science Society of America Proceedings, Vol. 35, 
no. 6, I'· 874-879. 

Rosenberg, N.J., 1974. Microclimate: The Biological 
Envirr:mmenl~ New Yorlz, 315 p. 

Sammis, T.W., D.D. Evans, anal A.W. Warrick, 1982. 
Comparison of iiAelhods ~o Estimate Deep Percolation 
Rates, Wa!er Hesources Bulielin, Vol. 18, no. 3, p. 
465-470. 

Sall, N. I. Hl79. Dfi11naenws Pmperdes of imiustrlal 
JVlateriais, 5tl1 Va.n l'lostrffind Reinl~olc1 Cct, 
New York, ~O"i Hip. 

Saltzman, S., and S. Yariv, 'I 975. lnlraroo Study of the 
Sorp~ion of Phenol and by 
Montmorilloni·~e, SoN of America 
Proceedings, Vol. 39, r1o. 81, p. 474-479. 

Selim, H. !Vi., J. M. Davidson, and P. S.C. Rao, Hi77. 
Transport of l~eactive S1Jiutss 
Soils, Soi! Science Sociely 
Vol. 41, flO. 1, p. 3-10. 

Sharma, !vl. L., G. A. Gander, and C. G. Hunt, 1980. 
\l;;tviRiaililhl o¥ir1iillration in a Warrershecl, Joumaf 

45, 110. 'i/2, p. 101-122. 

Sidle, R. C., and LT. Karc!os, 1979. Nitnate In 
a Treat~red Forest Soil, Soil Science Socialy of 

Journal, Vol. 43, no. 2, p. 278-282. 

Silka, R, and T. L :SMsrf'l~uirlt'l~"·" 

Evalusding Contamination PD;i:e.ntif!!l of Sudace 
Impoundments, U.S. EPA 570/9-78-003, 73 p. 

and P. ,J. Wierenga, "198 'i. Spaiial 
v;;;;n::.ll·•,llll'l\1 o! Ste8ldy-3tate !nliilratio!'l Rates as a 
;::;·:r~d~::~;:•l:lt' Proooss, S.e~J! Science of Am·erica 
Joumaf, Vol. '~5. no. 4, p. '599· 704. 

Stanhill, G. Hl65. The ol Potenlial 
Evapot~anspkation in Arid Agriculture, 
Proceedings of 1he Mon~oellier Symposium, 
UNESCO, p. '!09-117. 

Steer1huis, T.S., C.D .• Jackson, S.l<.j. Kun!lJ, and VIJ. 
Bml.sae~t. mss. Measurement of Groundwater 
Rechar~e on Eastem Long !sland, ~1ew York, U.S.A., 
Journal ofl-fydrology, VoL 79, no. 1/2, p. 145-169. 

Stephens, DJ3., andl R. Knowlton Jr., 1986. Soil Water 
Movement and Through Sand a~ a Semiarid 
Site in New Mexico, Resources Researc/1, 
Vol. 22, no•. 6, p. 8BH389. 

S'ireeu, J.J., W.L. Lindsay, and B. R. 1977. 
Solubility and Plant. Uptake of Cadmium Soils 
Amended with Caclmium and Sewage Sludge, Joumal 
of Environmental C.lua.lily, Vat 6, no. 1, p. 72-77. 

T!1orntl1waite, C. W. 1948. ,!!,n Appwacl1 Toward a 
Rational Ciassi~ication of Climate, Geography Review, 
Vol. 38, p. 55-94. 

M.D., ~ 986. Methods oil ,ll,ssessing Grotlndwater 
S!!lsoep1tibiiit)f tro Cor~tamination, Minnesota Pollution 

Agency, Division a! Solid and Hazardous 
Waste, report 

United States Environmental Protection Agency, 1985. 
DRASTFC, A Siandardized System for Evaluating 
Groundwal'er Po!I!Jiion Polential Using Hydrogeologic 
Settings, U.S. EPA, 600/2-135-Cli8, '163 p. 

