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Introduction

Throughout Mississippi there are approximately 440
shallow (iess than 350 feet deep) public water-supply
wells that may be vulnerable to surface
contamination, depending on the geohydrologic
conditions in the vicinity of the wells. Vulnerability to
contaminants originating at or near land surface is
generally greatest for shallow wells completed in
unconfined aquifers. Deeper wells completed in
confined aquifers generally are less vulnerable to
surface contamination, but these wells also can be
susceptible to contamination, depending on a variety
of factors. These factors include the relative
difference in head between the aquifer in which the
well is completed and adjacent aquifers, the
geohydrologic properties of the confining unit, and
natural or human-induced breaks in confinement such
as faults, abandoned wells and boreholes, and
corroded well casings.

The 440 shallow, public water-suppiy wells are
located in a variety of geologic settings ranging from
interbedded lenticular, irregular sand and clay beds of
Miocene age in the southem part of the State to
fractured or jointed limestones of Paleozoic age in the
northeastern part. One way of preventing
contaminated groundwater from entering wells and
springs is by establishing areas of protection around
them. Since the establishment of such areas of
protection necessarily restricts some uses of the land
so designated, it is vital that the technical basis of the
designation be scientifically valid, objective, and
unambiguous.

History of the Concept of Wellhead Protection
Areas

The concept of defining the area from which a public
water-supply well receives its water and identifying
this area for special protection from surface
contamination seems to have been first implemented
in the more densely populated European nations. At
least 11 European countries have deveioped ground
water protection programs comparable to the
Wellhead Protection Area (WHPA) program of the
United States Environmental Protection Agency
(USEPA) (1987). West Germany and the Netherlands
have the most extensive experience in wellhead

protection. The wellhead protection strategies of
these two nations involve the use of analytical
methods to define zones of increasing protection. For
example, in the Netherlands, a first zone of protection
immediately around the well is purchased by the
water authority. A second zone is defined by the 60
day time-of-travel (TOT) boundary. The protection of
this zone is designed to prevent microbial
contamination of the well. Additionally, a third "water
protection" zone, roughly comparable to the WHPA
boundaries is defined. The third "water protection"
area is subdivided into areas defined by the 10-year
and 25-year TOT boundaries, which are
approximately 800 and 1,200 meters from the well in
the Netherlands. The outermost zone, referred to as
the "far recharge area," lies between the 25-year TOT
boundary and the outer boundary of the area of
recharge contribution to the well.

Only a few States in the United States had been
active in wellhead protection prior to 1986. The 1986
amendments to the Safe Drinking Water Act (SDWA),
however, authorized two new provisions for ground
water protection. These are the WHPA and the Sole
Source Aquifer (SSA) demonstration program
(USEPA 1987). Both are designed to support the
development of State and local efforts to protect
groundwater resources. The intent of the WHPA
program is to establish State regulations that
adequately protect the wellhead areas of all public
water systems from contaminants that may adversely
affect human health.

The SDWA incorporates the fundamental definition of
a Wellhead Protection Area (WHPA) as: the surface
and subsurface area surrounding a water well or
wellfield, supplying a public water system, through
which contaminants are reasonably likely to move
toward and reach such water well or wellfield. The
extent of a wellhead protection area. within a State,
necessary to provide protection from contaminants
which may have any adverse effect on the health of
persons is to be determined by the State in the
program submitted under subsection (a). Not later
than 1 year after the enactment of the Safe Drinking
Water Act Amendments of 1986, the Administrator
shall issue technical guidance which States may use
in making such determinations. Such guidance may
reflect such factors as the radius of influence around
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a well or wellfield, the depth of drawdown of the water
table by such well or wellfield at any given point, the
time or rate of travel of various contaminants in
various hydrologic conditions, distance from the well
or well field, or other factors affecting the likelihood of
contaminants reaching the well orwellfield, taking into
account available engineering pump tests or
comparable data, field reconnaissance, topographic
information, and the geology of the formation in which
the well or well field is located.