United States Geological S~i1!9jl, 1972-1984. TC~pographic 
off 1ill<l!mma County, Uni~ed Sta~es Departme11t of 

, 26 shooi:s. 

United St.a:tes So!~ Conser\fation Serlice, ~ 98:7, lnl!arim 
Soil VlJ!nona Co1.mty, Minnescri:a, unpublished. 

·,.u<,lll<'lrrl"',r·cv of Minnesota Agricll!tura! Experiment Sl.aikm, 
"1973. Soil Alias-St. Paul Sheet, 
llvliscellaneous Bepot't no. 120, 57 p. 

Va!il Bavel, C. H. lVI., J. E. Newman, ancl R.H. Hilgeman, 
~9£1. Climate and Estimated Water Use by an 

Orchard, AgrkJuiiura§ Me1.£1arology, Vol. 4, no. 

Va1~ GeniJ'c<~hern, M. Ill., P. ,J. '\Nie~englll, Bl11cl G. A. 
O'Conu~o1·, ~971. llilass Transfer Studies in Sorbing 
Pomus 1\il!Gl·dlla: IlL EvaluGJ~.Iion 1Nith 2,4,5·· 
T, Soil Science of Americ,a Journal, Vol. 41, 
no. 2, p. 278-284. 

Villaume, J.F., 19!55. Investigations at Sites 
Contaminated with Dernse, 1\lon-Jl,queous Phase 
Uquids (1\JAPLs), Groundwater Monitoring Relifiew, 
Vol. 5, no. 2, p. 150-74. 

Wmwic!t, A. W., G.. J. Mullen, and D. i=!. l'~ielson, 1977. 
Scalinfj Field-Measured Soil Hydmulic Properties 
Using a. Similar Media W5lfer Resources 

Research, VoL 13, no. 2, p. "'i.i""''''"'"· 

Weilings, S.R., and J.P. Sell, '1980. !Vlovemen~ off '!f1la1:er 
and 1\lit~ate in the Unsa:iurate.cl Zorne of Upper Chal~< 
near Winchester, Han!:s., England, Journal of 
Hydrology, Vol. 48, no. 1/2, p. 119-136. 

Wikramaratna,, R. S., a111d C. E. Reeve, i964. A 
Modelling App1oach to !Estima~ing Aqr,iiler Recharge 
on a R.eg!onal Scale, Hydrological Sciences Jorumaf, 
Vo!. 29, no. 3, p. 327-337. 



Wilkinson, G. E., and A. Klute, 1959. Some Tests of the 
Similar Media Concept of Capillary Flow: II. Flow 
Systems Data, Soil Science Society of America 
Proceedings, Vol. 23, no. 6, p. 434437. 

Wilson, R. G., and H. H. Cheng, 1978. Fate of 2,4-D in a 
Naff Silt Loam Soil, Journal of Environmental Quality, 
Vol. 7, no. 2, p. 281-286. 

Wood, H. B., 1977. Hydrologic Differences Between 
Selected Forested and Agricultural Soils in Hawaii, 
Soil Science Society of America Journal, Vol. 41, 
no. 1, p. 132-136. 

Station Bulletin 585-1988 

Assessing Hydrogeologic Risk Over Large Geographic Areas 

Varon, B., and S.Saltzman, 1972. Influence of Water and 
Temperature on Adsorption of Parathion by Soils, Soil 
Science Society of America Proceedings, Vol. 36, 
no. 4, p. 583-586. 

Varon, B., 1975. Chemical Conversion of Parathion, Soil 
Science Society of America Proceedings, Vol. 39, 
no. 4, p. 639-643. 

Zaltsburg, E., 1982. Methods of Forecasting and 
Mapping of Ground-Water Tables in the U.S.S.R., 
Groundwater, Vol. 20, no. 6, p. 675-679. 

65 