Several county governments in the State of Florida
have extensive groundwater protection programs.
Florida has also passed legislation establishing a
statewide wellhead protection program for vulnerable
aquifers. The State of Vermont is developing a
statewide wellhead protection program that would
require that maps of the cones of influence of public
supply wells and primary and secondary recharge
areas be used as the basis of the pennitting activities
of the state. '

Massachusetts, Connecticut, and Nebraska, although
not directly requiring designation of wellhead
protection areas, incorporate the concept in other
environmental regulations. Most other States are
currently determining appropriate regUlations to
govern the protection of public ground-water supplies.

Methods Used

Three methods were used in the analysis of flow
components near shallow public water-supply wells in
Mississippi. These consisted of:

1) The calculated-fixed-radius criterion a
calculated fixed-radius method based on a
volumetric flow equation.

2) The area-of-contribution criterion -- an analytical
method defining the entire theoretical area which
supplies water to the well.

3) The time-of-travel criterion -- a semi-analytical
method defining the area from which water
would move to the well in a specified time
interval. Each of these methods is described
below.

The Calculated Axed-Radius Criterion

Simplicity is the primary advantage of the calculated
fixed-radius method. This method defines a circular
area around the well and does not consider the
regional flow system. However, unlike more arbitrary
methods which specify a radius without reference to

well and aquifer characteristics, the caiculated fixed
radius method considers the pumping rate of the well
and the porosity of the aqUifer material. The
calculated radius encloses a cylindrical volume of
aquifer material containing the volume of water that
will be pumped from the well during a specified time
period. Because this method does not consider the
effects of the regional flow system, the method tends
to define too large an area downgradient of the well
site and too small an area upgradient of the well site
if a regional hydraulic gradient exists. The equation
used in the calculated fixed-radius calculations is:

(1 )

where

r is radius from the well, in feet;
a is pumpage of the well, in cubic feet per day;
t is time interval in days;
n is aquifer porosity (dimensionless);
SL is length of well screen or open interval, in

feet; and
n is approximately 3.14159.

An assumption in the formulation of this equation is
that all water supplied to the well comes only from
that part of the aquifer opposite the well screen. This
assumption generally will cause an overestimation of
the required nadius because, for isotropic aquifers,
nadial flow conditions generally will exist throughout
the full thickness of the aquifer, rather than just
through the screened interval, at radial distances
greater than about twice the thickness of the aquifer.
For anisotropic aqUifers, radial flow conditions
generally will exist at about twice the thickness of the
aquifer multiplied by the square root of the ratio of
horizontal hydraulic conductivity to vertical hydraulic
conductivity (Jacob 1963). The computer program to
perform the calculated fixed-radius calculation uses a
straightforward application of the above formula.

The Area-of·Contrlbutlon Criterion

The area-of-eontribution criterion uses a set of
analytical equations to define the area from which a
well derives water. The equations used for this
method are the uniform flow equations as derived by
Todd (1980). This analytical method incorporates, for
each well, site-specific data that include the regional
hydraulic gradient and the pumping rate of the well.
Aquifer geometry is incorporated in the definition of
the upgradient limit of the contributing area. The site-
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specifIC nature of this criterion should produce better
estimates of the contributing area as compared to
fixed-radius methods. The disadvantages of this
method, as compared to a calculated fixed-radius
method, are that the method requires more extensive
hydrologic data and more computation time.

Consider the flow field surrounding a pumping well
located in an area with a regional hydraulic gradient,
i, as shown in figure 1. Assuming a cartesian
coordinate system in units of feet centered on the well
with regional flow in the negative X direction, the half
width of the flow field boundary, YL, transve~se to the
flow direction will, as X becomes large, asymptotically
approach:

equation which computes travel time from a point to
the well is solved iteratively for different points until a
point on the desired lime-of-travel boundary is found.
This method incorporates the same site-specific data
as the area-of-contribution method and shares lhe
advantages of that method. A disadvantage of lhe
time-of-travel method is that, because of the iterative
nature of the method, it is considerably more
computationally intensive than the fixed radius or
area-of-contribution criterions. However, use of the
method may be preferred when the area-of
contribution is very large. For a flow fieid surrounding
a pumping well in an area with a regional hydraulic
gradient, average travel time from a point upgradient
of the well can be described as:

(2)
(5)

where

K is hydraulic conductivity, in feet per day;
b is saturated thickness, in feet;

is regional hydraulic gradient (dimensionless);
and the remaining symbols are as preViously
defined.

where

r is the distance of the point where time of
travel will be calculated from the well, in feet;

Z is defined by -L ,in feet;
2xKbi

The downgradient null point, Xl' where no flow occurs
to the pumping well will be located where the gradient
induced by the pumping well equals the regional
hydraulic gradient, as represented by the equation:

The locations of points, (X,Y), on the boundary
between these two points, define the boundary of the
contributing area and can be calculated from the
expression:

and the remaining symbols are as previously
defined.

Coordinates of the upgradient point on any desired
time-of-travel boundary may be obtained from the
above equation by using an iterative algorithm. The
upgradient point on the time-of-travel boundary is lhe
most distant of any point on the boundary in the case
where a regional gradient exists. Other points on the
desired time-of-travel boundary must be determined
using a par1icle-tracking methodology. In the particle
tracking method, the movement of an imaginary waler
particle is iteratively traced through small increments
of time. The follOWing equations apply:

(6)Vtx
x ,="-VN--t+"""t r

t

(4)

(3)-Qx.. • 2,;Kbj

Y [2X!Cbi]x·- tan -Q-Y

For this criterion, a computer program was written to
solve the above equation at 100 equidistant
increments of Y between a and + Yl feet. The
negative half-plane is axially symmetric with the
positive half-plane.

and

(7)

The TIme-of-Travel Criterion
where

This method is semi-analytical in that an analytical
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VN is the particle velocity due to the regional
gradient, lCl ,in feet per day;

n

Vt is the particle velocity at time t, due to the
influence of the pumping well, Q
in feet per day; 2 bnr,

rt is the distance to the point at time, t, in feet;
defined by

and the remaining symbols are as 'previously
defined.

Coordinates of points on any desired time-of-travel
boundary may be calculated by iteratively applying the
above equations. For this criterion, a computer
program was written that uses a binary search
iteration strategy to find points on the 5-year time-of
travel curve along 45 rays spaced at 4-degree
intervals in the positive Y half-plane. As in the area
of-eontribution method, symmetry about the x-axis is
invoked to specify the lower half of the curve.

Programming Details

The computer program used to calculate and display
the boundaries of the areas determined using the
three previously discussed criteria is written in
standard Fortran 77 (Appendix A). The program uses
CALCOMp8) (The use of trade of product names in
this report is for identifICation purposes only, and does
not constitute endorsement by the U.S. Geological
Survey) basic software style subroutine calls to
provide graphic display of the calculated areas.
Several libraries of graphic display routines implement
call compatibility with the CALCOMp8) software for
other brands and types of graphic display hardware.
The original development version of the program was
linked with an implementation of call compatible
graphics display subroutines known as DIGS, for
Device Independent Graphics System, written by
Arlen Harbaugh of the U.S. Geological Survey.

The program was developed on a PRIM@ 9955 II
computer system using Prime's F77 Fortran compiler.
On this system, the program provides an interactive
environment for determining wellhead-protection areas
based on the described criterion. Calculation time on
the Prime system for the time-of travel criteria (by far
the most computationally intensive of the three
methods) can take as much as about 20 seconds.
The program was later ported to an IBtv!IDPC/AT type
microcomputer, using the Ryan-McFarland

RMiFORTRA~2.4 Fortran 77 compiler. On this
platform, the time-of travel calculations can take
several minutes, even with a math co-processor.

Application Example

Physical and construction data about wells are stored
in the U. S. Geological Survey's Ground-water Site
Information (GWSI) system database. Table 1 is an
example of the type of data found in GWSI. These
data contain the hydrologic information needed to
determine which pUblic-supply water wells might
require protection from contamination. If, for example,
it was desired to define a wellhead protection area for
the wellfield containing wells B059 and B060, the data
listed in Table 1 and additional data on areal
hydrologic conditions would be used in the analysis.
Multiple wells that are close together can, for
wellhead protection purposes, be treated as a single
well with a discharge equal to the sum of the
discharges of the individual wells. The additional
hydrologic parameters not in the GWSI database
needed to define a wellhead protection area are listed
in Table 2. These data would be obtained from
analysis of electric logs of the well or of nearby wells
and from potentiometric maps of the aquifer of
interest. These data are input to the computer
program described previously, which produces an
output summary of results (Fig. 2). Effective
presentation of program results is best made in
graphic form, however, as shown in Figure 3. This
figure was constructed by superimposing computer
plotted curves of the boundaries of the time-of-travel
and zone of contribution criteria on a U. S. Geological
Survey 7-1/2 minute topographic map and by adding
appropriate annotation and explanation. A significant
improvement in speed and ease of use might be
realiZed by integrating the calculations of the program
described here with the graphic display capabilities of
a Geographic Information System (GIS) to obtain
directly a product similar to figure 3, without the need
for manual overlay and preparation.
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Figure 1.-- Generalized cross-section and flow net for
area-of-contribution criterion.
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County: DE SOTO Wellfield: DE SOTO UTILITIES
Wells:

B059
B060

Total pumpage = 240. gpm Max screen length: 20.0

Estimated Hydrological Parameters

Aquifer Thickness
Hydraulic Conductivity
Transmissivity
Porosity
Natural Gradient
Aquifer at this location is

210.00 feet
67.00 ft/day

14070.00 ft2lday
0.20
2.00 ft/mile

Confined

Radius =

Calculated Fixed Radius Criterion

2591. feet

5 Year Time of Travel Criterion

From a point 652. feet downgradient of the wellfield
to a point 967. feet upgradient of the wellfield.

Area of Contribution Criterion

From a point 1380. feet downgradient of the wellfieid
to a maximum width of 4335. in the far updip area.

Figure 2.·- Example of wellhead protection program output.
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5-YEAR TlME.QF·TRAVEL UNE

AREA-OF-eONTRIBUTlON BOUNDARY

EXPLANATION

CALCULA1ED FIXED RADIUS
BOUNDARY

•B060 WELL AND NUMBER

BaM ltom u.s. ~1CIt SlItW'f'
Hom l....aM. MIU.-Tenn.
_Ed_'082 a 112 1 MILE

1,..----.,.1--.1'-'I----....J1

a 0.5 1 KILOMETER 8
CONTOUR INTERVAL 10 FEET

INDEX MAP

Figure 3.-ealculated fixed radius boundary, five-year time-of-travelline and area-of-contribution
boundary for DeSoto County wells B059 and B060 near Lynchburg, Mississippi.

133



Table I.-Example output of well-construction data from GWSI for selected public supply wells

WATER LEVEL U
CO WELL LOCATIoH OWNER DAn ALT DEPTa DIAN GEOLOGIC DUTB rEAR POMP S SCREEN SITE IDENTIFIER
NO. NO. DAL IFlETI (FEET) lIN) UHIT IFlET) IGAL/HIH) E LEHGTa

CODE (FEETI

Oll E021 SEHES2n08NR11N H COVINGTON N A 19H U5 2P2 12 122HOCH 81 1981 566 P 60 313BS20BPU2601
Oll F004 NENNS2n08NRUN SANDERSOHS FARHS 1962 215 110 18 122CTBLO 25 1981 400 N 46 313P020BP335201
031 F005 NENNS2 n08NRUN SANDERSONS FARMS 1962 2BS 164 18 122CTBL 3S lUI 111 H 40 313BS80UJ]5001
0]1 1.001 NWNES22t01NRlS11 SEHINARY 1964 300 241 16 122HOCN B1 1963 3S1 P 61 ll33UoB829U02
OJ] 805~ SENHSJOrotsRDSM DISOTO OTILITIES 1912 300 105 6 124SPRT 46 1912 120 H 20 345811090053001

OJ] B060 SENNSJOT018R08N DESOTO UTILITIES 1912 300 105 6 12UPRT 46 1912 120 H 20 3458120Po052101
OJ] DOOS SI/HIiS28TOlSR06N DISOTO NIR co 1952 360 2PO B 12UPRT 110 1952 200 P 3S 345B210BP5OUOl
OJ] 0022 HI/HIiS20T01SR06N HIHIRAL WILLS N 1965 360 212 I 12UPRT 80 1865 0 P 35 345810oB8513001
OJ] DOH SHNWS2BT01SR06N DESOTO NTR co 1911 360 220 6 12UPRT 124 UlP 300 P 50 345B20oB8501001
OJ] OOJ] NHNWS20T01SR06W HIHERAL WILLS N U12 340 215 6 12UPRT 108 UBO' 2B6 P' "H 345P3ooB8515Bol

OJ] DOU HWSESJ]T018R05. RAUl MOODS 1980 no 140 4 12UPRT 100 U80 30 P 11 3451180B8435401
OJ] F031 S26T02SR08H HISBIT N A 1912 280 330 8 12UPRT 82 UH 150 P 38 345256080010601
OJ] F082 HENNS25T02SR08H CASTLE CRIll UH 320 256 10 12UPRT 80 UH 350 P 40 3453200POO01001
OJ] FOU NESIS26T02SR08N HISBlT N A 1916 2B5 335 6 12UPRT 105 U16 250 P 52 3452540POO02801

~ OJ] F086 SINNS06T02SR08N DUOTO UTlL UU 300 11 8 12UPRT 41 UI3 150 P 20 345632090052601w
".

OJ] GOU IlWHllS2JT02SR01. SIGHAL UULIn Ul0 JB5 322 10 12UPRT 1U 1910 512 P U 345U20S8550P01
OJ] G020 SIHls3n02SR01. BRIGITS H A 1966 310 211 B 12UPRT 121 UlP 210 P 30 345215088552B01
OJ] Gol0 HIS02l028R01N PLEASANT SILL N 1981 365 292 8 12UPRT 135 U81 300 P 40 345611088540201
OJ] 1034 SNSWSOU02SR06N FAIRHAVIH N A 19U 400 286 I 12UPRT 135 19lP 150 P 31 3456000B8413001
OJ] BOl2 HEHIS2U02SR0611 LENISBURG N A 1965 3BO 2aP 10 12UPRT 80 UlP 200 P 35 3454030B84P50o1

OJ] Bon HISNSllT02SR0611 rAIRHAVlH • A 1913 380 315 10 12nLLT 111 U13 300 P U 3455ll0UU2401
OJ] B068 HIHIS2U02SR0611 LENISBURG • A Ul0 380 251 8 12UPRT 80 Ul0 150 P U 345402088185101
OJ] Bon SNSWSOU028R06H FAIRHAVlH N A 1911 400 254 6 12UPRT 135 U18 168 P 40 345558oB8413501
OJ] lO13 SISIS13T04SR0811 IRIHIn NATER C 1966 360 334 14 12UPRT 126 1866 1000 P 60 314P030B8581501
OJ] L005 8W11IS18T03SR0111 BlRNANDO 1868 380 335 10 12UPRT 160 U68 150 P 54 311810088585001

033 LOU 8WSNSJOT03SR01. BILMONT .. A 1966 400 211 B 12UPRT 131 U'U UO P 36 3U1200B8580501
0)3 LOS. 818T03SR01M HERNANDO 1915 360 325 10 12CSPRT 125 U15 500 P 50 3158100BP5B5ool
0)3 LOSS SJ01'O)9R01M BILHONT .. A 1911 3BO 3JB 6 12CSPRT 138 1811 241 P 40 3U1510BP5BllOl
035 0028 NWNWSOIT04NRIJ.. PETAL 1P55 155 124 12 112TRCS 10 19U 600 P Jl 3120410BP154301
035 D029 SWSWS01T04NRIJM PETAL 1P62 154 134 10 112TRCS 20 1962 150 P 31 311 85BOB 8153501



Table 2.--Additional aquifer and hydraulic
characteristics needed to define area

contributing water to wells 8059 and 8060
(ft, feer.:; ft/d. feet per day; tt 2 /d, foot squared per day;

ft/mi. foot: per mile]

Aquifer Thickness

Hydraulic Conductivity

Transmissivity

Porosity

Regional Gradient

Aquifer at this location is

135

210 ft

67 ft/d

14,070 ft 2/d

0.20

2.00 ft/mi

Confined




